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ABSTRACT: The structure, thermal and mechanical prop-
erties of blends of poly(butylene terephthalate) (PBT) and a
poly(amino–ether) (PAE) barrier resin obtained by direct
injection molding are reported. The slight shift of the glass
transition temperatures (Tg) of the pure components when
blended is attributed to partial miscibility rather than inter-
change reactions. Both the small strain and the break prop-
erties of the blends were close or even above those predicted
by the direct rule of mixtures. The specific volume of the

blends appeared to be the main reason for the modulus
behavior. The linear values of the elongation at break indi-
cated that the blends were compatible, and were attributed
to a combination of good adhesion between the two phases
of the blends and the small size of the dispersed phases.
© 2003 Wiley Periodicals, Inc. J Appl Polym Sci 91: 132–139, 2004
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INTRODUCTION

Polymer blends are one of the most investigated fields
in polymer science and technology.1 This is because
they offer a fast and cheap way to obtain new poly-
meric materials with a combination of properties often
difficult to find in a single polymer.1–3 Among poly-
mer blends, those of condensation polymers, such as
polyesters, polyamides and polycarbonates, have been
widely investigated.1,4–8 This is due both to their fa-
vorable combination of properties, their high potential
for specific interactions between their phases, and
their common tendency to react during processing to
produce copolymers. These last two characteristics
tend to make the interphase adhesion large enough to
compatibilize the blends.9–11

Poly(butylene terephthalate) (PBT) is a semicrystal-
line engineering polyester with many positive perfor-
mance characteristics, such as high heat and solvent
resistance, remarkable strength and toughness, and
low viscosity in the melt state.12 Poly(amino–ether)
(PAE) resins are thermoplastic amorphous materials
that have recently been commercialized. They are gen-
erally obtained by the condensation reaction of digly-
cidyl ethers with a variety of amines,13 giving rise to
different chemical structures. PAE resins show high
gas barrier protection, good adhesion to a variety of
substrates, mechanical toughness, high optical quality
and low color. These properties make PAE resins suit-

able for new barrier packaging applications, and po-
tentially suitable for replacing glass and metal in con-
tainers.

Many PBT based blends have been studied. Among
them, miscible blends with phenoxy,14,15 poly(ethyl-
ene terephthalate),16 polyarylate,17 poly(ester–carbon-
ate)18 and polycarbonate19 have been studied. Par-
tially miscible blends have been obtained with poly-
carbonate,4,20 poly(ester–carbonate),18 and liquid-
crystal polymers (LCP’s).7,21 Polyamide 66,22

polyamide 623,24 and linear low density polyethyl-
ene,25,26 for instance, form immiscible blends. Reac-
tions have been seen, for example, in blends with
polyarylate,17 phenoxy,27 polycarbonate28 and poly-
(ester–carbonate).29 However, to our knowledge no
study has been published on blends with PAE resins.

Thus, the combination of the properties of PBT and
PAE appears to be promising, but the phase behavior
and mechanical properties of the blends have not been
studied. In this work, we studied the miscibility and
mechanical properties of blends of PBT with a PAE
resin across the whole composition range. The blends
were obtained by direct injection molding. The phase
structure of the blends was characterized by differen-
tial scanning calorimetry (DSC), dynamic mechanical
analysis (DMA) and Vicat softening temperature mea-
surements. The morphology was analyzed by scan-
ning electron microscopy (SEM), and the mechanical
properties were determined by tensile tests.

EXPERIMENTAL

The polymers used in this work were PBT (Crastin
PBT, Du Pont, Mechelen, Belgium) and a PAE resin
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kindly supplied by Dow Chemical (Midland, MI) un-
der the trade name Blox. The PAE is the product of the
polycondensation of the diglycidyl ether of bisphenol
A and ethanolamine and has the following chemical
structure:

Both polymers were dried before processing, PBT for
8 h at 110°C and PAE for 6 h at 65°C. The PBT/PAE
blends were directly melt mixed and injection molded
over a range of compositions using a Battenfeld
BA230E reciprocating screw injection molding ma-
chine at a melt temperature of 230°C and a mold
temperature of 15°C. The screw had a diameter of 17.8
mm and a L/D ratio of 17.8. No mixing devices were
present. Tensile (ASTM D-638 type IV) specimens
were obtained.

To check for the possible development of inter-
change reactions during melt mixing, the torque of
mixing, which is related to the melt viscosity, was
measured in a Brabender batch kneader at 230°C and
30 rpm as a function of residence time.

The phase behavior of the blends was studied by
DSC and DMA. The DSC scans were carried out using
a Perkin-Elmer DSC-7 calorimeter at a heating rate of
20°C/min in a nitrogen atmosphere. Two heating
scans were carried out between 10 and 250°C. Cooling
between both scans was carried out at the maximum
rate provided by the calorimeter. The glass transition
and melting temperatures, and the melting enthalpies,
were determined in the second scan. The crystallinity
of PBT was calculated from the melting enthalpies of
the blends and the melting enthalpy of the 100% crys-
talline PBT (�H0

m � 145.5 J/g).5 DMA tests were
carried out in a Polymer Laboratories apparatus, at a
frequency of 1 Hz in the flexural mode and at a heat-
ing rate of 4°C/min from �100°C to 130°C. The Tg

values were determined as the maximum of the tan
�–temperature plots. Vicat softening temperatures
were determined according to ASTM D1525 (50°C/h
and 1000 g).

The tensile tests were carried out in an Instron 4301
tester at a crosshead speed of 10 mm/min. The me-
chanical properties, Young’s modulus (E), yield stress
(�y), and break strain (�b), were determined from the
force–displacement curves. A minimum of eight spec-
imens was tested for each reported value.

Quantitative measurements of the orientation were
obtained by attenuated total reflectance (ATR) infra-
red spectroscopy.30–35 The polarized ATR spectra
were carried out at a 45° angle of incidence using a
Nicolet Magna-IR 560 spectrophotometer equipped
with an ATR accessory (Spectra-Tech). The resolution

was 8 cm�1, and three measurements were carried out
for each reported value. The dichroic ratio, D, was the
ratio of the intensities of the absorption band of a
characteristic group measured for parallel (A�) and
perpendicular (A�) polarization with respect to the
injection direction,

D �
A�

A�

The carboxyl vibration, from 1743 to 1678 cm�1, was
used to investigate PBT orientation. However, the
analysis of PAE and the blends was carried out using
the absorption band located between 1053 and 999
cm�1. The average orientation was expressed as the
orientation function (f) that is related to the dichroic
ratio as

f �
�D � 1��D0 � 2�

�D � 2��D0 � 1�

where D0 � 2 cot2 �, and � is the angle between the
chain axis and the transition moment. Although � is
not accurately known, 90° can be used as a first ap-
proximation for all perpendicular bands, because this
angle would give rise to the minimum orientation
value.

Density measurements were carried out on a Mirage
SD-120L electronic densitometer, using n-butyl alco-
hol as the immersion liquid. The temperature was
controlled with a precision of �0.1°C. The specific
volume of the amorphous phase was obtained from
the experimental density values using the equation:

1
�b

�
1 � XPBTC

�a
�

XPBTC

�PBTC

where X
PBTc

is the crystalline content of the blend cal-
culated by DSC as described previously, �a is the
experimental density of the amorphous phase of the
blend and �

PBTc
is the density of crystalline PBT (1.396

g/cm3).4

The surfaces of both the tensile (at room tempera-
ture) and the cryogenically fractured specimens were
observed by SEM (Hitachi S-2700) after gold coating
(Jeol JFC 1100 fine coat ion sputter) and at an acceler-
ating voltage of 15 kV. Cryogenic fracture was carried
out after immersing the specimens for 75 min in liquid
nitrogen (�196°C). The cryogenically fractured sur-
faces of the PBT-rich and intermediate blends were
immersed in tetrahydrofuran (THF) for 210 min to
dissolve the PAE phase. Then they were cleaned with
the same solvent and left to dry in air.

RESULTS AND DISCUSSION

Torque behavior

As is known, the melt viscosity, and consequently the
torque of kneading, usually change when the chemical
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nature of melt blends changes through chemical reac-
tions.24,36–38 If reactions do not take place, then after
melting the torque remains constant with kneading
time, or, in the case of degradation, it decreases
slightly. PAE has three lateral hydroxyl groups in its
repeat unit, which are probably able to react with the
carboxyl groups of PBT. This kind of reaction has
previously been seen in blends of PBT with phe-
noxy,14,36 which also has a lateral hydroxyl group.
Therefore, provided that the blending time is long
enough, interchange reactions leading to grafted or
crosslinked products will probably occur in PBT–PAE
blends.

The torque profiles taken in a batch kneader for
PBT, PAE, and the 50/50 PBT–PAE blend are shown
in Figure 1. As can be seen, the torque of PBT re-
mained practically constant with residence time, indi-
cating that no appreciable degradation took place un-
der the kneading conditions used. However, in the
case of both the neat PAE and the PBT–PAE 50/50
blend, the torque increased to a maximum value, after
which it decreased. The behavior of PAE is unusual
for a pure polymer, but, as mentioned above, it has
lateral hydroxyl groups that may react. This must be
the source of the torque increase. In the case of the
50/50 blend, the torque increase took place after a
short blending time. This torque increase cannot be
due to reactions among PAE molecules because they
need a longer time to react. Therefore, it indicates a
reaction between the two components of the blend.
The reaction was probably an alcoholysis reaction be-
tween PAE hydroxyl groups and PBT carboxyl
groups.7 Similar results were obtained by Robeson
and coworkers14 and by Nazabal and coworkers36 for
the PBT–phenoxy system, and also by Nazabal and
coworkers6 for phenoxy–PC blends, and were attrib-
uted to the formation of grafted or crosslinked copol-
ymers.

As can also be seen in Figure 1, in the case of pure
PAE after the maximum torque value, there was a
strong decrease, and a nonfusible powder product
was obtained. However, in the 50/50 blend, the torque

decrease after the maximum was less pronounced,
and the final product was a viscous melt able to flow
with no presence of powder at all. This indicates that
the fast alcoholysis reactions between PBT and PAE
did not allow reaction between PAE molecules to take
place, and thus crosslinking occurred to a very low
extent, if at all.

Phase behavior

The Tg values of the injection molded blends, deter-
mined by DSC, are plotted against blend composition
in Figure 2. As can be seen, two Tg values were ob-
served for the blends with 10 and 20% PAE. One Tg

value was slightly below that of pure PAE, and the
other was above that of PBT. The low temperature Tg

could not be properly observed in PAE-rich and inter-
mediate compositions. This was due to its small inten-
sity, which was probably a consequence of the high
crystallinity of PBT, which will be discussed below.
The shift of each Tg value toward that of the other
component indicates the presence of two phases in the
PBT-rich blends, each of them containing minority
amounts of the other component.

To fully study the phase behavior of the blends,
they were also tested by DMA, which usually pro-
vides a detection level higher than that of DSC. Figure
3(a) shows tan � as a function of temperature for both
the two pure components and some of the blends. As
can be seen, the Tg of PAE was approximately 80°C,
while that of PBT was approximately 60°C. The sharp
Tg peak of PAE contrasts the broad, less defined peak
of PBT. All of the blends showed a clear Tg slightly
below that of PAE. The Tg decrease was greater as the
PBT content in the blends increased. No peak could be
observed near 60°C, but the presence of a shoulder in
all blends was very clear. The position of the peak
represented by the shoulder cannot be determined
accurately, due to its breadth. Figure 3(b) shows the
storage modulus (E�) as a function of temperature. As
can be seen, the intensity of the glass transition of PBT

Figure 1 Torque values versus residence time for (�) PBT,
(E) PAE, (F) 50/50 blend.

Figure 2 Tg versus composition of PBT–PAE blends, deter-
mined by DSC.
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is much smaller than that of PAE. As a consequence, in
the blends, the E� drop that corresponds to the Tg of
the PAE-rich phase is clearly displayed, but the value
that corresponds to the Tg of the PBT-rich phase is
difficult to observe. This is due to the wide tempera-
ture range at which it appears.

The observed Tg shifts in the blends could be due to
either partial miscibility or the development of inter-
change reactions during processing. The estimated
residence time of the blends in the injection machine
was approximately 2.5 min, so that, according to Fig-
ure 1, the reaction level of the blends in the solid state
should be low. The possibility of reaction was also
studied by FTIR, comparing the FTIR spectra of the
blends with the theoretical spectra obtained by
weighted addition of the spectra of the components.
The experimental and theoretical spectra were very
similar, indicating that the reaction level in the blends
was negligible. Consequently, the presence of the mi-
nority component in each phase of the blends is at-
tributed to partial miscibility.

The approximate compositions of the two amor-
phous phases of the blends can be estimated from the
experimental Tg values and the Fox equation:39

1
Tg

�
w1

Tg1
�

w2

Tg2

where Tg is the glass transition temperature of the
blend obtained by DSC, Tg1 and Tg2 are the glass
transition temperatures of pure PBT and PAE respec-
tively and w1 and w2, their corresponding weight frac-
tions in each amorphous phase. As can be seen in
Table I, the maximum calculated PBT content in the
PAE-rich phase was 24%, and was found for the PBT–
PAE 90/10 blend. In the rest of the blends, the varia-
tions observed were mostly negligible, as the observed
Tg shifts were similar to the estimated error of the
measurement. The 80/20 blend had a PAE content in
the amorphous PBT-rich phase of 29%. It also had both
the maximum PAE content and an observable PBT-
rich amorphous phase Tg. It is probable that the blends
with high PAE content have an even higher PAE
presence in the PBT-rich phase. Thus, the maximum
miscibility of PAE in the PBT-rich phase will be above
29%, and PAE is more miscible in PBT than PBT is in
PAE.

No cold crystallization exothermic peaks appeared
in the DSC scans, indicating that PBT was fully crys-
tallized. This was in spite of the rapid cooling that
takes place in both the injection mold and the calorim-
eter, and indicates that PAE practically did not hinder
PBT crystallization. This behavior was similar to that
reported by Nazabal and coworkers for both PBT–
PEC29 and polyamide 6–phenoxy9 systems. The melt-
ing temperature (T

m
) values of PBT were practically

constant (226°C) with composition, in spite of the par-
tial miscibility of the blends. This indicated that the
presence of PAE did not affect the perfection of the
PBT crystallites. This is an usual behavior in immisci-
ble and partially miscible systems22,29 that is also seen
in miscible blends.40

The crystalline content of PBT was determined by
DSC. The crystallinity of pure PBT (30%) was retained
in the blends, indicating both that the PAE presence
had practically no effect on PBT crystallization and

Figure 3 DMA of PBT–PAE blends versus temperature: (a)
log(tan �) and (b) log(E�).

TABLE I
Minor Component Weight Fraction in the Two

Amorphous Phases of PBT–PAE Blends

PBT/PAE
PBT-Rich Phase

(%)
PAE-Rich Phase

(%)

90/10 9 24
80/20 29 8
70/30 — 2
60/40 — 6
50/50 — 4
40/60 — 2
30/70 — 4
20/80 — 1
10/90 — 2
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that PBT crystallized even when mixed in the PAE-
rich phase.

Morphology

The tensile fractured surfaces of the 80/20, 50/50 and
20/80 compositions are shown respectively in Figures
4(a, b and c). The surfaces of the other PBT-rich blends
were similar to that of Figure 4(a), and those of PAE-
rich blends were similar to that of Figure 4(c). In
PBT-rich blends, a highly fibrillated PBT morphology
perpendicular to the fracture surface appeared. Simi-
lar morphologies were obtained for both PBT–poly-
carbonate4 and polyamide 6–phenoxy9 blends. In Fig-
ure 4(c), only slightly elongated PBT particles were
seen, probably due to the comparatively low ductility
of the PAE matrix. Adhesion appeared to be good, as
shown in Figure 4(c), because no voids surrounding
the dispersed phase were seen.

To better observe both the interphase and the mor-
phology of the blends, the cryogenic fracture surfaces
were observed by SEM. In PBT-rich and intermediate
compositions, the two phases of the blends could not
be discerned, indicating both cohesive fracture and
high interfacial adhesion. The morphology of the
20/80 composition is shown in Figure 5. The morphol-
ogy was fairly homogeneous, and the dispersed phase
size was small (typically 0.3 	m). Moreover, adhesion
was high, as no voids were seen around the dispersed
particles.

To observe the morphology of the PBT-rich and
intermediate compositions, the cryogenically frac-
tured surfaces were treated with THF. The surfaces of
the 70/30 and 50/50 compositions are shown respec-
tively in Figures 6(a, b). The dispersed phase appeared
to be distributed homogeneously, and the particle size
was small, with most particles below 0.6 and 1 	m
respectively in the 70/30 and 50/50 blends. The frac-
tion of voids was smaller than expected from the
blend composition, probably due to the large presence
of PAE in the PBT-rich phase.

It is known that the Vicat test provides information
about the phase behavior of polymer blends,41 so that
the phase inversion composition of biphasic blends
can be deduced from the Vicat softening temperature–
composition plots. The results for PBT–PAE blends are
plotted in Figure 7. The Vicat temperature of the
blends was similar to that of PBT up to the 60/40
composition, and similar to that of PAE beyond the
40/60 blend, indicating the presence of the respective
matrices. The Vicat temperature of the 50/50 blend
was clearly closer to that of PBT-rich blends, indicat-
ing the presence of a PBT-rich matrix. This agrees with

Figure 4 Surfaces of tensile fractured specimens: (a) 80/20,
(b) 50/50 and (c) 20/80 compositions.

Figure 5 Cryogenically fractured surface of a PBT–PAE
20/80 specimen.

Figure 6 Surfaces of cryogenically fractured specimens
treated with THF: (a) 70/30 and (b) 50/50 compositions.
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the morphology observed in Figure 6(b). The inflex-
ion point took place between the 50/50 and 40/60
compositions, where the phase inversion should be
located.

Mechanical properties

The Young’s moduli of the blends are plotted against
composition in Figure 8. The plot is very close to the
values predicted by the linear rule of mixtures (linear
reference line), and, with the exception of the 90/10
blend, the moduli were slightly below linearity. This
modulus behavior could be due to (i) a different crys-
tallinity of PBT in the blends and in the neat state, (ii)
a different orientation in the blends and in the pure
components, or (iii) an increase in free volume of the
components upon blending. The crystalline content of
PBT measured in the first scan did not change with
composition. Therefore, a PBT crystallinity change
with the blend composition was not the reason for the
modulus behavior.

The orientation of the blend components both in the
pure state and in blends rich in each of the two com-
ponents was studied by infrared spectroscopy.30,31

PBT was not oriented (f � 0), and PAE showed some
orientation (f � 0.16), which was further proved by its

observed shrinkage on annealing (8%). Although this
shrinkage could not be measured in neat PBT due to
crystallization, the blends with 10, 20 and 70% PAE
showed f values that corresponded to the proportions
of the two pure components. This linear change of the
orientation of the blends with composition indicates
that a different orientation in the blends was not the
reason for the observed deviations in the modulus of
elasticity.

In Figure 9, the specific volume of the amorphous
part of the blends is shown against composition. Com-
paring Figures 8 and 9, the shapes of both plots are
clearly related. This is because most of the blends
showed a positive deviation from the rule of mixtures
in the specific volume, which agreed with the negative
deviations of the modulus. Moreover, in the case of
the 90/10 blend, the opposite took place. Thus, the
change in specific volume of the amorphous part of
the blends appears to be the main factor that deter-
mines the modulus of elasticity of the blends.

The yield stresses of the blends against composition
are shown in Figure 10. The yield stress of the 90/10
blend showed the largest positive deviation from the
rule of mixtures, in agreement with both the modulus
and the specific volume values. However, the values
of the other compositions are less clearly related to the
plots of Figures 8 and 9, as a slight positive yield stress

Figure 7 Vicat softening temperature of blends versus
composition.

Figure 8 Young’s modulus of the blends versus composi-
tion.

Figure 9 Specific volume of the amorphous part of the
blends versus composition.

Figure 10 Yield stress of the blends versus composition.
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deviation appeared. The behaviors of both the
Young’s modulus and yield stress are usually similar,
but differences have also been observed.42

The plot of ductility against composition is shown
in Figure 11. The values are adequately described by
the simple rule of mixtures. It is known that a small
dispersed phase size is necessary to obtain compatible
polymer blends26,37,42 This is because the large stress
concentrations provoked by large dispersed particles
lead to early failure. The low dispersed phase size of
PBT–PAE blends (0.4-1 	m) is probably one reason for
the observed positive behavior, which has also been
seen in partially miscible blends such as polyetherim-
ide–polyarylate43 It is also known that, although sig-
nificant exceptions exist,44 the strain at break usually
depends strongly on the blend miscibility,26,45 and
more specifically on the interfacial adhesion between
components.1 The almost linear behavior of ductility
with composition displayed in Figure 11 indicates
that, as was seen previously from the morphological
observations, the adhesion between the blend compo-
nents was good enough to allow an efficient stress
transfer from the matrix to the dispersed phase.9,38,46

This positive response of a break property such as
ductility shows the compatible nature of these blends.

CONCLUSIONS

Directly injection molded PBT–PAE blends are com-
posed of two amorphous phases, each rich in one of
the two components. The presence of minor amounts
of the other component in each amorphous phase was
detected by the change in Tg values of the components
in the blends and was attributed to partial miscibility
rather than to reactions. The change of the specific
volume is proposed as the main parameter that deter-
mines the behavior of the Young’s modulus, rather
than changes in orientation or crystallinity upon
blending. The linearity, or slight synergism observed
in ductility, is attributed to the small size of the dis-

persed phase, and indicates both good interfacial ad-
hesion and compatibility of the blends.
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1991, 30, 345.
16. Avramova, N. Polymer 1995, 36, 801.
17. Kimura, M.; Porter, R. S.; Salee, G. J Polym Sci Part B: Polym

Phys 1983, 21, 367.
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