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Effects of nematic polymer liquid crystal on

crystallization and structure of PET/Vectra blends
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We investigate the effects of a nematic liquid crystalline polymer, Vectra A, on the structure
and properties of its blends with a semicrystalline polymer, poly(ethylene terephthalate),
PET. PET/Vectra blend composition ranged from 100/0 to 60/40. Real-time, in situ studies of
isothermal and non-isothermal melt crystallizations of these blends were conducted using
simultaneous wide and small angle X-ray scattering (WAXS and SAXS), differential
scanning calorimetry (DSC), and quantitative polarizing optical microscopy. All techniques
confirm that the addition of Vectra nematic liquid crystal delays the onset of crystallization,
and affects the degree of crystallinity and structural parameters such as Bragg long period,
lamellar thickness and linear stack crystallinity. SAXS results indicate that some of the
Vectra component penetrates into the interlamellar regions of the crystal stacks. Vectra
interrupts the entangled polymer network making it more difficult for lamellar crystals to
nucleate. Slower nucleation and growth result in increased perfection of the PET crystals
grown isothermally, but reduces the crystallization temperature of PET crystals grown
non-isothermally causing these crystals to be less perfect.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
The addition of nematic liquid crystal polymer (LCP)
to a semicrystalline polymer is used to improve the
melt processability of the latter through the “lubricat-
ing” effect of the liquid crystalline component. Be-
low the temperature of the isotropic-to-nematic phase
transition, the nematic liquid crystal polymer can form
aligned, phase-separated regions within the highly en-
tangled melt of the semicrystalline polymer. These
nematic domains have lower overall viscosity and
greatly enhance the flow properties of the melt. One
important thermotropic LCP is Vectra A, comprising
27 mol% 2,6-hydroxynaphthoic acid and 73 mol% of p-
hydroxybenzoic acid. Vectra A has enhanced moldabil-
ity arising from its random naphthoic units that reduce
the melting range while maintaining liquid crystallinity
[1].

Vectra LCP has been added to a number of semicrys-
talline polymers including poly(etheretherketone)
(PEEK) [2], polypropylene (PP) [3–5], poly(butylene
terephthalate) (PBT) [6], nylon [7], and poly(ethylene
terephthalate) (PET) [8–16]. For PP/Vectra blends, it
was found [5] that the crystallization rate was enhanced
by Vectra addition, with Vectra acting as nucleation
sites for crystal growth. Similar result was found for
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the effect of other LCPs on crystallization of PET [17],
and the suggestion was made that LCPs may enhance
the crystallization rate for low LCP content, while re-
tarding the rate for higher LCP content. In PBT/Vectra
blends, the rate of crystallization was enhanced by
Vectra addition, without much effect on crystallinity
[6].

For PET, the addition of Vectra impacts the rheo-
logical properties and structure of samples crystallized
from the melt. Perkins [16] reported that, depending
upon composition, the LCP exists as dispersed glob-
ules within the PET matrix, causing poor adhesion. The
morphology of injection molded samples studied by
Silverstein and Hiltner [15] showed typical skin-core
effect, with the degree of chain orientation decreasing
from the exterior to interior of the sample. As Vectra
composition increased, there was a greater degree of
entanglement among LCP domains. Thermal analysis
by Magagnini et al. [12] and Chang-Chien and Denn
[14] showed that crystallization rate of PET was slowed
by Vectra addition while Liang et al. [8] reported that
Vectra enhanced crystallization from the glassy state,
but retarded crystallization from the melt. Tang et al.
[11] used NMR to show that Vectra can penetrate the
PET regions upon annealing of the melt.

0022–2461 C© 2005 Springer Science + Business Media, Inc. 1141



Real-time simultaneous wide (WAXS) and small
(SAXS) angle X-ray scattering studies can provide ad-
ditional information about the crystallization kinetics
and structure of PET/Vectra blends. Not only can the
crystallinity development with time be examined, but
also the impact of Vectra on formation of periodic
lamellar stacks can be assessed. There are many X-ray
scattering studies of homopolymer PET crystallized ei-
ther from the glass [18–21] or melt states [22–29]. In
the present study, we apply optical, thermal, and X-ray
scattering techniques to PET/Vectra melt crystallized
blends. We investigate the kinetics of crystallization
and the formation and perfection of the PET lamellae.
Although Vectra nematic liquid crystalline polymer is
immiscible in PET, nonetheless, Vectra is not excluded
from the amorphous interphase between lamellae. From
analysis of the electron density correlation function and
the interface distribution function, we find that Vectra
increases the long period and crystalline lamellar thick-
ness in PET/Vectra blends, compared to homopolymer
PET.

The possibility of transesterification reaction can-
not be absolutely avoided during melt processing, even
for homopolymer PET [30]. However, the likelihood
for transesterification reaction increases as melt tem-
perature and holding time increase. Transesterification
between Vectra liquid crystalline polymer and poly-
carbonates does not occur until 320◦C [31], and the
transesterification of homopolymer PET is shown to
be on the minute timescale at temperatures comparable
to those in our study [30]. In our study, we minimize
the possibility for transesterification by preparing the
films at the lowest possible temperature, and shortest
processing time, with drying to less than 0.01% water
content before blending.

2. Experimental section
Plaques of Vectra A liquid crystalline polymer compris-
ing 27 mol% 2,6-hydroxynaphthoic acid (HNA) and
73 mol% of p-hydroxybenzoic acid [13, 14], blended
with PET were provided by Dr. J.S. Chung of the for-
mer Allied Signal Corp. with different composition of
PET/Vectra, viz., 100/0, 90/10, 80/20, 70/30 and 60/40
wt%. The PET was an experimental product of the for-
mer Allied Signal Corp. with intrinsic viscosity of 0.92
dl/g, measured in 60/40 phenol/trichloroethylene solu-
tion, giving a molecular weight of 25,000 g/mol calcu-
lated from the Mark-Houwink equation with a = 0.640
and K = 14 × 10−4 dl/g [30, p. V105]. The blend
preparation was performed using a lab scale Haake
twin screw conical extruder at 150 rpm, temperature
of 290◦C, with residence time of 40 s. To minimize
transesterification, the lowest processing time and tem-
perature were used, and the materials were dried to
moisture content less than 0.01% prior to blending.

The thermal treatment schemes included: isothermal
melt crystallization at 225◦C, followed by immediate
reheating; or non-isothermal crystallization by cool-
ing at 5◦C/min, to 50◦C followed by reheating. For
isothermal crystallization studies, the samples were ini-
tially briefly melted at 290◦C, and then cooled at a
rate of 5◦C/min, to 225◦C where they were held for

30 min. Then they were cooled either to room tempera-
ture for DSC studies, or to 215◦C for X-ray and optical
studies, and then reheated to 290◦C. The cooling to
215◦C during X-ray studies allowed the resolution of
any structures resulting from the isothermal treatment
while preventing additional crystallization that could
occur during cooling to room temperature.

The following tests were used to examine the like-
lihood of transesterification reaction occurring in our
PET/Vectra blends. An abusive DSC technique was per-
formed, which subjects the blends to high temperature
cyclic holding. Both the homopolymer PET and the
60/40 blend experienced a 0.3◦C decrease in melting
point after 20 min of abuse at 290◦C. Through six cy-
cles of holding for 10 min at 290◦C (total 1 hour of
holding) the melting points of homopolymer PET and
the 60/40 blend decreased by 3–4◦C. When the tem-
perature of abuse was increased to 330◦C, after six
cycles, the homopolymer melting point decreased by
3.5◦C while the 60/40 blend melting point decreased
by 7.2◦C. High temperatures and long holding times
do cause deterioration in the thermal properties of both
PET homopolymer and its blends with Vectra. How-
ever, after brief holding (2 min) at 290◦C we observed
no change in thermal properties (glass transition tem-
perature, degree of crystallinity, crystallization temper-
ature, melting temperature, or crystallization kinetics)
for PET or PET/Vectra blends.

The heating and cooling for optical and X-ray stud-
ies were performed using a Mettler FP80 hot stage. For
thermal analysis, a TA Instruments 2920 MDSC was
used. The MDSC was calibrated using indium stan-
dard for melting point and heat flow. Sample mass
was about 10–15 mg, and nitrogen purge gas was used
at flow rate of 30 cc/min. To compare the crystallini-
ties obtained with different methods, we converted the
DSC mass fraction crystallinity, fc,m, to volume frac-
tion crystallinity, fc,v, using:

fc,v = ( fc,m · ρa)/(ρc − fc,m(ρc − ρa)) (1)

where the amorphous phase density for PET, ρa is 1.335
g/cc, and the crystalline unit cell density ρc is 1.515
g/cc [32]. Mass fraction crystallinity was found from
the DSC total endotherm area using 166 J/g as the heat
of fusion of 100% crystalline PET [33]. Crystallinities
for isothermal and non-isothermal treatments are listed
in Tables I and II, respectively.

SAXS intensity was collected using a two-
dimensional, gas-filled wire detector. Wavelength was
λ = 0.16 nm or 0.1366 nm, and scattering vector, q
(where q = 2πs = 4π sin θ/λ for θ the half-scattering
angle) was calibrated using cholesterol myristate. For
these isotropic samples, circular integration was used
to convert the two-dimensional patterns into one-
dimensional line scans. The raw intensity data are first
corrected for changes in the incident beam intensity,
sample absorption, and background (air, or KaptonTM

tape). After this level of correction, the final intensity,
Icorr(q), used for calculation of the correlation func-
tion or interface distribution function is determined
(see below).
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TABL E I Thermal and X-ray parameters# for PET/Vectra blends crys-
tallized isothermally

PET/Vectra 100/0 90/10 80/20 70/30 60/40

fc,m (± 0.01)a 0.31 0.31 0.33 0.33 0.30
fc,v (±0.01)b 0.28 0.28 0.30 0.30 0.27
Tg, ◦C (±0.5)c 72.7 73.1 71.9 72.2 73.1
Qd

i ni 3.1 2.9 1.4 0.7
LB, nm (±0.2)e 15.1 16.1 16.9 16.0 17.2
Lmax, nm (±0.2)f 14.5 15.3 16.0 15.4 15.7
d1, nm (±0.2)f 4.2 4.5 4.5 4.7 4.8
d1/Lmax f 0.29 0.30 0.28 0.31 0.30
φ1(±0.01)g 0.32 0.31 0.31 0.33 0.32
L, nm (±0.2)h 12.0 13.3 13.7 13.8 13.5
(σL, ±0.1)h (4.4) (4.7) (4.9) (4.5) (4.9)
d1, nm (±0.2)h 3.8 5.9 5.7 6.2 3.9
(σ1, ±0.1)h (2.3) (2.3) (2.4) (2.0) (2.5)
d2, nm (±0.2)h 8.2 7.4 8.0 7.6 9.5
(σ2, ±0.1)h (3.8) (4.1) (4.3) (4.1) (4.2)

#X-ray data are reported at the end of 30 min. isothermal crystallization
at 225◦C.
aDSC mass fraction crystallinity, fc,m from: (total endotherm area,
J/g)/(166 J/g) [33].
bVolume fraction crystallinity, fc,v from DSC endotherm area, accord-
ing to Equation 1.
cGlass transition temperature, measured after crystallization at 225◦C.
dScattering invariant determined from Equation 9. SAXS intensity is not
placed on an absolute basis, so the values of Qi are relative ones.
eLong period, LB, determined from SAXS, using the maximum in I(q)q2

vs. q plot
fDetermined from SAXS, using the correlation function [38] (see
Fig. 7b).
gFraction of phase 1, determined from SAXS, using the correlation func-
tion self-correlation triangle [38], φ1 = |A|/(|A| + Q) (see Fig. 7b).
hLong period, L, phase thickness, di, and variance, σi (i = 1, 2, L) de-
termined from SAXS, using Gaussian fits to the Interface Distribution
Function and assuming a stacking model with infinite stacks (ISSM)
[26–28].
iData not available.

TABL E I I Thermal and X-ray parameters# for PET/Vectra blends
crystallized non-isothermally

PET/vectra 90/10 60/40

fc,m (±0.01)a 0.27 0.29
fc,v (±0.01)b 0.25 0.26
LB, nm (±0.2)c 12.2 11.9
Lmax, nm (±0.2)d 10 9.5
d1 (±0.2)d 4.5 4.2
d1/Lmax d 0.44 0.44
φ1 (±0.01)e 0.45 0.44

#X-ray data are reported at 50C, at the end of non-isothermal crystal-
lization by cooling at 5C/min from 290◦C.
aDSC mass fraction crystallinity, fc,m, from: (total endotherm area, J/g)
/ (166 J/g) [33].
bVolume fraction crystallinity, fc,v, from DSC endotherm area, accord-
ing to Equation (1).
cLong period, LB, determined from SAXS, using the maximum in I(q)q2

vs. q.
dDetermined from SAXS, using the correlation function [38] (see Fig.
7b).
eFraction of phase 1, determined from SAXS, using the correlation func-
tion self-correlation triangle [38], φ1 = |A|/(|A| + Q) (see Fig. 7b).

Behind the beam stop, the intensity Icorr(q) is linearly
extrapolated to zero at q = 0. At high scattering vector,
Icorr(q→ ∞) is corrected to account for deviations from
Porod’s Law behavior and for density fluctuations. The

intensity observed at high q can be written as [34]:

I obs(q → ∞) = I ideal(q)H 2(q) + IFL (2)

where I ideal = Kp/q4 (Kp is Porod’s Law constant);
IFL is a background due to short range fluctuations in
the sample density [34]; and H2(q) is the Fourier trans-
formation of the autocorrelation of the smoothing func-
tion, describing deviations from Porod’s law behavior
caused by finite interphase thickness [35]. We assume
a sigmoidal shape for the interphase geometry so that
the form of H2 is [35]:

H 2(q) = exp(E2q2) (3)

where the parameter, E , is a measure of the width of
the interphase. At high q-vector, the intensity data are
fitted with three adjustable parameters (Kp, IFL, E) us-
ing a Nelder-Mead simplex direct search minimization
routine [36].

The final corrected intensity Icorr(q) is used to de-
termine the normalized reciprocal-space interference
function, G1(q) defined as [32]:

G1(q) = Kp − q4 Icorr(q) (4)

The lower limit of validity of Porod’s Law is estimated
as the value, qmin of scattering vector that minimizes
the area of the interference function for q < qmin (re-
alizing that G1 is zero for q > qmin) [34]. After this
determination of qmin, the real-space interface distribu-
tion function, g1(r ), is found by Fourier Transformation
of G1(q) [34]:

g1(r ) = (2π2)−1
∫

G1(q) cos(qr )dq (5)

Morphological parameters are derived from the in-
terface distribution function (IDF) using the methods
described by Stribeck [25–28] and Ruland [25]. On the
assumption that the variations of the interface distances
follow Gaussian distributions, the IDF can be written
as the sum of weighted Gaussians, hi, with centers at
ri, through [25]:

g1(r ) = �wihi(r − ri) (6)

The sum runs from i = 1 to ∞, with the Gaussians
weighted by the wi. Following Stribeck’s method, we
use normalized Gaussians of the form [25–28]:

hi = (
2πσ 2

i

)−0.5
exp

( − r2/
(
2gσ 2

i

))
(7)

The Nelder-Mead simplex direct search minimization
strategy [36] is used to determine the fitting parameters:
wi, ri, and standard deviations, σi. In practice, once i
exceeded about 30 in the summation of Equation 6,
there was no noticeable improvement in the Gaussian
fits to the IDF.

As described by Stribeck and Ruland [25], the spac-
ings, ri, of the interfaces are not independent of one an-
other; higher order interface spacings are multiples of
lower order interface spacings. We report the first three
spacings, d1 and d2 (thicknesses of phase 1 and phase
2, respectively) and L(L = d1 + d2). Furthermore, the
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weights and standard deviations are dependent upon
the stack size (whether finite or infinite stack size is
assumed) and statistics of lamellar stacking (whether
a stacking model or lamellar model is assumed) [25].
The stacking model with infinite stack size (ISSM) pro-
duced the best fit to our data.

The normalized one-dimensional electron density
correlation function, γ (r ), is evaluated from [37]:

γ (r ) =
∫

q2 Icorr(q) cos(qr )dq

/ ∫
q2 Icorr(q)dq

(8)
The parameters: invariant, Q, long period, Lmax; thick-
ness of phase one, d1; and χc, the linear crystallinity
within the lamellar stacks from the self-correlation tri-
angle, are determined according to the method of Strobl
and Schneider [38]. For comparison, Bragg’s long pe-
riod, LB, is deduced from the location of the peak in
Icorr(q)q2 vs. q plot.

The scattering invariant is found from [39, 40]:

Q =
∫

Icorr(q)q2dq(9) (9)

Figure 1 Transmitted intensity with full extinction of left circularly polarized light of PET/Vectra blends (a) 90/10; (b) 80/20; (c) 70/30; (d) 60/40.
Intensity is measured at 225◦C at the time when transmitted intensity is a maximum, during formation of the primary population of crystals. This
time varies with blend composition, due to the differences in crystallization kinetics among the blends, and is within 3–6 minutes of temperature
equilibration at 225◦C.

For a two-phase system, the invariant can be written as:

Q = φsφc(1 − φc)(
ρ)2 (10)

where φc and (1 − φc) are, respectively, the volume
fractions of the crystalline and amorphous phases, and

ρ = ρc − ρa is the density difference converted
to electrons per unit volume. φs is the spherulite fill
fraction.

Wide angle X-ray scattering intensity was col-
lected simultaneously with the SAXS intensity using
a Braun 7 cm one-dimensional wire detector. Peak
positions were calibrated using sodelite and silicon
standards.

3. Results and discussion
3.1. Optical studies
In Fig. 1a–d we show low magnification images of the
two-dimensional distribution of transmitted intensity
in the blend samples during isothermal crystallization
at 225◦C under the condition that the sample is il-
luminated with purely left circularly polarized light
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using equipment described previously [41]. The inci-
dent radiation is incoherent but is monochromated at
λ = 55.3 nm. The images are taken under polarization
conditions with full extinction of left circularly polar-
ized light. The time dependent changes of the trans-
mitted intensity are followed, and correlated with the
thermal and scattering methods of study considered in
the next sections.

In Fig. 1, crystallized samples of PET/Vectra blends
occur along with voids, which are seen as dark regions
empty of matter. Around the voided regions, the de-
velopment of spherulitic PET structures occurs during
crystallization at 225◦C. This is seen as the bright mot-
tled regions representing PET spherulites that are too
small to be individually resolved at the magnification
used in the optical study. Higher magnification images
(not shown) confirm that the spherulites are densely
nucleated and hence quite small in all blends.

Transmitted intensity was quantitatively measured
under polarization conditions of full extinction of left
circular light. Fig. 2 shows the transmitted intensity
for PET/Vectra blend 80/20 as a function of time dur-
ing thermal treatment. The main features presented in
Fig. 2 are the same for all blends examined, and 80/20 is
shown as a representative example. The treatment con-
ditions involve cooling from the melt, isothermal crys-
tallization at 225◦C, cooling to 215◦C, and immediate
reheating to melt the sample. At the beginning of the
treatment at 290◦C when the sample is melted, the only
birefringent material is the Vectra component, which is
in its nematic phase at this temperature. This intensity
distribution does not change during the time when the
sample temperature is decreasing at a rate of 5◦C/min to
225◦C. During the isothermal period there is induction
time for PET crystal growth, the end of which is signi-
fied by Point 1. After a period of induction, the optical
intensity begins to rise sharply as crystals of PET form.
Eventually the PET spherulites start to impinge on each

Figure 2 Transmitted intensity with full extinction of left circular light
vs. time for PET/Vectra blend 80/20 in relative units integrated over an
image area of 50 by 50 pixels. Sample was cooled from 290◦C (first
11 min), crystallized isothermally at 225◦C (for 12–44 min), cooled to
215◦C (min 45–47), and then re-heated (min 48–60). Heating and cool-
ing occurred at 5◦C/min. Point 1 marks the end of the period during
which only Vectra contributes to image intensity, and the start of crystal
nucleation. Point 2 marks the maximum transmitted intensity and forma-
tion of primary crystals. Point 3 marks the end of the isothermal period.
Point 4 marks the start of melting of the initial crystal population. Point 5
marks the start of melting of the reorganized crystal population. Point 6
marks the beginning of the period where only Vectra contributes.

other and their rate of growth slows down. The growth
of secondary PET crystals causes some depolarization,
and the optical intensity decreases beginning at Point 2.
Slow and steady decrease in intensity occurs until Point
3, at the end of the isothermal period. Then the tempera-
ture is decreased to 215◦C, and intensity shows a small
dip. Heating to 290◦C begins immediately thereafter,
and intensity starts to increase again. Points 4 and 5
correspond to PET melting transitions.

After all PET crystals melt, intensity drops sharply
at Point 5 to the value indicated at Point 6 where now
only the nematic Vectra component is birefringent. At
290◦C where PET is completely melted, bright inho-
mogeneities remain in the optical images. This high
intensity is due to the nematic ordering of the Vectra
component of the blend since the PET melt is isotropic,
and hence always appears black. Since the intensity is
not homogenously distributed, we can conclude that ne-
matic liquid crystalline Vectra is phase separated and
forms birefringent domains within the PET melt.

3.2. Thermal analysis
DSC blend-normalized heat flow is shown in Fig. 3a and
b for isothermal crystallization and subsequent melting,
respectively, of PET/Vectra blends. Blend-normalized
heat flow means the total heat flow measured for the

Figure 3 Normalized heat flow versus time for PET/Vectra blends 100/0
(curve 1), 90/10 (curve 2), 80/20 (curve 3), 70/30 (curve 4), 60/40 (curve
5) for: (a) isothermal crystallization at 225◦C; (b) re-heating at 5◦C/min.
Heat flow has been normalized for blend composition. Curves are dis-
placed vertically for clarity, and endotherms are indicated by downward
deflections.
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blend is divided by the weight fraction of the crystal-
lizable PET component. Fig. 3a shows exothermic heat
flow vs. time during isothermal crystallization at 225◦C,
and illustrates the kinetic dependence on the blend com-
position. The increase of Vectra content clearly slows
the crystallization processes of PET causing the longest
time to maximum heat flow in 60/40 blends. Although
the crystallization process is affected by composition,
the glass transition temperature (Tg = 72.5 ± 0.5◦C)
for PET homopolymer and all four blends) is not. Us-
ing DSC, the glass transition temperature, after crys-
tallization, was measured from the inflection point of
the heat capacity step and results are included in Table
I. The glass transition temperature is independent of
the PET/Vectra content in the blend, because these two
components are immiscible and remain phase separated
before and after crystallization.

During isothermal crystallization, the maximum
transmitted intensity (Fig. 2) occurs at the correspond-
ing point where the shape of the heat flow curve during
isothermal period changes to concave down (Fig. 3a).
Initially, PET spherulites grow freely in a melt mixed
with nematic liquid crystalline Vectra. Eventually, crys-
tallization slows as the spherulites impinge upon their
neighbors. The DSC exothermic heat flow begins to
decrease, and the transmitted optical intensity also de-
creases. Crystallization continues at a slower pace,
as smaller, later-formed spherulites still grow. At this
point, the secondary population of less perfect crystals
starts to form in the constrained environment of the
amorphous phase, coexisting with the already formed
primary crystals.

The subsequent melting after isothermal crystalliza-
tion at 225◦C is shown in Fig. 3b. All blends show dual
melting peaks, which include a shoulder on the low
temperature side of a sharp endotherm. The shoulder
appears just above the crystallization temperature of
225◦C. No endothermic heat flow occurs below 225◦C,
indicating that there is no additional crystallization oc-
curring when the samples are cooled to room tempera-
ture. No samples showed the triple melting peaks that
have been reported by other researchers for PET [22]
or PET copolyesters [42]. The DSC melting endotherm
starts immediately at 230◦C just above the temperature
of the thermal treatment and corresponds to Point 4 in
Fig. 2. When the sample is reheated through the lo-
cation of the lower endotherm (shoulder), the removal
of the less perfect crystals has the effect of increas-
ing the transmitted polarized intensity. The increase of
the intensity continues throughout the lower endotherm
(shoulder) and up to the maximum in the major en-
dotherm. In spite of differences in the isothermal crys-
tallization kinetics, the crystallinity of the PET com-
ponent of the samples is almost the same, as shown in
Table I

Schick and coworkers, using high heating rate
nanocalorimetry [43, 44] have shown that PET crys-
tals reorganize extremely rapidly. The uppermost en-
dotherm disappeared when the PET was heated at rates
on the order of 1000 K/s, leading these authors to con-
clude that: (1) PET reorganizes in about 40 ms (in
the interval from 150 to 200◦C) for PET crystallized

at 130◦C; and, (2) the uppermost endotherm is due
to melting of reorganized crystals, and not to crys-
tals initially formed at the isothermal crystallization
stage. It is therefore likely that a similar effect oc-
curs in PET/Vectra blends, so that the lower endotherm
(showing as a shoulder in Fig. 3b) marks the location
of melting of the preformed crystals, while the upper
endotherm refers only to reorganized crystals.

The melting of all of the crystals leads to disap-
pearance of most (but not all) of the transmitted po-
larized intensity. The large decrease of intensity in
Fig. 2 from Point 5 to Point 6 during the final heating,
corresponds to thermal transitions occurring at 250◦C
(Point 5) at the temperature of the melting endotherm
in the DSC scan of the same sample shown in Fig. 3b.
Residual transmitted polarized intensity is caused by
the Vectra nematic liquid crystal component in the
blends.

A limited study was done on non-isothermal melt-
crystallization of 90/10 and 60/40 blends, and the data
are not shown in the interests of brevity. Table II lists the
thermal and structural parameters determined after non-
isothermal cooling of these two compositions. Non-
isothermal crystallization kinetics shows that 90/10
crystallizes at slightly higher temperature than 60/40
blends when the blends are cooled at 5◦C/min. The
mass fraction crystallinity, fc,m is a little larger in 60/40
blend ( fc,m = 0.29) compared to the 90/10 blend
( fc,m = 0.27).

3.3. WAXS analysis
WAXS intensity at the end of the isothermal period at
225◦C is shown in Fig. 4 for all blends. An arrow marks

Figure 4 Relative WAXS intensity vs. scattering angle for λ = 0.1366
nm taken at the end of the isothermal period at 225◦C for PET/Vectra
blends 100/0 (curve 1), 90/10 (curve 2), 80/20 (curve 3), 70/30 (curve
4), 60/40 (curve 5). Curves are shifted vertically for clarity. The arrow
points to the position of the scattering peak due to Vectra component in
the blend at 2θ = 17.1◦ [7].
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Figure 5 WAXS intensity vs. scattering angle for λ = 0.1366 nm for PET/VECTRA blends (a) 90/10, (b) 60/40. The time sequence starts at the top
of the figure. Samples were cooled from 290◦C at 5◦C/min, held isothermally at 225◦C for 30 min (as marked on the left of the plot), cooled to 215◦C,
and then heated at 5◦C/min (as marked on the left of the plot). The arrow shows the position of the Vectra peak. Every curve represents one minute
of data collection, and the curves are separated by a two-minute interval.

the location of the diffraction peak from Vectra nematic
liquid crystal, which strengthens as the Vectra compo-
sition increases. X-ray results (at λ = 0.1366 nm) show
that Vectra forms its nematic peak at 2θ = 17.1◦ with
average distance between the aligned liquid crystalline
segments of the polymer of 0.461 nm [7]. We also see
the characteristic peaks of the PET triclinic structure,
with Miller indices and d-spacings: (100) 0.349 nm,
(−110) 0.397 nm, (010) 0.509 nm, and (0–10) 0.546 nm
[45, 46].

The real-time development of the WAXS scattering
peaks during thermal treatment is shown in Fig. 5a and b
for blends 90/10 and 60/40, respectively. The sequence
of scans runs from top to bottom in the figure, beginning
with cooling from the melt, isothermal crystallization at
225◦C, decrease to 215◦C and reheating to 290◦C. An
arrow marks the location of the Vectra nematic WAXS
reflection. The first and last scans, at the top and bottom
of the figure, respectively, illustrate the difference Vec-
tra content makes in the WAXS scan of molten blend.
In the 90/10 blend (Fig. 5a), the amorphous melt halo
is broad and only a small asymmetry due to Vectra’s
nematic liquid crystalline peak can be seen. Increased
Vectra content, in the 60/40 blend (Fig. 5b), affects the
shape of the WAXS peak in the scan of the molten blend,
causing the amorphous halo to be strongly peaked at the
location of the Vectra nematic liquid crystalline reflec-
tion. The intensity of the Vectra nematic phase scatter-
ing peak strengthens during cooling from 290◦C from
the isotropic melt, remains constant during the isother-
mal crystallization of PET, and weakens, again at higher
temperature, during the reheating scan.

Fig. 6 shows the “crystallinity index” obtained from
WAXS for blend 90/10. At the end of the crystallization,
the amorphous melt curve (taken just before the start
of crystallization) was scaled underneath the WAXS
scan of the semicrystalline blend sample, using scal-
ing points taken at two-theta values where there was
no contribution from the crystalline peaks or the Vec-
tra component. The scaled amorphous halo (including
the contribution from the Vectra component) was sub-
tracted from the total intensity. The ratio of the remain-
ing crystal peak intensity to the total intensity is the
“crystallinity index.” A sharp increase of crystallinity
is seen at the beginning of the isothermal period, and
continued increase during that period occurs with ad-

Figure 6 WAXS crystallinity index vs. time for PET/Vectra 90/10 blend
during isothermal crystallization at 225◦C, followed by cooling to 215◦C
and reheating at 5◦C/min to 290◦C.

ditional crystallization of the amorphous phase. Upon
heating, the WAXS crystallinity index decreases dra-
matically, and eventually reaches zero when the tem-
perature increases above the main melting endotherm
seen in DSC scans.

3.4. SAXS analysis
In Fig. 7, we show the SAXS data for PET homopoly-
mer at the end of isothermal crystallization at 225◦C.
The final Lorentz-corrected intensity and the correla-
tion function, γ (r ), determined from Equation 7, are
shown in Fig. 7a and b, respectively. The parameters
Lmax and d1 are marked on the figure. The fraction of
phase 1, φ1, is found from |A|/(|A|+ Q) [38]. The cor-
relation functions of the blends were similar to that of
the homopolymer and will not be shown in the interests
of brevity.

From Babinet’s Principle, we cannot determine from
SAXS alone, which of the two coherence lengths, d1 or
d2 (d2 = Lmax − d1) represents the crystalline phase.
Indeed this assignment had been the subject of much
debate, with some groups [18, 23, 47–51] using the
shorter length, d1 and other groups [19, 21, 22, 52, 53]
using the longer length, d2, as the crystalline thick-
ness. Recently, Jonas’s group [23] correlated SAXS
measurements with results of transmission electron mi-
croscopy to show that the shorter of the two correlation
lengths, d1, should be associated with the crystalline
phase in the case of PET of crystalline fraction less
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Figure 7 PET/Vectra 100/0 after 30 min of isothermal crystallization
at 225◦C. (a)Lorentz-corrected intensity, showing the location of the
Bragg peak; (b) Normalized one dimensional electron density correlation
function showing the location of d1, the phase 1 thickness, Lmax, the
first maximum beyond r = 0, and the self-correlation triangle defined
by intercepts A and Qi. The ideal structure intercept, Qi, is higher than
the experimentally measured intercept, Q. λ = 0.1366 nm.

than 0.50. Since in our PET/Vectra blends, we always
observe crystalline fractions less than 0.45 (regardless
of isothermal or non-isothermal crystallization condi-
tions) we will assign the shorter of the two correlation
lengths to the crystalline phase. This choice is also ver-
ified to be the proper one, based on consideration of the
time dependence of the structural parameters, which
will be presented later in Fig. 9.

Fig. 8 shows the final Lorentz corrected intensities
for different compositions of PET/Vectra blends at the
end of the isothermal crystallization period at 225◦C.
The peak position of the maximum does not vary much
with composition, indicating that the average long pe-
riod, LB, is similar among the blends. The integrated
scattering intensity, which relates to the scattering in-
variant, decreases strongly as the Vectra composition
increases. Values of long period, d1, and φ1 derived
from the correlation function for the intensities in Fig. 8,
are listed in Table I.

The time development of the structural parameters
from correlation function analysis is shown in Fig. 9a–
d. The times shown in the figure start at the beginning
of the isothermal period at 225◦C, and continue through
the subsequent reheating from 215 to 290◦C. For clar-
ity, the isothermal and heating portions are marked on
two of the plots (a and d). The small gap between the
arrows marks the brief cooling to 215◦C. The figure
shows the scattering invariant, Qi (Fig. 9a), Bragg long

Figure 8 Lorentz corrected intensity, I (s)s2, vs. scattering vector, s, for
PET/Vectra blends after 30 min. of isothermal crystallization at 225◦C,
as a function of the blend composition. 90/10(*), 80/20◦, 70/30 (·), 60/40
(+). λ = 0.16 nm.

period (Fig. 9b), lamellar thickness (Fig. 9c) and the lin-
ear stack crystallinity (Fig. 9d). The long period data
and lamellar thickness are shown vertically shifted for
clarity. Scattering invariant changes confirm that blends
with higher Vectra content are slower to crystallize, in-
dicated in Fig. 9a by the slope of the invariant with
time at the beginning of the isothermal period. This
correlates well with the DSC results shown in Fig. 3a.
During the subsequent reheating, the scattering inten-
sity decreases toward zero in the molten state.

From DSC results, the blends have about the same de-
gree of crystallinity at the end of the isothermal period.
Polarizing optical microscopy results also show that the
samples are completely filled with crystalline entities
(although individual spherulites are too small to be seen
at optical magnifications). In spite of having similar de-
grees of crystallinity, from Fig. 5a we see that the scat-
tering invariant systematically decreases as Vectra com-
position increases, during crystallization. This suggests
that the scattering contrast factor in Equation 4 varies
among the blends, causing the differences in scattering
invariant. The scattering contrast, 
ρ, represents the
electron density difference between the crystalline PET
lamellae and the amorphous phase in between lamellae.
As Vectra composition increases, the electron density
difference between the PET lamellar crystals and the
intervening amorphous phase decreases. This is a re-
sult of entrapment of nematic Vectra molecules within
the amorphous phase. Vectra nematic liquid crystal has
greater density (ρ(Vectra) = 1.40 g/cc [54]) than the
amorphous PET phase (ρa(PET) = 1.335 g/cc [32]). As
Vectra composition increases, more high-density Vec-
tra is trapped in the amorphous regions reducing the
electron density difference between the PET lamellae
and the amorphous interlayer.

Variation of the long period, Lmax, with time is shown
in Fig. 9b, where curves have been separated vertically
for clarity. The vertical dashed line is located at 30min,
and the value of the long period at the 30 min mark can
be obtained from Table I . During the isothermal period,
a steady decrease in the long period is observed. Then,
with the beginning of the heating period, Lmax increases
as a result of melting of the less perfect lamella first,
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Figure 9 SAXS structural parameters from the correlation function vs. time for PET/Vectra blends 90/10(*), 80/20 (◦), 70/30 (·), 60/40 (+). Blends
were cooled from 290◦C at 5◦C/min, held isothermally at 225◦C for 30 min, then cooled to 215◦C before heating to 290◦C at 5◦C/min. The initial
cooling from the melt is not shown. (a) Scattering invariant; (b) Long period, Lmax; (c) Lamellar thickness, d1; (d) Linear stack crystallinity. Numerical
values of Lmax and d1 at the 30 min mark (vertical dashed line) may be read from Table I. The horizontal regions in (a) and (d), marked “Iso 225C”
and “Heating”, pertain to all parts of the figure.

which increases the average interlamellar distance. By
the time the temperature has reached the peak position
of the main melting endotherm (the sharp endotherm in
Fig. 3b), the long period is increasing to infinity, which
corresponds to complete melting of all of the crystalline
lamella. The trends observed here are similar to ones
observed in our previous study of melt crystallization
of PEEK/PEI blends [49].

Lamellar thickness variation is shown in Fig. 9c
where curves have been separated vertically for clar-
ity. The vertical dashed line is located at 30 min, and
the value of d1 at the 30 min mark can be obtained
from Table I. For all blends, the lamellar thickness, d1,
is seen to increase in Fig. 9c at the beginning of the
isothermal period. But after the maximum thickness
is reached, continued crystallization in the constrained
amorphous regions causes the average thickness to de-
crease slightly as crystallization proceeds. Upon heat-
ing, the originally crystallized lamellae melt first, form-
ing the low temperature endothermic shoulder in Fig.
3b. As a result of reorganization and lamellar thick-
ening, the average lamellar thickness increases. At the
temperature of the main endotherm, the most perfect,
reorganized, lamellae start to melt, and this causes a
rollover of the trend of increase of the average lamellar
thickness. Now, d1 starts to decrease, eventually reach-
ing the limiting value of zero (not shown in the figure),
once all crystals are melted.

The parameters derived from the correlation func-
tion show that the shorter correlation length, d1, can be
correctly associated with the processes characteristic
for the crystalline phase. As in our previous studies of
poly(ether ether ketone)/poly(ether imide), PEEK/PEI,
blends [49], the behavior of the shorter length has been

shown to be typical of a crystalline, rather than an amor-
phous fraction of the sample, by following the time-
dependent behavior of the lamellar thickness through
melting. The lamellar thickness, d1, decreases at the
last stages of melting (Fig. 9c), while the thickness of
the amorphous phase (d2 = Lmax −d1) will continue to
increase, due to the melting of the less perfect lamellae
leaving larger space between the still existing ones.

The crystalline fraction, φ1 = d1/Lmax in Fig. 9d
sharply increases at the beginning of the isothermal pe-
riod, and continues to increase gradually, due to ad-
ditional crystallization, and insertion of less perfect
lamellae. Upon heating, the φ1 is seen to sharply de-
crease, to the limiting value of zero when temperature
increases above the main melting endotherm, when all
of the crystals are melted. The main trends in crys-
tallinity index from WAXS (Fig. 6) are similar to the
change in SAXS scattering invariant (Fig. 9a) and linear
fraction of phase one (Fig. 9d).

For comparison with the isothermal study, Fig. 10a
and b shows the time development during cooling of
the long period and lamellar thickness, respectively,
for PET/Vectra blends 90/10 (stars) and 60/40 (cir-
cles) crystallized non-isothermally. Both Lmax and d1
are smaller for the 60/40 blend, than for the 90/10
blend, over the entire temperature range. During non-
isothermal crystallization, the Vectra component slows
the initiation of the processes of crystallization, and the
effect is most pronounced in blends with greatest Vec-
tra content. The same effect was seen in the isother-
mal crystallization study (Fig. 3a). Here, by slowing
the nucleation for 60/40 blend, this sample develops
its crystals at slightly lower temperature, which results
in the formation of less perfect lamella with smaller
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Figure 10 SAXS parameters during non-isothermal cooling of
PET/VECTRA blends 90/10 (*) and 60/40(o) at 5◦C/min. Each minute
on the x-axis represents 5◦C temperature interval. (a) Long period; (b)
Lamellar thickness.

lamellar thickness. The influence of Vectra is seen in
both isothermal and non-isothermal crystallization ki-
netics and resultant structural parameters.

When the crystalline fraction is calculated from
d1/Lmax, we find that both 90/10 and 60/40 blends have
the same fraction of crystal PET in the lamellar stacks,
i.e., χc = 0.44. However, the crystalline phase fraction
is much larger than the volume fraction crystallinity
determined from DSC, which shows that a larger frac-
tion of the PET component is located in amorphous re-
gions outside the crystalline stacks. Vectra is also in the
amorphous regions, which does not interfere with the
conclusion that more of the amorphous phase of PET is
also outside the crystalline stacks when the blends are
crystallized non-isothermally.

In our previous study of miscible blends of
PEEK/PEI [49], a similar effect on crystallization kinet-
ics was seen whereby the non-crystallizable component
leads to slowing of the nucleation processes for forma-
tion of crystals in the crystallizable component. The
delay of nucleation to lower temperatures results in a
decrease in perfection of the crystalline structures. Dur-
ing isothermal crystallization of PET/Vectra blends, an
increase in induction time for crystal growth as Vec-
tra content increases allows additional time for defect
expulsion from the crystals and results in more perfect
crystals forming isothermally in the high-Vectra con-
tent blends. This same process, delay of nucleation, in
non-isothermal crystallization now leads to less per-
fect crystals. At lower temperatures crystallization is
occurring faster and does not allow the same degree of
crystal perfection. The DSC results show that the non-

isothermal crystallization produces a decrease in the
total crystallinity compared to the isothermal case, but
there is an increase in the linear stack crystallinity. This
means that more amorphous PET is stranded outside
the crystalline stacks in the non-isothermal case.

Finally, the method of Ruland and Stribeck [25–28]
was used to determine the interface distribution func-
tion, IDF, and typical results are shown in Fig. 11a and
b for PET/Vectra blends 100/0 and 60/40, respectively.
The symbols represent calculation of the IDF from data
using Equation 5. Gaussian fits from Equation 6, as-
suming a stacking model with infinite stacks (ISSM),
resulted in the solid curve, whose first six terms are
shown by the dashed-line Gaussians. The fits are sim-
ilar to those determined by others for PET homopoly-
mer [21] and PET co-polyesters [42]. Starting from
lowest values of r, the first two positive-going Gaus-
sians (peak positions, d1 and d2), the first negative-
going Gaussian (peak position, L) and their variances
are listed in Table I. In the ISSM, restrictions are im-
posed on lengths and variances, such that lengths d1
and d2 are independent, while L and all higher order
interface lengths are dependent on them, and variances
σ1 and σ2 are independent, and all others are dependent
upon them [25].

The IDF gives similar trends when the PET ho-
mopolymer is compared to its blends with Vectra. The
long period, L , is shorter in PET/Vectra 100/0 (L =
12.0 nm), while the blends have longer L(L = 13.3–
13.7 nm) that does not show systematic dependency
upon composition. The same is generally true of the

Figure 11 Interface distribution function, g1(r) at the end of isothermal
crystallization at 225C, for PET/Vectra blends: (a) 100/0, (b) 60/40.
Determined from: Equation 5—circles; best fit to Equation 6—solid
line; first six Gaussians in the summation of Equation 6—dashed lines.
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crystal thickness, d1, the exception being the 60/40
blend, which has a value of d1 close to that of homopoly-
mer PET.

The values of long period and phase thickness de-
rived from the IDF are deemed more accurate than those
derived from the correlation function [19] or maximum
in Is2. Systematic variations are seen in the long pe-
riod among the different methods. In comparing the
long period obtained from the IDF to the long period
from correlation function or Bragg’s peak, the follow-
ing trend is seen: L(IDF) <Lmax < LB. This difference
has been accounted for by Santa Cruz et al. [19]. Val-
ues of Lmax and d1 from the correlation function are
shifted to larger values because of the breadth of the
amorphous phase distribution as reflected in σ2. From
Table I, we observe that, in all sample studied, both the
crystal phase variance, σ1, and amorphous phase vari-
ance, σ2, are broad, but σ2 is nearly twice σ1. Thus, the
explanation provided for the trend of long period de-
rived by different methods in homopolymer PET [19]
may apply also to blends of PET with Vectra.

4. Conclusions
We investigated in binary polymer blends the effects
of non-crystallizable immiscible liquid crystal polymer
component on the crystallization, and degree of per-
fection of the crystals, of the semicrystalline polymer
component. PET is a semicrystalline polymer forming
lamellar structure, and spherulitic morphology. Vec-
tra is a nematic liquid crystalline polymer, which can-
not form lamellae, and forms phase separated domains
within the PET melt.

Vectra slows the process of crystallization of PET,
thus influencing the structure of the semicrystalline
PET. With increasing Vectra content, PET isothermal
crystallization kinetics are slowed. The time to the max-
imum heat flow increases as Vectra content increases.
Therefore, as Vectra content increases: (a) Isother-
mal crystallization at high temperature makes the PET
lamellae more perfect because of the longer time al-
lowed for crystallization; and, (b) Non-isothermal crys-
tallization makes the PET lamellae less perfect, be-
cause of delayed nucleation and the lower temperature
of crystal formation.

We addressed the controversy about the induction
role of Vectra on PET crystallization, and now we can
conclude that the role that Vectra plays is not confined
to a single aspect, but it depends on the conditions of
crystallization and could be two-fold: first, to slow the
processes of crystallization, and second, to make crys-
tals more perfect when they are grown isothermally and
less perfect when they are grown non-isothermally.

Also, the controversy of whether the amorphous
phase is situated in the interlamellar regions or in amor-
phous pockets, can be answered by the fact that the
DSC crystallinity is slightly smaller than the lamellar
stack crystallinity measured by SAXS in the isother-
mally crystallized blends. A larger difference is ob-
served when the blends are non-isothermally crystal-
lized. This allows the conclusion that some amorphous
PET phase must be outside the lamellar regions in sepa-
rate areas, but the amount is small in the case of isother-

mally crystallized blends. The trends in Lmax and d1
with time during crystallization and reheating further-
more suggest that the thickness d1(d1 < d2) should be
adopted as the crystal lamellar thickness in agreement
with the results of Haubruge et al. [23].
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