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Abstract The miscibility, crystallization and melting

behaviour of poly(trimethylene terephthalate)/thermotropic

liquid crystalline polymer (LCP) blends were studied using

differential scanning calorimetry. The blends were found to

form primarily an immiscible system. The addition of LCP

accelerated the overall rate of crystallization and caused a

depression in equilibrium melting temperature, especially

at low LCP content. Lauritzen–Hoffman analysis showed

that the addition of LCP caused a reduction in the fold

surface energy and increased the regime II to III transition

temperature.
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Introduction

LCP-based blends have been the focus of attention of

several studies [1–5]. Due to their ‘rigid rod’ type structure

and consequent long relaxation times, when LCP mole-

cules are sheared above its solid to nematic transition, they

align themselves in the direction of flow. Thus, when they

are added in a minor phase, they generally tend to improve

the processability of the polymer matrix. In addition,

depending on the viscosity ratio, the LCP droplets may

deform and elongate under extensional flow, thus under-

going in situ fibrillation and enhancing the mechanical

properties of the polymer matrix [1–6].

The crystallization behaviour is another important factor

in the processing of polymer blends. The crystallization

process due to its resultant volume contraction can induce

stresses which freeze in during solidification and can thus

affect the quality of the final product [6]. Factors such as

crystalline or amorphous nature of the minor phase, com-

ponent concentration, relative melt viscosities and misci-

bility can greatly affect the crystallization behaviour of

polymer blends. In this regard, several studies have been

carried out on the crystallization kinetics of LCP-based

polymer blends [7–18]. There are reports that in the case of

immiscible blends, the LCP minor phase accelerates the

crystallization process in its blends with poly(butylene

terephthalate) (PBT) [7, 9], poly(phenylene sulphide)

(PPS) [8, 10, 17, 19, 20], polypropylene, maleic anhydride

grafted polypropylene [11, 21], poly(ethylene naphthalate)

(PEN) [12, 18] and poly(ethylene terephthalate) (PET)

[13]. However, in other cases, it was found to decrease the

crystallization rate in PET [22] and PPS [23]. In the case of

blends of poly(ether ether ketone) (PEEK) with Vectra

LCP, it was found to slightly increase the crystallization

rates in the isothermal studies [16], while decrease the rates

in the nonisothermal case [15]. de Carvalho and Betras [14]

for PEEK/HX4000 LCP blends found that the addition of

LCP decreases the overall crystallization rate. The authors

suspected partial miscibility between the components.

In miscible crystalline/amorphous systems, surface

nucleation rate depends on the rate of attachment of crys-

tallizable segments onto the growth front as well as the rate

of diffusion of amorphous segments away from the grow-

ing crystal [24]. In partially miscible systems, complex

behaviour can develop due to the competitive effects of
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nucleation and dilution by the minor phase. Lee et al. [25]

found that polycarbonate (PC) forms a miscible system

with LCP at very low concentrations and a partially mis-

cible system for the rest. Semiflexible LCP based on PET

and p-amino benzoic acid forms a miscible blend with

Nylon 66 [26] in the melt state and a partially miscible

system in the solid state. The authors reported that blending

causes a depression in the equilibrium melting temperature

as well as in the rate of crystallization of the matrix.

Xie et al. [27] found Nylon 66/LCP blends to be miscible.

They also reported PBT/LCP blends to be miscible up to

10 mass% of LCP. Zhong et al. [28] found PEEK/LCP

blends to be partially miscible based on a single compo-

sition-dependent Tg. The LCP used therein was a copo-

lyester of p-hydroxybenzoic acid, terephthalic acid and

resorcinol. The addition of LCP caused a decrease in the

melting temperature; however, it increased the crystal-

lization rate and the degree of crystallinity in the blends.

In the light of contrary results reported listed above, it

appears that the crystallization behaviour in LCP-based

blends is not fully understood. Furthermore, miscibility

appears to play vital role in governing the crystallization

behaviour in addition to other factors such as processing

parameters and thermal history. The current study will

examine the miscibility and crystallization behaviour of

PTT/Vectra A950 LCP blends. There have been reports

[29, 30] on the nonisothermal crystallization studies of PTT/

LCP blends. The authors in these cases have reported that the

PTT/LCP blends form an immiscible system where the

minor component promoted greater rates of crystallization.

The current study will seek to re-examine the issue of mis-

cibility of PTT/LCP blends and study its effects on the bulk

crystallization processes under isothermal conditions.

Theoretical background

Crystallization kinetics studies can involve quantification

of bulk crystallization rate using a macrokinetic model

such as Avrami [31–33] and/or study of the growth of the

initially formed nucleus using surface nucleation theory

proposed by Hoffman et al. [34].

Bulk crystallization studies

In isothermal crystallization studies, the relative crys-

tallinity at a particular time t can be obtained from the heat

flow curves using the following relation [35]:

vðtÞ ¼
Z t

0

dH=dTð Þdt=
Z 1

0

dH=dTð Þdt ð1Þ

where t = 0 corresponds to beginning of the crystallization

curve and t = ? corresponds to the end of the crystal-

lization curve. Using the v(t) data, the bulk crystallization

kinetics can described by a macrokinetic model proposed

by Avrami of the form [31–33]:

1 � v tð Þ ¼ exp �ktnð Þ ð2Þ

where v(t) is the relative crystallinity, k is the Avrami rate

constant, and n is the Avrami exponent. Taking double

logarithms, it can be expressed as:

log � ln 1 � v tð Þf g½ � ¼ n log t þ log k ð3Þ

By plotting log � ln 1 � v tð Þf g½ � against log t, the Avrami

parameters, i.e. n and k, can be obtained from the slope and

intercept, respectively.

Surface nucleation theory

The Lauritzen–Hoffman (L–H) theory predicts, during

crystallization, three distinct growth regimes, i.e. regimes I,

II and III, that occur at progressively lower temperatures.

According to this theory, the growth of initially formed

primary nucleus through surface nucleation can be

expressed by the relation [34]:

G ¼ Go exp � U�

R Tc � T1ð Þ

� �
exp � Kg

Tc DTð Þf

� �� �
ð4Þ

The termG represents the spherulite growth rate;G0 is the

temperature-independent pre-exponential factor. The sec-

ond exponential term accounts for the energy required for the

formation of critical nucleus. U* represents the activation

energy for transport of polymer segments to the liquid–

crystal interface. R is the universal gas constant. T? is the

temperature at which viscous flow ceases and is usually taken

to be (Tg–30 K). The term f is a correction factor to account

for temperature dependence of enthalpy of fusion and is

denoted by f = (2Tc/Tc ? Tm
0 ). It has values close to unity.

In the above relation, DT represents the undercooling,

i.e. Tm
0 - Tc, where Tm

0 and Tc represent the equilibrium

melting temperature and crystallization temperature,

respectively. The equilibrium melting temperature repre-

sents the melting temperature of an infinitely thick crystal

where the chemical potential of the amorphous liquid and

crystalline components is equal [36]. The Hoffman–Weeks

plot is used to calculate Tm
0 through the following relation

[37, 38]:

Tm ¼ Tc

c
T0

m 1 � 1

c

� �
ð5Þ

where Tm represents the melting temperature of crystalline

lamella crystallized at Tc, c represents the thickening fac-

tor, i.e. the ratio of final lamellar thickness (l) to the initial

lamellar thickness (l*). The intersection point of Tm = Tc

line with the Tm versus Tc line would yield T0
m.

In Eq. (4), Kg represents the nucleation parameter

described by the following relation:
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Kg ¼ zbrreT
0
m

kbDHf

ð6Þ

In the above relation, b represents the monomolecular

layer thickness. r and re represent the lateral and the fold

surface energies, respectively. DHf is the enthalpy of fusion

per unit volume. kb is the Boltzmann constant. z is the

regime parameter and has a value of 4 for regimes I and III

and 2 for regime II.

Regime I growth occurs at the highest temperatures

wherein a single surface nucleus causes completion of

substrate of length L. The overall growth rate corresponds

to G = biL [34], where i is the surface nucleation rate. The

spherulitic growth occurs through the addition of a layer of

substrate of thickness b. At lower temperatures, in regime

II, due to an increase in the surface nucleation rate, mul-

tiple nuclei attach themselves to the substrate at a rate

comparable with the substrate completion rate (g). The

overall growth rate in this second regime can be expressed

with G = b(2ig)1/2.. At larger undercooling (regime III),

due to much larger increase in the surface nucleation rate,

the overall growth rate once again corresponds to G = biL.

Consequently, in the L–H plots obtained from Eq. (4),

regimes I and III have a slope twice of that in regime II.

Experimental

Materials

PTT (Corterra 9200) pellets were donated by Shell chemicals

(USA). Vectra A950 LCP which is a random copolymer of p-

hydroxybenzoic acid and 2,6- hydroxynaphthoic acid in the

ratio 73/27 was gifted by Ticona (USA). The blends were

prepared by melt mixing in Haake minilab I. The Haake

miniblender consists of a conical twin screw arrangement

with a back-flow channel. The samples were melt-mixed at

290 �C at 80 rpm after initial loading at 50 rpm. The total

residence time was set at 3 min. Pure PTT, LCP and its

blends in 90/10, 80/20, 70/30, 60/40 compositions were

prepared using the previously mentioned parameters. The

samples after extrusion were dried in an oven at 110 �C for

4 h and subsequently used for DSC characterization.

Methods

Differential scanning calorimetry (DSC)

The miscibility and crystallization kinetics studies were

carried out on Perkin Elmer DSC 8000 and DSC 7

calorimeters, respectively. The temperature and heat flow

of both DSCs were calibrated with an indium standard. The

onset (156.6 �C) and enthalpy of fusion (28.45 J g-1) were

used for calibration. The calibration was periodically

checked to ensure reliability of the data. The sample mass

was kept constant at 4 mg.

The temperature program for miscibility experiments

involved heating and cooling at a scan rate of 60 �C min-1

from 10 to 300 �C, holding at the end temperature for

5 min in order to eliminate the thermal history. Subse-

quently, the Tg was determined from the second run at a

scan rate 40 �C min-1.

The isothermal crystallization studies involved heating

the sample from 50 to 300 �C at 60 �C min-1, holding at

the end temperature for 5 min to erase the thermal history

and rapidly cooling at 160 �C min-1 to the desired

isothermal temperature. The sample was kept at the crys-

tallization temperature for 60 min to ensure completion of

crystallization. The isothermal crystallization temperatures

selected were 178, 180, 182, 184, 186, 188, 190, 192, 194,

195, 196, 197, 198, 199, 200 and 201 �C. The experiments

were carried out under a nitrogen atmosphere at a constant

flow to prevent thermal degradation.

Scanning electron microscopy

The samples extruded from the miniblender were cry-

ofractured and sputter-coated with gold prior to imaging.

The phase morphology was studied using a JEOL JSM

6380LA analytical microscope. Initially, for the 70/30

composition, 20 kV accelerating voltage was used. How-

ever, due to sample charging, the voltage was reduced to

10 kV for the other samples.

Polarized light microscopy

The crystalline spherulitic morphology of isothermally

crystallized samples was characterized by an Olympus BX50

microscope with a 49 objective. The samples were prepared

by melting them on a hot plate in between a glass slide and a

cover slip at 300 �C for 5 min and then transferring them to

the heating stage of a Haake rheometer. The temperature was

set to 200 �C, where it was crystallized for 1 h. The spher-

ulite images were captured with a Logitech webcam which

was fitted to the microscope. Carl Zeiss Axiovision software

was used to generate appropriate scale bars for the objective

from the image of a stage micrometer.

Results and discussion

Miscibility studies

Figure 1a displays the heat flow curves from the second

heating runs. The blends display a single composition-

Morphology, crystallization and melting behaviour of poly(trimethylene terephthalate)… 1481

123



dependent Tg. The high heating rate was chosen to increase

the heat signal, yet the Tg corresponding to the LCP

component in the blends could not be determined. How-

ever, a small peak corresponding to the melting of LCP

crystals can be seen in the high-temperature region. In the

case of pure LCP heating curve, the low-temperature

melting peak may arise out of crystal perfection [39]. The

results displayed in Table 1 show an increase in the value

of the Tg of the blends with LCP content up to the 80/20

composition, decreasing thereafter, thus indicating the

possibility of miscibility in the amorphous phase at low

LCP concentrations.

The results displayed also indicate that the melting

temperature (Tm) of PTT and LCP component is marginally

lower in the blend. This behaviour will be examined in

detail in the melting experiments after isothermal crystal-

lization. The presence of separate melting peaks rules out

the possibility of formation of cocrystals, as expected, due

to differences in their chemical structures [40]. Figure 1b

depicts the first cooling curves. Whereas the crystallization

peak temperature (Tp) of the PTT component in the blends

is higher than that of pure PTT, the Tp of the LCP com-

ponent is lower than that of pure LCP, especially for the

90/10, 80/20 compositions.

In order to offset the effect of initial crystallinity on the

results, additional runs were carried out on the samples.

Fresh samples of similar mass, encapsulated in aluminium

pans, were allowed to melt on a hot plate at 300 �C for

5 min and quenched in liquid nitrogen (LN2). The samples

were subsequently transferred to the DSC 8000 sample

holder, and heating runs from 20 to 300 �C were carried

out at 10 �C min-1. The corresponding heat flow curves

displayed in Fig. 2 show well-defined Tgs and cold crys-

tallization peaks reflecting the amorphous nature of the

samples. The Tg of the PTT component, in this case,

displays only a marginal shift to higher temperatures. The

shift was also observed in additional experiments carried

out at different scan rates. The cold crystallization peak

temperature also displays a marginal shift above the pure

PTT value for the 70/30, 60/40 compositions.

The SEM images of the blends displayed in Fig. 3a–d

show a two-phase system, with the samples, especially at

higher LCP concentrations, and exhibit a typical droplet–

matrix system. At high concentrations of LCP, a larger

droplet size results from phase separation and coalescence

of the minor phase, as typically seen in immiscible systems

[8]. The presence of a diffused interface observed for the

90/10, 80/20 compositions may be indicative of some

interaction between the components. Pishrath et al. [29]

reported SEM images where the components exhibited

sharp interfaces with voids for similar compositions. The

samples in those cases were processed at lower tempera-

tures where there is lesser possibility of interaction

between the components though the process of transester-

ification. However, in the current system, as noted from the

marginal shift in the Tg results, the high processing tem-

perature does not appear to induce any significant level of

miscibility and the system appears to be primarily an

immiscible two-phase system.

Furthermore, it appears that for the melt crystallization

case, on cooling from the melt, LCP-rich domains crys-

tallize first in the presence of molten PTT matrix. The

presence of such a flexible molten domain causes an

apparent reduction in Tp(LCP). The crystalline LCP phase

subsequently nucleates the PTT which increases the Tp(PTT)

values (Table 1). For the LN2-quenched blend samples,

especially for the 90/10, 80/20 compositions, this nucleat-

ing effect in the blends is diminished due to suppression of

the crystallization of the LCP phase. We have carried out

additional cold crystallization studies where the initial level
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Temperature/°C

50 100 150 200 250

Temperature/°C
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nd

o

E
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100/0
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80/20

70/30

60/40

0/100

100/0
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80/20

70/30

60/40
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(a) (b)

Fig. 1 Heat flow curves depicting a second heating, b first cooling curves of PTT, LCP and its blends. The melting peak of LCP can be seen in

the 260–280 �C temperature range
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of crystallinity in the samples was increased by allowing it

to cool in the DSC cell itself. The minor phase in those

cases exhibited greater nucleating effect and caused a lar-

ger shift of cold crystallization peak of the blends towards

lower temperatures. It should be noted that in the cold

crystallization case, although the nucleating effect of the

crystalline domains is reduced, there might be some degree

of domain interface as well as impurity driven nucleation

of the matrix [41].

Crystallization behaviour

The crystallization curves of PTT and its blends for a

particular isothermal temperature (Tc) are displayed in

Fig. 4a. For the blends, the curves tended to become nar-

rower and showed decrease in area with the peak shifting to

lower times with an increase in LCP content.

A representative plot of relative crystallinity versus time

using Eq. (1) is shown in Fig. 4b. The area calculations

were carried out using the Perkin Elmer Pyris software,

with a straight baseline, according to procedure suggested

by Lorenzo et al. [42].

The curves exhibit a typical sigmoidal-shaped nature,

moving to a shorter timescale with increasing content of

LCP indicating early completion of the crystallization

process. The nonlinear nature of the curves at the begin-

ning and at the end relates to the induction period and the

secondary crystallization process, respectively. The

induction period corresponds to the time required to

achieve steady-state nucleation [43].

Figure 4c displays a typical Avrami plot for PTT and its

blends obtained using Eq. (2). The Avrami equation is used

to describe the primary crystallization process until

impingement. Hence, only the linear portion of the plots

corresponding to 10–80% conversion was used for appli-

cation of the model [44]. It can also be seen from Fig. 4b

that the conversion range corresponds to linear portion of

the v(t) plots The obtained plots were highly linear, as seen

from the value of correlation factor (r2) listed in Table 2.

The values of k and n obtained from such plots along with

other parameters are shown in Table 2. The other param-

eters listed include the half-time of crystallization, i.e. time

taken for 50% conversion (t0.5), the induction time (t0.1),

Table 1 Parameters obtained from miscibility studies for PTT and its blend compositions

Composition Tg/�C
Second heating 40/�C min-1

Tg/�C
LN2 quenched

Tm(PTT)/�C Tm(LCP)/�C Tp(PTT)/�C Tp(PTTcold)/�C Tp(LCP)/�C

100/0 55.76 44.79 226.79 145.56 70.62

90/10 56.98 44.91 226.57 277.30 146.64 70.58 227.76

80/20 57.08 45.15 226.59 278.28 149.96 70.57 226.66

70/30 54.26 44.66 226.31 277.80 153.15 71 228.60

60/40 55.25 44.65 225.72 277.90 147.55 71.13 228.48

0/100 91.62 88.84 278.57 228.91

50

E
nd

o

100 150

100/0

90/10

80/20

70/30

60/40

0/100

200 250 300

Temperature/°C

Fig. 2 Heat flow curves of PTT and its blends after LN2 quenching
Fig. 3 Scanning electron micrographs of the PTT/LCP blends in

a 90/10, b 80/20, c 70/30 and d 60/40 compositions
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i.e. time taken for 10% conversion, that were obtained from

the plots of v(t) and the width of crystallization exotherm

(Dw).

The values of t0.5 and k are used to quantify the bulk

crystallization rate. For a particular composition, t0.1 and

t0.5 decrease with reduction in Tc. The lowering of the free

energy barrier to nucleation with the reduction in Tc can

promote high primary nucleation rates and consequently

raise the overall bulk crystallization rates. This effect can

also be seen through the higher values of k at low Tcs.

Dw also decreases with reduction in Tc. Moreover, in the

blends, Dw mostly decreases with increasing LCP content,

signifying early completion of the crystallization process.

The values of t0.1 and t0.5 show a similar decrease for the

blends up to the 70/30 composition increasing slightly for

the 60/40 composition. The current results thus confirm the

previous conclusion that the LCP crystalline phase

domains nucleate the PTT matrix and promote higher

crystallization rates. The LCP crystalline domains by act-

ing as heterogeneous impurities and providing surfaces

reduce the free energy barrier to nucleation and therefore

promote high primary nucleation rates. This leads to lower

induction times and consequently lower t0.5 as well as an

increase in k in the blends as compared to PTT. In the

blends with high LCP content, especially for the 60/40

composition, the agglomeration of LCP domains results in

diminished nucleating efficiency by reducing the number

of sites available for growth. This can lead to lower bulk

crystallization rates for those compositions, although it

remains higher than PTT.

The Avrami exponent (n) depends on the nature of

generation of primary nuclei, i.e. homogeneous or hetero-

geneous, as well as the dimension of the growing crystal.

The ‘n’ values for the blends remained mostly below that

of PTT due to heterogeneous nucleation as seen from the

optical micrographs. For a particular composition, ‘n’ tends

to increase with the rise in Tc up to 190 �C decreasing

slightly thereafter. ‘n’ values for most of the compositions

remain between 2 and 3 which correspond to three-di-

mensional spherulitic growth preceded by heterogeneous

nucleation. The crystalline morphology of the samples

might change from truncated spherulitic to more spherulitic
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Fig. 4 a Normalized heat flow curves, b plots of relative crystallinity versus time, c Avrami plots of PTT and its blends at Tc 196 �C
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Table 2 Avrami exponent (n), rate constant (k), enthalpy (DHc), normalized enthalpy of crystallization (DHc(normalized)), peak width (Dw), half-

time of crystallization (t0.5), induction period (t0.1) of PTT and its blends at different Tc

Isothermal temperature/�C n k/min-n r2 DHc/J g-1 DHc/J g-1 (normalized) Dw/min t0.5/min t0.1/min

100/0

178 2.40 2.24 0.9996 -41.43 -41.43 1.63 0.62 0.30

180 2.45 1.16 0.9999 -43.41 -43.41 1.98 0.82 0.38

182 2.61 6.63 9 10-1 1 -45.75 -45.75 2.75 1.02 0.50

184 2.61 4.30 9 10-1 1 -46.89 -46.89 3.23 1.23 0.58

186 2.66 2.17 9 10-1 1 -46.46 -46.46 4.06 1.55 0.77

188 2.74 1.26 9 10-1 1 -47.50 -47.50 4.59 1.87 0.95

190 2.51 7.71 9 10-2 1 -48.08 -48.08 6.16 2.42 1.13

192 2.73 3.18 9 10-2 1 -49.13 -49.13 7.58 3.10 1.55

194 2.48 2.69 9 10-2 0.9998 -48.71 -48.71 8.57 3.72 1.73

195 2.49 1.39 9 10-2 1 -51.17 -51.17 11.48 4.82 2.25

196 2.62 8.55 9 10-3 1 -46.82 -46.82 11.87 5.37 2.38

197 2.59 6.70 9 10-3 1 -51.54 -51.54 13.91 6.03 2.92

198 2.19 9.11 9 10-3 0.9999 -51.85 -51.85 16.82 6.62 2.90

199 2.44 3.49 9 10-3 0.9999 -52.34 -52.34 20.05 8.53 4.05

200 2.47 2.88 9 10-3 0.9999 -59.53 -59.53 21.82 9.22 4.32

201 2.61 1.14 9 10-3 1 -58.00 -58.00 24.75 11.63 5.68

90/10

178 2.40 3.14 1 -41.44 -46.04 1.59 0.53 0.32

180 2.47 1.92 1 -35.95 -39.94 1.90 0.67 0.32

182 2.49 4.56 9 10-1 1 -38.69 -42.99 2.66 0.90 0.43

184 2.51 5.90 9 10-1 0.9999 -39.84 -44.27 2.88 1.07 0.52

186 2.66 3.02 9 10-1 1 -41.29 -45.87 3.41 1.37 0.68

188 2.79 1.34 9 10-1 0.9999 -41.34 -45.94 4.38 1.80 0.93

190 2.63 9.83 9 10-2 1 -43.65 -48.50 5.31 2.10 1.03

192 2.52 7.01 9 10-2 0.9998 -45.34 -50.37 5.96 2.50 1.17

194 2.48 3.31 9 10-2 0.9999 -44.81 -49.79 8.09 3.43 1.60

195 2.50 2.32 9 10-2 1 -48.24 -53.60 9.71 3.93 1.83

196 2.48 1.98 9 10-2 0.9999 -48.92 -54.36 11.97 4.20 1.98

197 2.63 7.82 9 10-3 1 -44.14 -49.04 13.62 5.50 2.72

198 2.30 9.76 9 10-3 0.9998 -53.25 -59.17 15.74 6.38 2.87

199 2.46 4.99 9 10-3 0.9999 -49.83 -55.37 17.97 7.42 3.43

200 2.67 2.14 9 10-3 0.9995 -48.63 -54.03 18.80 8.82 4.28

201 2.54 1.66 9 10-3 0.9997 -43.51 -48.34 24.19 10.85 5.07

80/20

178 2.27 4.19 0.9997 -31.31 -39.14 1.29 0.45 0.20

180 2.26 2.31 0.9996 -35.00 -43.75 1.65 0.60 0.25

182 2.49 1.40 0.9999 -33.89 -42.36 2.23 0.83 0.37

184 2.60 8.60 9 10-1 1 -37.43 -46.79 2.39 0.93 0.43

186 2.73 4.24 9 10-1 1 -38.29 -47.87 3.20 1.20 0.60

188 2.67 2.49 9 10-1 1 -37.62 -47.02 3.52 1.48 0.73

190 2.76 1.26 9 10-1 0.9999 -32.60 -40.74 3.92 1.87 0.95

192 2.53 9.51 9 10-2 1 -33.90 -42.38 4.99 2.20 1.05

194 2.45 4.45 9 10-2 1 -38.72 -48.40 7.83 3.08 1.43

195 2.57 2.25 9 10-2 1 -39.74 -49.68 9.29 3.82 1.83

196 2.56 1.89 9 10-2 1 -37.85 -47.32 10.17 4.10 1.97

197 2.39 1.51 9 10-2 0.9999 -40.13 -50.17 11.58 4.97 2.23
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with the increase in Tc. In addition, the higher temperatures

may promote sporadic or thermal generation of nuclei [45]

which may explain the higher ‘n’ values.

The enthalpy of crystallization (DHc) increases with the

rise in Tc indicating higher levels of crystallinity. At the

higher Tcs, thicker lamellar crystals are developed to attain

stability and thus promote an overall increase in the level

of crystallinity. In the blends, DHc decreases with

increasing LCP content due to lowering of PTT concen-

tration in the composition. LCP, due to its low melt

entropy, exhibits a very low enthalpy of crystallization,

which cannot be easily detected by DSC [6]. Thus, the

contribution to the enthalpy can be entirely attributed to

PTT. Furthermore, the normalized enthalpy of crystalliza-

tion (DHc(normalized)) decreases in all compositions as

compared to PTT, despite an increase in the crystallization

Table 2 continued

Isothermal temperature/�C n k/min-n r2 DHc/J g-1 DHc/J g-1 (normalized) Dw/min t0.5/min t0.1/min

198 2.40 9.62 9 10-3 0.9998 -43.16 -53.95 13.97 5.97 2.72

199 2.14 6.21 9 10-3 0.9996 -45.58 -56.98 17.11 7.47 3.07

200 2.54 2.77 9 10-3 1 -40.68 -50.85 21.37 6.52 4.22

201 2.50 2.33 9 10-3 0.9988 -36.92 -46.16 24.45 9.83 4.30

70/30

178 2.44 3.08 0.9994 -25.30 -36.14 1.28 0.55 0.27

180 2.47 2.45 0.9999 -30.10 -43.00 1.68 0.60 0.28

182 2.58 9.79 9 10-1 0.9999 -30.23 -43.18 2.14 0.95 0.43

184 2.36 6.93 9 10-1 0.9998 -30.36 -43.37 2.54 1.00 0.47

186 2.59 4.70 9 10-1 0.9997 -30.66 -43.80 2.38 1.17 0.58

188 2.61 3.62 9 10-1 0.9998 -30.92 -44.18 3.00 1.28 0.63

190 2.70 1.07 9 10-1 0.9996 -31.93 -45.62 3.72 2.00 1.02

192 2.57 8.61 9 10-2 0.9997 -31.21 -44.58 5.64 2.20 1.10

194 2.55 4.02 9 10-2 0.9995 -31.04 -44.35 6.97 3.30 1.47

195 2.45 2.92 9 10-2 1 -34.72 -49.60 7.78 3.63 1.73

196 2.63 2.03 9 10-2 0.9998 -32.46 -46.38 9.49 3.85 1.90

197 2.42 1.79 9 10-2 1 -33.43 -47.76 11.12 4.52 2.07

198 2.61 1.18 9 10-2 1 -34.59 -49.41 12.90 4.77 2.32

199 2.51 7.96 9 10-3 1 -35.57 -50.81 15.57 5.93 2.80

200 2.57 3.85 9 10-3 0.9996 -38.88 -55.54 20.38 7.42 3.53

201 2.47 2.29 9 10-3 0.9987 -34.67 -49.53 22.98 9.97 4.83

60/40

178 2.44 4.94 0.9999 -16.99 -28.31 1.43 0.45 0.22

180 2.41 3.69 1 -19.32 -32.20 1.45 0.52 0.25

182 2.52 2.12 1 -21.98 -36.63 1.69 0.65 0.32

184 2.58 8.94 9 10-1 1 -25.23 -42.06 2.59 0.92 0.45

186 2.51 4.40 9 10-1 0.9991 -22.66 -37.77 3.49 1.10 0.58

188 2.80 2.25 9 10-1 0.9999 -26.82 -44.70 3.98 1.50 0.77

190 2.58 1.28 9 10-1 1 -26.00 -43.33 4.70 1.77 0.85

192 2.59 8.04 9 10-2 1 -29.29 -48.82 6.28 2.30 1.12

194 2.48 3.88 9 10-2 0.9993 -28.11 -46.85 9.04 3.18 1.55

195 2.53 2.11 9 10-2 0.9998 -30.41 -50.69 11.10 3.97 1.90

196 2.71 1.27 9 10-2 0.997 -28.63 -47.71 12.43 4.35 2.20

197 2.54 1.31 9 10-2 0.9987 -36.34 -60.56 14.06 4.48 2.30

198 2.41 1.30 9 10-2 0.9999 -29.55 -49.25 15.41 5.20 2.37

199 2.67 4.88 9 10-3 0.9995 -31.91 -53.18 17.55 6.37 3.18

200 2.36 6.49 9 10-3 0.9993 -30.99 -51.65 18.97 7.28 3.22

201 2.34 3.41 9 10-3 0.9994 -29.88 -49.80 23.75 9.73 4.25
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rate. However, in the blends with low LCP content,

DHc(normalized) is very close to PTT. A similar observation

was made in LCP-based blends and was thought to be the

result of minor phase promoting the formation of imperfect

crystals of the matrix component [13, 30, 46].

Crystalline morphology

Figure 5a–e displays the optical micrographs of PTT and

its blends crystallized at 200 �C. As the concentration of

LCP is increased, the nucleation effect of the minor phase

can be seen through the increase in the spherulite density

and formation of smaller spherulites. For the 60/40 com-

position, the spherulite size increases slightly. The spher-

ulites show a clear Maltese cross caused by alignment of

chain axis with the crossed polarizers. A banded structure

[47, 48] reported for PTT for these temperatures is not

present. The micrographs of pure PTT as well as for 90/10

composition display sharp boundaries which is a charac-

teristic of heterogeneously generated nuclei [49]. The

grainy structure can be attributed to the LCP nematic

component. In the blends with low LCP content, the PTT

spherulites are space filling indicating that the minor

component is incorporated within the spherulites in inter-

fibrillar regions [50]. Thus, in the blends with low LCP

concentrations (Fig. 5b, c), due to reduced mobility, as

seen from the Tg results, and more significantly, due to

increase in growth rate that can be estimated from t0.5

values (see later sections), the noncrystallizable LCP phase

remains trapped in the interfibrillar region [36, 50–53]. At

high LCP concentrations (Fig. 5d, e), due to reduced

growth rate, it appears to be rejected primarily in the

interspherulitic region.

Melting behaviour

Figure 6a displays the subsequent melting behaviour of the

PTT crystallized at different Tcs. According to

Srimoaon et al. [54], peaks I and II are formed due to

melting of secondary and primary crystallites, respectively.

Peak III might have formed due to partial melting of the

less stable fraction of primary as well as secondary crystals,

and peak IV is attributed to melting of crystals formed out

reorganization of more stable fraction of the primary

crystals during heating. The first and second melting

endotherm (peak II) increases in intensity and shifts to

higher temperatures with an increase in Tc. In addition, the

third melting peak (peak III) tends to merge with the fourth

peak forming a single peak above Tc–194 �C. A small

recrystallization exotherm can be seen at the beginning of

the third melting peak for samples crystallized at low Tcs

which decreases in intensity at high Tcs. The highest

temperature peak (peak IV) generally shows no significant

variation in position with Tc. It should be noted here that

the peak corresponding to the LCP component could not be

determined. It may be the result of low level of sensitivity

of DSC 7 instrument; also, it may reflect the low degree of

crystallinity of LCP phase.

In the case of blends, as depicted in Fig. 6b, the

inclusion of LCP, especially at low concentrations and at

high Tcs, has appeared to marginally lower the peak

temperature corresponding to primary crystals, thus

indicating the formation of thinner imperfect crystals.

The peak temperature corresponding to melting of pri-

mary crystals can be further used to determine the

equilibrium melting temperature. Table 3 displays the

values of T0
m and c for PTT and its blends calculated

using Eq. (5). The Tm values corresponding to the

melting of primary crystallites, i.e. peak II, were used to

obtain the Hoffman–Weeks plots. The Hoffman–Weeks

plot assumes a constant c in the crystallization range.

Nonconstant values of c can lead to deviations from the

straight-line behaviour at high Tcs. At low Tcs, additional

terms must be added to Eq. 5 which leads to a near

constant dependence of Tm on Tc [37]. Hence, the values

of T0
m can vary depending on the Tc range selected. In the

present case, the Tc range of 188–201 �C was selected.

Fig. 5 Polarized light microscope photograph of PTT/LCP blends in

a 100/0, b 90/10, c 80/20, d 70/30, e 60/40 compositions after

isothermal crystallization at 200 �C for 1 h
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The value for the T0
m obtained for PTT is close to the

value (248.2 �C) obtained by Supaphol et al. [55] in a

similar Tc range. c does not significantly vary for the

blends, indicating that the initially formed thin lamellae

underwent similar degree of thickening to achieve sta-

bility during isothermal crystallization. Furthermore, for

the blends, T0
m decreases with increase in LCP content up

to 80/20 composition, increasing thereafter for 70/30, 60/

40 compositions. This depression of T0
m can be a con-

sequence of thermodynamic or kinetic considerations

[56]. According to the kinetic, morphological approach

[57], the depression in T0
m can be a consequence of

changes in crystal perfection.

Lauritzen–Hoffman analysis

Equation (4) can be modified to express the spherulite

growth rate in terms of the half-time of crystallization (t0.5)

[58, 59]:

1

t0:5

� �
¼ 1

t0:5

� �
0

exp � U�

R Tc � T1ð Þ

� �
exp � Kg

Tc DTð Þf

� �

ð7Þ

where 1
t0:5

� �
0

is the temperature in independent pre-expo-

nential factor.

Taking logarithms and rearranging we get the Lau-

ritzen–Hoffman plots:

ln
1

t0:5

� �
þ U�

R Tc � T1ð Þ ¼ ln
1

t0:5

� �
0

� Kg

Tc DTð Þf

� �
ð8Þ

In order to test the applicability of the above approxi-

mation, Achilias et al. [60] conducted studies in which the

time corresponding to different conversions as well as U*

values was substituted in Eq. (8) and ratio of the slopes of

the L–H plots was noted. The studies were carried out on

PTT of different molecular weights. The authors found that

the time corresponding to 2% conversion gave the optimal
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Fig. 6 Melting behaviour of a PTT after isothermal crystallization at different Tcs. b PTT and its blends at crystallized Tc 200 �C

Table 3 Equilibrium melting parameters obtained from the Hoff-

man–Weeks plot

Composition Tm
0 /�C c

100/0 249.41 1.50

90/10 244.26 1.57

80/20 242.02 1.61

70/30 247.63 1.52

60/40 249.39 1.50
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results in terms of the ratio of the slopes between regimes

III and II being closest to the theoretical value of 2.

In the current study, we found that the values corre-

sponding to 10% conversion gave the optimal results. At

lower conversions, a scattering of data points was

observed, especially at higher Tcs.

The L–H plots in Fig. 7 were obtained using

U* = 4120 cal mol-1 and T? = Tg - 51.6 K instead of

the ‘universal’ values of 1500 cal mol-1 and

T? = Tg - 30 K [34], respectively. The L–H plot for PTT

using half-time of crystallization is also displayed for com-

parison. The nucleation constants were obtained from the

slopes of the curves, and the product rre is displayed in

Table 4. The ratio of the slopes obtained from using t0.5

values is lower than that obtained from t0.1 values, thus

supporting the decision to use t0.1 values. The Kg values for

(a) (b)
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Fig. 7 L–H plots for pure PTT using a t0.1, b t0.5. The other figures represent L–H plots for c 90/10, d 80/20, e 70/30, f 60/40 compositions using

t0.1 values
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the blends, obtained from the slope, decrease up to the 80/20

composition and subsequently increase for the other com-

positions. The product rre obtained from Eq. (6) follows a

similar trend. The low Kg through reduced rre values indi-

cate a diminution in the free energy barrier to nucleation for

those compositions. At a particular undercooling, such a

decrease in Kg would promote an increase in the overall

growth rate for those compositions. This can be seen from the

plots of 1/t0.1 in terms of DT displayed in Fig. 8. It can be

observed that despite the reduced driving force through a

decrease inT0
m, the blends with low LCP content show higher

rates as compared to PTT. High Kg values for the other

compositions is indicative of the larger barrier faced by them.

The regime transition temperature (Table 4) changes

from 188 �C for PTT to 190 �C for the blends and once

again shifts to 188 �C for the 60/40 composition. The

regime transition for PTT is lower than the values

194–195 �C obtained by others [55, 60, 61]. Chen et al.

[62] found that the regime transition temperature varied

from 192 to 205 �C, decreasing with an increase in

molecular weight. The current low value may be the result

of the sample undergoing different thermal history.

The shift in the transition temperature to higher tem-

peratures can be explained on the basis of i and g. As stated

previously, the regime behaviour is determined by the

competitive process between surface nucleation i and

substrate completion rate g. The substrate completion rate

is thought to have greater dependence on the reptation

ability and thus the mobility of the polymer chains [63–65].

The slight increase in the Tg observed for the blends is

indicative of the constraints placed on the mobility of the

chains. This can affect the process of zippering down into

the niche created by the deposited stem, thus decreasing the

lateral spread rate g [63]. More importantly, due to lowered

energy barrier, the minor phase may also promote multiple

nucleation events on the growth surface [8]. Such an

increase in i coupled with decrease in g can cause a shift in

the regime II to III transition temperature to higher tem-

peratures. For the blends with high LCP content, a

diminished rate of nucleation would cause regime transi-

tion temperature to shift to the lower temperature side.

The lateral surface energy can be estimated from the

Thomas–Stavely relation [34, 66]:

r ¼ aDHfðabÞ1=2 ð9Þ

Table 4 Nucleation parameters obtained from the Lauritzen–Hoffman plots for regimes II and III using t0.1

Composition Kg(III) rre III/mJ2 m-4 Kg(II) rre II/mJ2 m-4 Kg(III)/Kg(II) Break point/�C

100/0

Using 1/t0.5

4.3 9 105

4.2 9 105

1.02 9 103

9.88 9 102

3.1 9 105

3.1 9 105

1.45 9 103

1.48 9 103

1.4

1.3

188

188

90/10 3.6 9 105 8.59 9 102 2.5 9 105 1.20 9 103 1.4 188

80/20 3.6 9 105 8.69 9 102 2.3 9 105 1.11 9 103 1.6 190

70/30 3.7 9 105 8.76. 9 102 2.8 9 105 1.32 9 103 1.3 190

60/40 4.7 9 105 1.11 9 102 3 9 105 1.43 9 103 1.6 188

0
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40 50 60 70 80

1/
t 0.

1/m
in

–1

ΔT/°C

100/0

90/10

80/20

70/30

60/40

Fig. 8 Variation of 1/t0.1 as a function of undercooling

Table 5 Fold surface energy (re) and work of chain folding (q) of

PTT and its blends

Composition re/mJ m-2 q/kJ mol-1

Regime II Regime III Regime II Regime III

100/0 74.6 52.5 23.8 16.8

90/10 61.5 44 19.6 14.1

80/20 54.1 41 17.3 13.1

70/30 63 42.7 20.1 13.6

60/40 66.8 53.7 21.3 17.1
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where a is the molecular chain width taken to be 4.64 Å

[55] and a was taken to be 0.18 [61, 55]. For PTT, b is

taken as the perpendicular distance between (010) planes

(5.71 Å) [55] and DHf has a value of 2.1 9 108 Jm-3 [55].

Thus, using the above relation r was calculated to be

19.5 mJ m-2.

Using the above result, the fold surface energy was

determined from the rre data listed in Table 4. The

obtained values can be used to determine the work of chain

folding (q), i.e. the work carried out in bending a polymer

chain onto itself, using the following relation [37]:

re ¼ q=2ab ð10Þ

where ab is the cross-sectional area. The values of re and

q are listed in Table 5. The value of q obtained for regime

II for PTT, i.e. 5.68 kcal mol-1, is close to 6.2 kcal mol-1

obtained by Hong et al. [61]. The blends show lower re

values, especially at low LCP content. As stated previ-

ously, the inclusion of the minor phase may promote an

increase in surface nucleation rate. This can result in the

formation of a higher degree of nonadjacent loose folds and

can contribute to the overall reduction in the fold surface

energy. q, which depends on re, shows a similar decrease

for blends with low LCP content indicating an easing of the

chain folding process. Higher re values at other composi-

tions indicate a decrease in the entropy of folding and thus

the formation of more regular folding [36].

Conclusions

PTT/LCP blends were found to form primarily an immis-

cible system. During cooling, the LCP-rich phase crystal-

lizes earlier and nucleates the PTT crystals, which

subsequently reject the noncrystallizable material in the

interfibrillar region, especially for low LCP concentrations.

For blends with high LCP content, it is rejected into the

interspherulitic region. The nucleating ability was seen

through the increase in the overall crystallization rate

represented by half-time of crystallization and Avrami rate

constant. The k values increased with LCP content up to

70/30 composition decreasing slightly for the 60/40 com-

positions, but remaining above PTT. The studies on the

melting behaviour revealed that the addition of LCP at low

concentrations resulted in the formation of imperfect pri-

mary crystals. The Lauritzen–Hoffman analysis revealed

that the blends with low LCP content show lower free

energy barrier as well as low fold surface energies.
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