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SYNOPSIS

Poly(butylene terephthalate) (PBT) and a poly(ether ester) (PEE) based on PBT and
poly(ethylene glycol) were melt-blended and extruded as films with quenching. They were
then zone-drawn (ZD) and zone-annealed (ZA) at various stresses (between 10 and 50
MPa) at temperatures of 160 and 190°C. The goal was to improve their mechanical properties
relative to those of the same blend, but cold-drawn (A = 5) and isothermally annealed with
fixed ends at the same temperatures for 6 h. All samples were characterized by DSC, WAXS,
SAXS, and static mechanical property measurements. In contrast to the isothermally an-
nealed samples, the zone-drawn and zone-annealed ones exhibit one population of crystallites
arising from the homo-PBT, as demonstrated by the DSC and SAXS measurements. In
addition, however, the WAXS photographic patterns indicate that zone annealing at 190°C
results in isotropization of crystallites originating from the PEE, resulting in the formation
of a microfibrillar-reinforced composite. It is assumed that some of the isotropic crystal-
lization occurs on preexisting homo-PBT crystallites, i.e., a partial cocrystallization occurs,
improving the adhesion between the components of the blend. The structural features
created in the zone-drawn-zone-annealed materials result in higher values of the Young’s
modulus and tensile strength in comparison to the materials receiving the simple iso-
thermal treatment (1,200 vs. 480 MPa and 213 vs. 113 MPa, respectively). © 1996 John

Wiley & Sons, Inc.

INTRODUCTION

Polymer blends show increasing commercial impor-
tance as high-performance materials, currently
constituting over 30% of the polymer market.!
However, the blending of two polymers usually re-
sults in immiscibility which generally makes it nec-
essary to incorporate a third component (i.e., a
compatibilizer such as a copolymer).2* An alter-
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native way for overcoming the immiscibility is to
establish chemical bonds between the components,
using either inherently present functional groups (in
case of condensation polymers) or introducing such
groups onto other types of polymers before their
blending (in the case of polyolefins).! A special ex-
ample of the creation of relatively strong bonds (via
tie molecules) between components in a blend is
cocrystallization. This approach is particularly suit-
able for blends of a crystallizable homopolymer with
a block copolymer, providing that one of the blocks
has the same structure as that of the homopolymer.

Soon after the development of poly (ether esters)
(PEE) based on pdly(butylene terephthalate)
(PBT') and poly (tetramethylene oxide) (PTMO),
an attempt to change their properties by addition
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of homo-PBT was made.’ The resulting blend, hav-
ing the same overall PBT content as a certain PEE,
was grossly different from the latter. Both the flex-
ibility and the impact strength at low temperatures
were improved.

Recently, Gallagher et al.® demonstrated that co-
crystallization occurs in blends of PBT and a PEE
based on PBT and PTMO when the PBT content
in the PEE is between 75 and 91 wt %. They did
not report, however, on cocrystallization in blends
containing PEE having less than 75 wt % PBT. Also
relevant is a study’ on melt-blended, cold-drawn,
and isothermally annealed PBT with PEE based on
PBT and poly(ethylene glycol) (PEG) which
showed that partial cocrystallization occurs. The
cocrystallization in this particular case can be con-
sidered as “epitaxial” growth® of PBT crystallites,
arising from the PEE onto homo-PBT crystallites,
i.e., there was the formation of continuous PBT
crystals consisting of two crystallographically iden-
tical populations of crystallites, not spatially sepa-
rated, but differing in size, degree of perfection, or-
igin, and time of appearance. In contrast to this par-
tial cocrystallization, complete cocrystallization (the
formation of uniform crystallites with simultaneous
participation of PBT from both the homo-PBT and
the PEE) requires sufficiently long PBT sequences
in the PEE for formation of lamellar thickness typ-
ical of homo-PBT crystallites. This last requirement
for complete cocrystallization is not fulfilled for PEE
containing less than 75 wt % PBT, due to the in-
sufficient length of the PBT hard segments, as
shown in a previous study.? Of primary importance
is the fact that even partial cocrystallization con-
tributes to the improvement of the adhesion between
the components (in the present case, homo-PBT
and the PEE copolymer).

Another peculiarity of the blend under investi-
gation is its ability to form microfibrillar-reinforced
composites (MFC) due to the different melting
points of the crystallites arising from the two com-
ponents. As shown for other blends of condensation
polymers,® 3 the microfibrils can be created during
MFC manufacturing by drawing the polymer blend,
which leads to orientation of both components (fi-
brillization ), followed by melting of the low-melting
component (isotropization) with preservation of the
oriented microfibrillar structure of the higher-melt-
ing component. It is important to note that, in ad-
dition to isotropization during short thermal treat-
ment, chemical reactions (additional condensation
and transreactions) between condensation polymers
(in the melt' as well as in the bulk solid state'®)
take place at the interfaces. The resulting copoly-

meric interphase plays the role of a self-compati-
bilizer. To follow the compatibilizing contribution
from only the partial cocrystallization, an attempt
was made to avoid the occurrence of transreactions
by choosing appropriate temperatures and durations
of the treatment.

The purpose of the present study was to find a
way for improving the mechanical properties of
PBT/PEE blends, for which it has already been
demonstrated that incompatibility can be overcome
to some extent by means of partial cocrystallization
of PBT sequences from the two components.” This
was observed on samples drawn at room temperature
and annealed for a relatively long time (6 h) at con-
stant length. Better mechanical properties are at-
tempted in the present case by increasing both ori-
entation and crystalline order by means of zone
drawing and zone annealing'® as well as treatment
duration. This should lead to formation of MFC and
the occurrence of cocrystallization. In comparison
to the other approaches for effective polymer ori-
entation, such as cold drawing (CD) or hot
drawing'”'® with isothermal annealing (IA), solid-
state extrusion, "' and rapid drawing from the melt
or from solutions, 122! the zone-drawing and zone-
annealing approach is known to lead to the most
significant improvements in mechanical properties.!®

EXPERIMENTAL

The PBT employed was a commercial sample that
was kindly supplied by the DuPont Co. (“RE 6131”,
M, = 21,300 g/mol). The PEE was prepared in a
semicommercial scale?* using PEG of molecular
weight 1000 g /mol and having a PBT /PEG wt ratio
of 49/51. Both the PBT and PEE were cooled in
liquid nitrogen, finely ground, and then mixed in a
ratio of PBT/PEE = 51/49 wt % to produce the
blend containing a total amount of 75 wt % PBT.
Films of the blend were prepared according to the
following procedure: A capillary rheometer, flushed
with argon and heated to 225°C, was loaded with
the dried powdered material. The melt obtained was
kept in the rheometer for 5 min and then extruded
through the capillary (diameter 1 mm) onto closely
spaced metal rolls immersed in liquid nitrogen and
rotating at 30 rpm. The films obtained were 3—-4 mm
wide and 0.1-0.15 mm thick, depending on the ex-
trusion rate and the distance between the rolls.
Thereafter, the films were zone-drawn (ZD) and
zone-annealed (ZA) according to the following pro-
cedure: The films, as quenched, were subjected to
heating by means of a narrow heating device (glass
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tube of diameter 3 mm) attached to the crosshead
of a Zwick 1464 machine. The heater was moved
from the lower to the upper part of the sample under
tension at a crosshead speed of 50 mm/min. The
values of the stress, temperature, number of heater
passages, and the draw ratios used are given in Table
I, along with the sample designations.

Values of the glass-transition temperature T, and
the crystallization parameters of the samples were
obtained using a Mettler T'3000 thermoanalyzer over
the temperature range —100 to 300°C, at a heating
rate of 10°C/min in an argon atmosphere. Liquid
nitrogen was applied for subambient cooling and
calibration was done with an indium standard. The
sample size was 15-20 mg and the reported values
of T, were taken to be midpoint values determined
from a single heating run. The PBT degree of crys-
tallinity w¥BT was estimated from the experimen-
tally obtained heat of fusion AH relative to the heat
of fusion of the fully crystalline PBT (AH, = 144.5
kJ /kg)® and the relative amount of PBT in the
blend (0.75):

AH
PBT _ 1
w 0.75AH, (1)

The mechanical tests were carried out at room tem-
perature in a static mode using a Zwick 1464 ap-
paratus equipped with an incremental extensiometer
at a crosshead speed of 5 mm/min. Initial lengths
were typically 50 mm. Values of the Young’s mod-
ulus E, tensile strength o, and relative deformation
at break ¢ were evaluated from the resulting stress—
strain curves. All values were averaged from four
measurements.

Wide-angle X-ray scattering (WAXS) measure-
ments were carried out on a Siemens D500 diffrac-
tometer, and small-angle X-ray scattering (SAXS)
data were taken with a Kratky camera. Ni-filtered

CuKa radiation was used in both cases. The dimen-
sions of the PBT crystallites in the respective di-
rections were calculated from the half-widths of the
(010), (100), and (104) reflections using Scherrer’s
formula. Azimuthal scans of the (104) reflection
from —36° to 36° were used for qualitative evalua-
tion of the crystallite orientation in the axial direc-
tion. As this reflection is very weak, these scans were
taken step by step in a preset time mode with an
increment of 4°. The long spacing L was calculated
from the angular position of the maximum in the
SAXS curves by means of Bragg’s law. Photographic
wide-angle X-ray patterns were taken using a flat
camera.

RESULTS

Structural Characterization

Figure 1 shows the thermograms for the samples
described in Table I, along with those of two samples
of the same blend, but drawn at room temperature
and subsequently annealed at constant length. The
corresponding numerical data are summarized in
Table II. For the ZD-ZA samples A-F (Table I),
two well-pronounced glass transition temperatures
are seen in almost all the thermograms. The low-
temperature one (~ —40°C) originates from the
PEG, whereas the high-temperature one (~ 40°C),
from the PBT (Fig. 1, curves A-F). In contrast to
the blends of immiscible homopolymers, the exis-
tence of two glass transition temperatures (T+2" and
TYFEC) in this case is a result of an inherited property
of the block copolymer PEE, for which the same
transitions were reported for the unblended, neat
state.?? These glass transition temperatures cannot
be seen for the CD-IA samples (curves G and H),
probably due to the much lower amount present
(approximately 3 against 15 mg for samples A-F).

Table I Values of the Treatment Stress P, Annealing Temperature T,, Number of Crosshead Passages
N, and Draw Ratio After the Respective Preparation Steps A\;, A, and A

Zone Drawing

Zone Annealing

Sample P T, P T, P T,
Designation (MPa) °C) N A (MPa) (°C) N Az (MPa) °C) N Az
A 10 160 1 3.8 30 160 1 4.0 — — — —
B 10 160 1 3.8 30 160 1 4.0 50 160 4 4.4
C 10 160 1 3.8 30 160 1 4.0 50 190 4 59
D 10 190 1 4.2 30 190 1 4.5 — — —_ —
E 10 190 1 4.2 30 190 1 4.5 50 160 4 4.6
F 10 190 1 4.2 30 190 1 4.5 50 190 4 5.2
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Figure1l DSC curves of the blend PBT/PEE (51/49 wt
%) subjected to the ZD-ZA and CD-IA treatments at con-
stant length. For sample designations (A-F), see Table I;

samples G and H had been isothermally annealed for 6 h
at 170 and 190°C, respectively.

For a neat sample of PEE with the composition
of PBT/PEG = 49/51 wt %, melting of the PEG
crystals occurs at about 0°C.2* Although the same
PEE was used in the blending, no melting of PEG
crystals could be detected from the curves presented
in Figure 1. This is probably due to the significantly
lower PEG content in the blend, as well as to the
expected inhibition effect of the homo-PBT on the
crystallization of PEG blocks (which even in neat
PEE is weak and hard to detect?).

The next well-resolved transition temperature in
the thermograms is the PBT glass transition tem-
perature, TEPT. It is about 40°C for all the samples.
The observation of two glass transition tempera-
tures, TE2C and T;PT, clearly demonstrates the ex-
istence of two spatially well-separated amorphous
phases. The first comprises the total PEG amount,
and the second, the amorphous parts of both the
homo-PBT and the PBT from the PEE. In addition
to these two amorphous phases, there is unambig-
uous evidence for the existence of a third crystalline
phase, as can be seen on thermograms A-H in Figure

1. The very sharp peaks located at 225°C reflect the
melting behavior of the crystallites arising from
homo-PBT, as shown previously.” This T, peak is
preceded by another very flat one (7'}, in Fig. 1),
located at around 180°C (samples C-F), 190°C
(sample G), or 200°C (sample H). This melting
peak can be related to the PBT crystals originating
from the PEE by means of curves G and H. The
difference in the low-temperature peak for zone-
treated samples (curves C-F) and the isothermally
treated samples (curves G and H) may be related
to the significant difference in the treatment time:
a couple of minutes in the first case vs. 6 h in the
second.”

Finally, it should be noted that the observed
transition temperatures, T, and T',, do not depend
on treatment conditions during the zone drawing
and zone annealing (described in Table I), as can
readily be seen from the numerical values summa-
rized in Table II.

Further structure characterization was carried out
using wide-angle and small-angle X-ray scattering.
Figure 2 shows the SAXS curves for all the ZD-ZA
samples, together with two curves for blends that
had been isothermally annealed at a fixed length,
replotted from the previous study’ for purposes of
comparison. All the curves for the ZD-ZA samples
are very similar and consist of one well-developed
maximum (Fig. 2, samples A-F), whereas the sam-
ples annealed with fixed ends reveal one broad max-
imum (G) or a plateau ( H), which may be considered
as a overlapping of two differing in angular position
maxima. As concluded previously,” these latter two
curves are representative of two populations of PBT
crystallites arising from the two components and
embedded in a matrix which creates two different
periodicities (long spacings). In the case of the ZD-
ZA samples (Fig. 2, curves A-F), only one long
spacing of about 140 A can be detected, which in-

Table II Glass Transition Temperatures T5EC
and TTBT, PBT Melting Temperatures T, and T,
and Degrees of PBT Crystallinity w*®T for
ZD-ZA Treatment

TPEC  TEET T
Sample (°C) (°C) (°C) (°C) w*sT
A —47 40 — 224 0.16
B —43 38 — 226 0.19
C —44 43 176 228 0.21
D —44 43 177 225 0.20
E —45 43 178 226 0.20
F —44 44 176 228 0.20
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Figure 2 SAXS curves of the blends subjected to the
ZD-ZA and CD-IA treatments at constant length. For
sample designations, see Figure 1.

dicates that the PBT crystallites from the PEE have
the same distribution as those of homo-PBT. This
is probably due to the small proportion of this pop-
ulation, as can be concluded from the DSC mea-
surements (Fig. 1, curves C-F). Some of these crys-
tallites are presumably partially cocrystallized, i.e.,
grown onto the surface of the preexisting PBT crys-
tallites of the homopolymer.

Table III lists the two lateral crystallite sizes Dy,
and D,y [ measured in directions normal to the (010)
and (100) planes] and the longitudinal size Djy4
(which corresponds approximately to the thickness
of the lamella). Values of the long spacing L are
presented in the last column of the table. As may
readily be seen, all three sizes remain constant
within experimental error. The long period also stays
constant after the treatments of the samples. A
slight increase in L may be seen for sample F, which,
due to the high temperature of the processing steps
(190 against 160°C, Table I), is exposed to more
significant dephasing in the amorphous regions as
shown previously for the same PEE thermoplastic
elastomer.? It is the volume increase of the amor-
phous phase which contributes to the increase of

the long spacing L with annealing temperature and
not the lamellar thickening (as proven by WAXS
and SAXS for this copolymer?). Also, neither does
the lamellar thickness change in the present case,
as can be concluded from the Djy, values in Table
III, which are relevant to the crystal sizes in the
chain direction.

WAXS measurements were performed to char-
acterize the orientation achieved during the ZD-ZA
treatment. Figure 3 shows azimuthal scans of the
(104) reflection for x = —86°-36° for samples A-F
(Table I) and for the isothermally annealed samples
G and H; X is the azimuthal angle. For the crystal-
lites oriented with the “c¢”’-axis parallel to the fiber
axis, the (104 ) direction makes an angle of approx-
imately 10° with the fiber axis, which results in two
symmetrical maxima on these scans, lying at X
= +10°. In the case of a low degree of orientation,
these maxima overlap, and as the orientation im-
proves, they become better developed.?

As can be concluded from the resolution of the
two maxima, samples A and D reveal good orien-
tation, and samples B and E, a somewhat better one,
while samples C and F have the best orientation.
The CD-IA samples G and H reveal very good ori-
entation, but in the latter case, the intensity is
weaker, which can be explained by the existence of
two fractions of PBT crystallites—the first one
having very good orientation and the second one
consisting of randomly oriented crystallites. This
idea is further explored in the next figure. Generally,
one can conclude from Figure 3 that it is the multiple

Table III Crystallite Size (Dg10, D100s D104)
and Long Spacing L for Samples Subjected
to Either the ZD—ZA or CD—IA Treatment
at Constant Length

Sample Dy1o Dioo Doy L
Designation (A) (&) (A) (&)

Zone drawn-zone annealed (ZD-ZA)

A 114 102 57 138+ 6
B 137 115 53 134 =+ 6
C 122 111 56 143+ 7
D 132 105 54 134 + 6
E 117 105 66 139+ 6
F 126 125 56 162 + 8
Cold drawn-isothermally annealed (CD-1A)

G 116 106 54 168 + 8
H 116 143 52 119 + 10

205+ 6
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Figure3 Azimuthal scans of the (104) reflection for the
blend subjected to the ZD-ZA and CD-IA treatments. For
sample designations, see Figure 1.

zone annealing at the highest load of 50 MPa (ori-
entation step Az, Table I), which leads to a sub-
stantial improvement of the orientation.

Mechanical Characterization

The results of the mechanical tests on all the sam-
ples are presented in Table IV. Comparing the
treatment conditions (Table I) and the data of me-
chanical measurements (Table IV), one can con-
clude that the lowest treatment temperature
(160°C), resulting in the lowest final draw ratio of
4.0, is distinguished by the lowest mechanical char-
acteristics (sample A, Table IV). If another zone
annealing at the same temperature (160°C) is added
to this treatment, a slightly higher draw ratio is
achieved (4.4) and increase in the E and ¢ values is
observed (sample B, Table IV).

A drastic increase in the Young’s modulus (by
70% in comparison to sample A) can be obtained in
the case when the second zone annealing is carried
out at 190°C instead of 160°C and the highest draw
ratio of 5.9 is obtained (sample C, Table IV ). This
combination of treatment is characterized by the

highest ¢ value (¢ = 213 * 28 against ¢ = 167 + 4
for sample A, Table IV).

One has to note that while a steady increase of
E and ¢ values for these three samples is observed,
the elongation at break ¢ systematically drops from
100 to 25% (Table IV). It seems worth noticing that
all three samples (A, B, and C) are ZD at the same
conditions and have the same draw ratio \; = 3.8
after this treatment (Table I). It means that the
significant improvement in the mechanical prop-
erties (Table IV) is achieved during the zone an-
nealing where a higher draw ratio and, respectively,
higher orientation is realized. This conclusion is
supported by the second set of three samples (D, E,
and F, Table I).

All three samples are ZD again at the same con-
ditions reaching the same \; = 4.2 (Table I). The
subsequent zone annealing at 190°C is different for
the three samples with respect to the values of stress
P and number of passages N, resulting in different
final draw ratios of 4.5, 4.6, and 5.2, respectively
(Table I). Similarly to the first set of samples (A,
B, and C), in the second one, almost the same in-
crease in the E and ¢ values is observed (Table IV).
What is different is the behavior of the elongation
at break—it drops slightly only for sample F (Ta-
ble IV).

Comparing the mechanical properties of the two
sets of samples, differing mainly in the temperature
of the zone drawing (Table I), a striking observation
can be made—zone drawing at higher temperature
(190°C instead of 160°C), followed by one-stage
zone annealing at the same temperature, results in

Table IV Young’s Modulus F, Tensile Strength
¢, and Relative Deformation at Break ¢ for
Samples Subjected to Either the ZD-ZA or CD-IA
Treatment at Constant Length

Sample

Designation E (MPa) o (MPa) & (%)

Zone drawn-zone annealed (ZD-ZA)

A 700 = 40 167+ 4 100 £+ 20
B 850 + 190 200 + 50 39 +12
C 1200 £ 170 213 + 28 25+ 2
D 930 £ 50 185 + 19 46 £ 10
E 1050 = 70 195 + 12 47+ 7
F 1210 £ 60 202 + 22 29+ 6
Cold drawn-isothermally annealed (CD-IA)
G 430 = 70 128 + 10 46 + 17
H 480 = 90 113 £ 12 50 + 14
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much lower E and o values in comparison to the
values, obtained as a result of drawing at a lower
temperature and annealing at almost the same con-
ditions (compare samples C and D, Tables I and
IV). The reason for this significant difference can
be related not only to the different draw ratios (A
= 5.9 for sample C and 4.5 for sample D), supposing
a completely different degree of orientation, but also
to the higher zone-drawing temperature for sample
C (190°C). At this temperature for both types of
treatment, zone drawing and zone annealing (Table
I), the low-melting crystallites are in a molten state
(Table II) and the subsequent crystallization during
the cooling takes place in isotropic conditions as
proved by X-ray analysis (Fig. 4). In this way, both
the low-melting crystallites and their amorphous
phase contribute to the decrease of the total orien-
tation in comparison to sample C. The multiple zone
annealing at 190°C improves the mechanical prop-
erties, particularly in the case when the draw ratio
increases (A3 = 5.2 instead of 4.5, samples F and D,
Tables I and 1V).

Since the treatment of the second set of samples
(D, E, and F) is performed at 190°C (except the last
zone annealing of sample E, Table I), one has to
expect a lower degree of overall orientation in com-
parison to the first set of samples. For this reason,
one has to look for other factors, contributing to the
observed improvement, as, e.g., better adhesion be-
tween both partners of the blend.

Finally, it should be noted that the applied treat-
ment via zone drawing and zone annealing results
in significant improvement in the mechanical prop-
erties in comparison to the cold drawing and iso-
thermal annealing with fixed ends. This can readily

(a)

be seen from Table IV, which presents the data for
the two approaches. Specifically, for applying the
same temperatures, the zone-drawing and zone-an-
nealing method leads to a threefold increase in the
modulus E and to a twofold increase in the tensile
strength o, as well as a decrease in the relative de-
formation e.

DISCUSSION

Among the results on the ZD-ZA blends of PBT
and thermoplastic elastomer PEE, the most inter-
esting are those on the mechanical properties. The
improvements obtained for the Young’s modulus and
the tensile strength (two- to threefold) in compar-
ison to data reported for the CD-IA blends suggests
the creation of more nearly optimal structures. The
values obtained in the present study for E and o
(between 1000 and 1200 MPa and ~ 200 MPa, re-
spectively ) are typical for CD-IA homo-PBT at the
same treatment temperature.’

It is important to take into account the very poor
mechanical properties of the thermoplastic elasto-
mers. Specifically, the PEE used as a neat material
(with composition PBT/PEG = 49/51 wt %) has
values of E and ¢ of ~ 40 and 20 MPa, respectively.
In blends with homo-PBT (approximately 1: 1 by
weight ), the CD-IA materials show a dramatic in-
crease in E and ¢ by a factor of six and 12, respec-
tively, while the ZD-ZA materials show another two-
to threefold increase in these values (Table IV).
Thus, there are total increases of E and ¢ by factors
~ 30 and 10, respectively.

(b)

Figure 4 WAXS patterns for the blends: (a) sample A; (b) sample F. For sample des-

ignations, see Table I.
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Why does the zone drawing and zone annealing
contribute much more to the improvement of the
mechanical properties than do cold drawing and
isothermal annealing? The major factor contributing
to better mechanical properties in the case of ZD-
ZA is the more homogeneous structure. This con-
clusion is based on the DSC and particularly on the
SAXS measurements shown in Figures 1 and 2 and
tabulated in Tables II and IIL. As proved previously
for the same blend,” CD-IA leads to the formation
of two populations of crystallites having different
T,.’s and causing two long spacings. Both types refer
to PBT crystallites but they have different origins.
The less perfect crystallites arise from PEE, and the
more nearly perfect ones, from homo-PBT.

In the case of the ZD-ZA blends, the tendency
to form two populations of PBT crystallites is much
less developed. One observes again two melting
temperatures, T',, and T, (Fig. 1), but no longer
any occurrence of two periodicities (Fig. 2, samples
A-F). Although the crystallite sizes for both meth-
ods of sample treatment do not differ from one an-
other, the SAXS results (Fig. 2) suggest that the
less perfect crystallites from the PEE are more or
less homogeneously dispersed in the material and
do not give rise to a second long spacing. An addi-
tional argument supporting this interpretation is
their low density (approaching that of the amor-
phous phase), which does not seem to occur in the
CD-IA blends (Fig. 2, curves G and H).

Another important factor, which can be con-
nected with the mechanical properties, is the ori-
entation. Although the orientation in the case of the
ZD-ZA is, as a whole, not better than the orientation
in the CD-IA samples, it is worth noting that the
highest E value (sample F, Table IV) corresponds
to the best orientation (Sample F, Fig. 3).

In the third place, one has to take into consid-
eration the formation of microfibrillar composites
when the thermal treatment above the melting tem-
perature of less perfect crystallites is applied. (In
the present case, the annealing temperature T,
= 190°C, since the lower-melting temperature 7',
is around 180°C). This effect was observed for the
same blend annealed at 200°C.” To check the oc-
currence of isotropization of the crystallites origi-
nating from PEE, photographic WAXS patterns
were taken for ZD-ZA samples treated either below
T'.orabove T,.. The results are displayed in Figure
4. One can see that for sample A, for which T, does
not exceed 160°C, sharp crystalline reflections in
the shape of arcs are obtained. For the sample
treated at 190°C (above T'},), in addition to the arc-
type reflections, one also observes reflections in the

form of continuous circles, indicating the presence
of an isotropic crystalline phase. It should be noted
that both types of reflections arise from the PBT
crystallites but with different origins and degrees of
perfection. The fraction of PEE in the blend is about
1, that of PBT in PEE is also }, and approximately
;1, (or less) of this PBT is in the crystalline state.
(The crystallization ability in the case of the ZD-
ZA materials is lower than in the CD-IA ones.) It
follows that the fraction of randomly oriented crys-
tallites in the blend is less than §, which explains
the very weak intensity of the circles relatively to
the arcs.

As shown previously,” the oriented crystallites
must come from the homo-PBT, since the applied
T, was not high enough to melt them (T, ~ 225°C,
Table II). The nonoriented crystallites originate
from the PEE, which during the zone annealing at
190°C is in a molten state and which during the
subsequent cooling crystallizes again but no longer
into an oriented state. In this way, the second com-
ponent of the blend, the PEE, is in the isotropic
state after this treatment, whereas the homo-PBT
is in a highly oriented state.

Additional measurements indicated that for the
CD-IA samples’ the isotropic crystallization of PEE
occurs on the preexisting crystallites of homo-PBT,
i.e., partial cocrystallization occurs. This contributes
to improvement of the adhesion between the two
immiscible components of the blend (PEE and
homo-PBT). There is no reason not to expect the
same behavior for the ZD-ZA samples after their
isotropization. The partial cocrystallization in this
case could be less, because of the above-mentioned
factors, leading to a poorer crystallibility of the ZD-
ZA samples in comparison to the CD-IA ones. Even
in such a case, the partial cocrystallization and is-
otropization of the PEE will contribute to improve-
ment of the integrity of the material.

Summarizing, one has to note that as in the case
of other polymers!® the zone-drawing-zone-anneal-
ing technique applied to PBT /PEE blends results
in significant improvements in their mechanical
properties. The values obtained for E and o are two-
to threefold higher than those for the same blend
subjected only to cold drawing and isothermal an-
nealing at a fixed length. The values of E and o,
obtained in the present study, are equal to the me-
chanical parameters of homo-PBT subjected to cold
drawing and isothermal annealing and higher by
about 30 and 10 times, respectively, than those of
the PEE used for the blending. The observed im-
provement is related to the more nearly optimal
structure created during the zone-drawing-zone-
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annealing treatment. These improvements are due
to (i) more homogeneous structures, (ii) better
adhesion between the components of the blend, and
(1i1) a somewhat better orientation. More detailed
studies in the contribution of the different treatment
factors (temperature duration, stress, etc.) to the
improvement of the mechanical properties of the
biend under investigation are in progress.
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