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Abstract

Poly(ethylene terephthalate)/polycarbonate blends were produced in a twin-screw extruder with and without added transesterification
catalyst, lanthanum acetyl acetonate. The miscibility of the blends was studied from their crystallisation behaviour and variation in glass
transition temperature with composition using differential scanning calorimetry, scanning electron microscopy and change in mechanical
properties. The blends prepared without the catalyst showed completely immiscible over all compositions, while those prepared in the
presence of the catalyst showed some limited miscible. The presence of PC inhibited the crystallisation of PET but this was much greater in
the blends prepared in the presence of catalyst suggesting that some reaction had taken place between the two polyesters. The tensile
properties showed little differences between the two types of blends. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polymer blends are of considerable scientific and indus-
trial interest since blending is an effective way to tailor the
properties of polymers. Both poly(ethylene terephthalate)
(PET) and bisphenol-A polycarbonate (PC) are important
engineering plastics, in particular, PC has high impact
strength and its solvent resistance is improved by mixing
with PET. Both are polyesters and can react by trans-
esterification in the molten state to form block or random
copolymer, which will greatly alter the blend phase
behaviour and morphology [1-5]. PET/PC blends have
been extensively studied over the past two-decade [6—15].
Some authors [6,7] have found that the blends were miscible
in PET content above 60—70 wt% and immiscible below
this range. On the other hand, others [8—10] found that the
blends were immiscible at all composition range. Others
[16,17] have reported that PET/PC blends are partially
miscible from 10 to 90% composition. These discrepancies
may result from a variety of factors such as the use of
solvents in their preparation, ester exchange reactions,
molecular weight differences and the analytical techniques
used to analyse and define compatibility.

In this paper, two different sets of blends have been

* Corresponding author. Tel.: +44-121-414-4544; fax: +44-121-414-
5232.
E-mail address: jn.hay@bham.ac.uk (J.N. Hay).

prepared with a twin-screw extruder in the presence and
absence of a transesterification catalyst, lanthanum acetyl-
acetonate hydrate [15] in order to determine what effect this
reaction has in improving the material properties of the
PET/PC blends.

2. Experimental

PET was provided by DuPont Co. Ltd as moulding
pellets. It has a number average molecular weight of
19.6 kg mol ' and weight average molecular weight of
36.4 kg mol . ECP Enichem Polimeri, Italy, supplied the
PC. It has a number average molecular weight of about
20 kg mol !, Lanthanum acetylacetonate hydrate was
purchased from Aldrich Chemical Co. Ltd and used as
obtained. Pellets of the two polymers were dried at 125 °C
for at least 10 h prior to blending in a twin-screw extruder,
manufactured by APV, at 100-150 rpm and 50-70%
torque. The zone temperatures varied from 295 to 305 °C.
The extruded blends were quenched into cold water and
pelletised. The catalyst was mechanically dispersed
throughout the PC pellets at a concentration of 0.075 wt%.

The blends were dried in a vacuum oven at 100 °C for
12h and pressed at 280°C for 2 min at pressure of
7.5MNm 2 on 100X 100 X 0.8 mm® plaque. Amorphous
plaques were obtained by quenching into ice/water. Tensile
dumbbell specimens were cut directly from the plaques.
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Fig. 1. DSC responses of PET/PC blends at different scans under a heating
rate 10 K min~": (a) PET/PC 70/30 without added catalyst; (b) PET/PC 50/
50 added catalyst.

A Perkin—Elmer differential scanning calorimetry,
DSC-2, interfaced to a PC was used to measure the
thermal properties of the blends. The calorimetry was oper-
ated under nitrogen flow of 20 cm® min~'. The temperature
was calibrated by the mp of ultra-pure materials: stearic
acid, indium, tin and lead under different heating rates,
corrections being made for thermal lag in the specimens.
The glass transition temperature was determined as the
midpoint of the step change in specific heat, AC,, at
different heating rates and extrapolated to zero heating
rate to correct for thermal lag. For the isothermal crystal-
lisation the samples were melted at 550 K for 5 min to
erase the previous thermal history and then cooled to pre-
determined temperature at 160 Kmin~'. A constant
weight of 10.0 £0.2mg was used throughout these
measurements.

A scanning electron microscopy (SEM), Joel 5410, was
used to examine the extent of phase separation in the blends
by examination of their fracture surface. The samples were
fractured at liquid nitrogen temperature and etched with
diethylene triamine (DETA) for about 1 min at ambient
temperature to remove the PC. The specimens were rinsed
by distilled water and coated by gold to eliminate surface
changing. Silver paint was used to form a conducting path-
way between the sample and the mounting block.

Tensile properties were measured on an Instron, model
5566 interfaced to a PC. The crosshead speed was
2 mm min~'. Standard dumbbell-shaped specimens were
cut directly from moulded plate. An average of at least
five specimens were measured for each determination.
The energy to failure at high strain rate (3.5 ms ') was
also investigated using a Zwick impact tester. Dumbbell
shaped specimens used were identical to those used in
Instron test. An average of at least eight specimens
were used. All these tests were carried out at constant
temperature of 296 = 1 K and constant relative humidity
of 35 £ 1%.
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Fig. 2. The effect of PET/PC blend composition on T,s, dash line is the T,
calculated by Fox equation.

3. Results and discussion
3.1. Glass transition temperature

Since the glass transition temperature, 7T,, depended on
the rate at which the glass was formed, a standard quench
rate was adopted and corrections were made for thermal lag
by linear extrapolation to zero heating rate at constant
sample weight. By this method, the T,s of PET and PC
were measured as 349 and 413 K, respectively.

On heating in the DSC, the amorphous blend samples
prepared without added catalyst only showed one glass tran-
sition at the temperature close to that of PET. This was
followed, as can be seen in Fig. 1(a), by an exotherm due
to the crystallisation of PET. The size of the exotherm
varied with PET composition. No glass transition could be
observed in the region of that of PC since it was masked by
the crystallisation of PET. However, the second glass tran-
sition, close to that of PC, was detected in the second DSC
scan of the blend sample once the PET crystallisation was
complete. The two T,s did not vary substantially with blend
composition.

However, differences were observed with the blends
prepared in the presence of the transesterification catalyst.
As can be seen in Fig. 1(b), two T,s are observed, one close
to that of PET which can be attributed to PET-rich phase and
the other to that of PC which can be attributed to PC-rich
phase, during the first DSC scan above a heating rate of
10 Kmin~'. The crystallisation of the PET is inhibited
and occurs at a much higher temperature, above 425 rather
than 400 K. This takes it out of the temperature region of the
second glass transition, enabling it to be observed. This is a
kinetic effect and at lower heating rates the T, of PC is
hidden by the crystallisation of the PET.

The variation in the T,s with composition is shown in
Fig. 2, where the dash line represents the compositional
variation in T, for a miscible blend system and assuming
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Fig. 3. SEM micrographs of cryo-fracture surface of PET/PC blends
prepared without added catalyst etched by DETA for 1 min: (a) PET50/
PC50; (b) PET70/P30; (c) PET80/PC20 and (d) PET90/PC10.

that the Fox equation [18] applies. It can be seen that for the
blends without added catalyst, both T,s are almost indepen-
dent of composition. For the blends with added catalyst, two
T,s could be observed in the 50/50 and 70/30. The T, of
PET-rich phase is slightly higher than that of 100% PET and
increases with PC content increasing while the T, of PC-rich
phase is some what lower than that of PC and also increases
with PC content increasing. The values of T,s suggest that
there is only 0.5-0.7% PC in the PET-rich phase for 50/50
and 70/30 blends prepared without added catalyst while
there is 8—10% PC in the PET-rich phase for corresponding
blends added catalyst. This clearly indicates that the blends
prepared without added catalyst is immiscible, on the other
hand, these blends prepared in the presence of catalyst
shows a partial miscibility. The 7T, values also confirm
that there is more PET contained in the PC-rich phase rather
than PC in the PET-rich phase [11].

3.2. Morphology of the blends

The morphology of the blends was investigated by SEM
from the appearance of the fracture surfaces after etching
with DETA. DETA has a good selectivity to etch PC with-
out attacking PET [19]. The SEM micrographs of the blends
prepared without added catalyst are shown in Fig. 3. All the
blends exhibited a binary structure and at 50/50 composition
a co-continuous morphology was observed. At lower blend
compositions, spherical PC particles were distributed
uniformly throughout a continue PET matrix. The etched
spherical cavities had sharp boundaries and there was no
evidence of an interfacial layer between the PET matrix
and PC domains. The PC particles decreased in size from
about 3—5 pm in 70/30 to 1-2 wm in 90/10 PET/PC blends.

In the blends prepared with added catalyst it can be seen
from Fig. 4 that the 50/50 blend shows a co-continuous
morphology and a similar trend with increasing PET

Fig. 4. SEM micrographs of cryo-fracture surface of PET/PC blends in
the presence of catalyst etched by DETA for 1 min: (a) PET50/PC50;
(b) PET70/P30 and (c) PET90/PC10.

composition from 70/30 to 90/10 of small PC particles
embedded in a PET matrix. However, the PC particles are
significantly smaller than observed previously with the
blends prepared without the catalyst. The particle sizes are
sub-micron and much more dispersed. It is difficult to accept
that 30 and 10% of the sample is present as the dispersed
phase. The SEM analysis is in agreement with DSC result
that the PET/PC blends prepared without added catalyst
being completely immiscible and exhibiting a clear two-
phase structure. While the blends prepared in the presence
of added catalyst show partially miscibility due to much
smaller phases. These demonstrate that two materials appear
to be more compatible as a result of the treatment with the
transesterification catalyst.

3.3. Crystallisation behaviour of the blends

PET crystallises readily at temperature about 40 K above
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Fig. 5. DSC traces of cold crystallisation of PET and its blends without

added catalyst under heating rate 10 K min~"'.
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Fig. 6. The crystallisation temperatures of onset and maximum rate point
for cold crystallisation of PET and its blends change with composition.

its Ty, cold crystallisation, or about 60 K below its 7}, hot
crystallisation. The cold crystallisation of PET in the blends,
without added catalyst, is shown in Fig. 5 as measured by
DSC at a heating rate of 10 K min~'. The temperatures of
initial onset of crystallisation, T, and the temperature of
maximum rate of crystallisation, 7., for the blends are
plotted in Fig. 6. These occur at higher temperature than
those of PET, and increase with PC content. The corre-
sponding T,; and 7, values for the blends prepared with
added catalyst are higher than those without added catalyst.
This demonstrated that the PET crystallisation rate is
reduced by the presence of PC and the effect is greater in
the blends with added catalyst.

Isothermal crystallisation rates were also studied by DSC
as a function of temperature in order to understand the
nature of this inhibition of the crystallisation of PET by
PC. In analysing, the isothermal crystallisation the frac-
tional crystallinity, X;, developed up to time ¢ was defined
to be the ratio of the areas between the heat flow—time curve
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Fig. 7. Avrami analysis for PET isothermal crystallisation.
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Fig. 8. The half-life, #,,, vs. T, for PET and its blends without added catalyst.

and baseline of the sample [20,21], i.e.
" dH
—dr
,[ o dr

X, = roT (D

—dt
o dt
The degree of crystallinity against time was analysed using
the Avrami equation [22-24], i.e.

1 — X, = exp(—Zt") (2)

in which X, is the volume fraction degree of crystallinity, Z
is a composite rate constant and n is an Avrami exponent.
The equation can also be converted to

log(—In(1 — X,)) =logZ + nlogt 3)

Plots of log(—1In(1 — X,)) vs. log ¢ plots are linear with slope
n as is shown in Fig. 7.

The rate constant, Z, was calculated from half-life of the
crystallisation, #,,, and the value of n at 7,
zZ= In2 “)

in

As can be seen from Fig. 7, there are obvious changes in the
slope of each isotherm at about 70% conversion. This is
usually interpreted as due to the presence of primary and
secondary crystallisation processes. Only the primary
process was analysed. The rate parameters obtained from
the Avrami equation as a function of crystallisation
temperature are listed in Table 1 for PET and both sets of
blends.

The n values within experimental error were essentially
constant at * 0.3 consistent with growth of spherulites from
heterogeneous nuclei. For each sample the t#,, increased,
and Z decreased, with increasing crystallisation temperature
but PET crystallised at a faster rate than the blends at the
same crystallisation temperature. PC inhibits the crystallisa-
tion of PET. A similar conclusion can be discerned from a
plot of the half-life, In(#;,,) vs. T, in Figs. 8 and 9. The effect
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Table 1
Avrami parameters for PET and its blends molten-crystallisation

Sample Temperature (K) 11, (min) n=*0.1 Z (X 10" min™)
PET 4834 4.6 3.0 71.2
485.3 5.5 3.0 41.7
487.2 6.9 3.1 17.4
488.8 7.8 3.0 14.6
491.2 9.5 3.0 8.11
493.1 11.8 3.0 4.2
PET/PC 50/50 without catalyst 4834 10.4 2.7 12.4
485.4 11.9 2.7 5.2
487.3 15.8 2.8 3.1
489.3 19.6 2.8 1.7
491.2 229 2.9 1.5
493.2 26.1 2.7 1.0
PET/PC 70/30 without catalyst 483.4 7.1 3.1 15.7
485.4 8.9 3.1 7.9
487.3 11.1 3.0 5.1
489.3 12.7 2.9 4.4
491.2 16.2 2.9 2.2
493.2 17.9 2.8 2.1
PET/PC 90/10 without catalyst 483.4 4.5 3.1 65.4
485.4 5.8 3.1 29.8
487.3 7.2 33 10.3
489.3 8.4 3.1 9.4
491.2 10.0 32 44
493.2 13.2 32 1.8
PET/PC 50/50 added catalyst 469.9 9.6 2.9 9.8
471.8 11.7 3.0 43
473.8 13.4 3.0 2.9
475.3 15.3 2.9 2.5
477.6 18.0 2.9 1.6
479.5 20.2 3.0 0.84
PET/PC 70/30 added catalyst 471.8 12.0 3.0 4.0
473.8 14.0 3.1 1.9
475.7 16.0 32 0.97
477.6 19.0 3.1 0.75
479.5 21.6 3.0 0.65
481.4 25.0 3.0 0.44
PET/PC 90/10 added catalyst 477.6 13.4 3.0 2.9
479.5 15.3 3.1 1.5
481.4 17.7 3.0 1.2
483.1 21.6 3.0 0.69
483.3 22.6 3.0 0.60
485.3 29.8 3.0 0.26
487.2 34.8 3.0 0.16

is more marked with the blends prepared with added catalyst
than those without and indeed the later blends crystallised
over a similar temperature range to that of PET but with
half-lives which were reduced in proportion to the content
of PET in the blend, see Table 1. Thus the 50/50 blends have
half-lives which are approximately double those of PET,
and similarly with the other blends. The reduction in crystal-
lisation rate in these blends is considered to occur from a
physical restriction to the growth by the PC domains.
Very different temperature dependences are observed
with the crystallisation half-lives of the blends prepared
with added catalyst, see Fig. 9(a), in which they crystallise
at much lower temperatures and the displacement to lower
crystallisation temperatures is disproportional to the amount

of PC present. 10% PC in the blend had a greater effect
proportionally than 30 or 50%.

The temperature dependence of the crystallisation half-
lives of PET and the 50/50 blends were analysed using the
Mandelkern equation [25],

In(1/t,) = A — (400-6/RAHV)[TI?1/TC(TI% - TC)] (5)

in which A is a constant, o and o, are the surface free
energy of substrate and fold surface free energy, respec-
tively, AH, is the heat of fusion of per monomer mole and
R is the gas constant. From Fig. 10 it can be seen that
the plots of In(1/t);) vs. Tn(i/(T,?1 — T.)T. were approxi-
mately linear and parallel indicating that the slopes
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Fig. 9. (a) The half-life, #;,, vs. T for PET and its blends added catalyst. (b)
In(ty,) vs. T, for PET and its blends added catalyst, the dash lines indicate
the shift of each blend.

represent the term 4o00./RAH, were similar. Assuming
[26] that o = 0.1AH,, the values of o, were calculated to
be 10.3, 10.0 and 9.0 + 1.5 kJ mol ! for PET and the two
50/50 blends prepared with and without added catalyst,
respectively. Although it can be seen that PC inhibits the
crystallisation of PET this cannot be due to the small
changes observed in the fold surface free energy, which
would be expected if PC were soluble and being rejected
during crystallisation.

It is apparent for Eq. (5) that In(#,) is also a function of

Table 2
Mechanical properties of PET and PC and their blends

T T T T T T T T T T T
15 n PET 4
e PETS50 without
A PET50 added
-2.0 4 -
& 25 o i
-
hy
= J
£
-3.0 D) J
Q
-3.5 =

T T T T T T T T T T T
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o o
T (T, -To) T,

Fig. 10. Temperature dependence of crystallisation rate for PET and 50/50
blends, for PET T,?l = 560 K, PET/PC 50/50 blend without added catalyst
T2 =554 K and PET/PC 50/50 blend in the presence of catalyst 70 =
546 K.

the degree of super-cooling, AT = T,ﬁ — T.. Plots of In(#,),)
against T, see Fig. 9(b), for each blend could be super-
imposed onto the PET data by a lateral shift along the
temperature axis equivalent to a AT value for each blend.
These were 15, 19 and 20 K for the 90/10, 70/30 and 50/50
blends added catalyst consistent with a marked lowered of
the equilibrium mp in these blends and to the presence of a
soluble impurity.

T2 values were measured by the Hoffman and Weeks
procedure [27] as 560 and 546 K for PET and the 50/50
blend in the presence of catalyst, respectively. The values
do indicate a marked reduction in qu of the blend from the
PET value and so would account for the observed crystal-
lisation behaviour. The behaviour is consistent with partial
miscibility of the PC in PET.

3.4. The mechanical properties of the blends

In the tensile tests, all the amorphous blends exhibited
ductile failure with a yield point followed by the develop-
ment of a neck and strain hardening before finally failing.
The tensile properties of both sets of blend are listed in
Table 2. The elastic modulus increased progressively with
PC content in the blends prepared with catalyst and

Sample Young’s modulus (GPa) Ultimate strength (MPa) Elongation at break (%) Tensile impact (MJ m %)
PC 1.10 = 0.01 509 £3.0 91 £ 16 0.89 = 0.26
PET50 added 1.39 = 0.01 46448 174 £ 53 0.51 =0.13
PET70 added 1.42 £ 0.01 59435 389 =24 0.33 £0.08
PET90 added 1.40 £ 0.02 57.6 £3.9 477 £ 32 0.36 = 0.07
PETS0 without 1.18 £ 0.02 452+ 15 164 £ 12 0.44 = 0.09
PET70 without 1.19 £0.01 47.1 £3.0 288 + 27 0.36 £ 0.08
PET90 without 1.23 £0.02 549 *£43 460 * 37 0.36 = 0.09
PET 1.29 £ 0.04 523 %52 498 =50 0.34 = 0.04
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decreased in the blends without catalyst. The greatest
increase in modulus was obtained at 10% composition.
The ultimate strength was also greater in these blends
although the trend was not so clear. An initial increase
was observed with composition followed by a decrease as
the co-continuous morphology developed.

In both blend systems the elongation at break decreased
gradually with increasing PC content and little differences
were observed between the two systems. The tensile impact
results changing with PC composition are displayed in
Table 2. The tensile impact strength increased limitedly
with increasing PC content for both sets of blends with
almost identical values at each composition.

4. Conclusions

Blends produced without added catalyst have two T,s
independent of composition and a binary morphology.
The blends are completely immiscible over the composition
range studied. However, for the blends prepared with
added catalyst, two T,s close to each other are observed
over a limited concentration range. Where there are two
glass transitions the morphology is of a much more finely
divided phase separation and some limited solubility of PC
in PET.

The Avrami model was applied to analyse the crystallisa-
tion kinetics of PET and both sets of blends where the PET
crystallisation is inhibited by the presence PC, particularly
for the blends prepared with added catalyst. For blends with-
out added catalyst the main reason is that of PC domains
physical constraining the development of the PET crystal-
lisation while for the other blends it is due to the limited
soluble PC in PET depression its equilibrium mp.

The tensile and impact properties of the blends are also
consistent with this limited solubility.
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