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Abstract The miscibility and melting properties of bin-

ary crystalline blends of poly(ethylene 2,6-naphthalate)/

poly(trimethylene terephthalate) (PEN/PTT) have been

investigated with differential scanning calorimetry (DSC).

The glass transition and cold crystallization behaviors

indicated that in PEN/PTT blends, there are two different

amorphous phases and the PEN/PTT blends are immiscible

in the amorphous state. The polymer–polymer interaction

parameter, v12, calculated from equilibrium melting

temperature depression of the PEN component was

-1.791 9 10-5 (300 �C), revealing miscibility of PEN/

PTT blends in the melt state.

Introduction

Poly(trimethylene terephthalate) (PTT) has been recently

introduced as a commercial polymer, joining the other

linear aromatic polyesters, poly(ethylene terephthalate)

(PET) and poly(butylene terephthalate) (PBT). It combines

the desirable physical properties of PET (strength, stiffness,

toughness, and heat resistance) with the processing

advantages of PBT (low melt and mold temperatures, rapid

crystallization, and faster cycles), while retaining basic

polyester benefits of dimensional stability, electrical insu-

lation, and chemical resistance [1]. These characteristics

make PTT suitable for uses in fibers, films, packing and

engineering thermoplastic markets [1]. Compared to PTT,

poly(ethylene 2,6-naphthalate) (PEN) contains a naphtha-

lene ring in its backbone making it more rigid than PTT. It

shows superior performance, such as low permeability

toward oxygen and carbon dioxide, resistance to ultraviolet

light, hot-fill capability [2–5]. Thus, PEN has found for a

variety of applications, such as films, magnetic tapes, and

packaging [6, 7].

Polymer blending is one of the most effective techniques

to develop new materials with properties better than those

of the original polymers. Blends of PEN and PET have

been more widely studied because of their commercial

importance [8–12]. It has been found that an originally

immiscible PEN/PET blend can turn into a homogeneous

single-phase blend [8]. The compatibilization effect was

attributed to the fine homogenization of the phases during

the preparation of the blend, as well as to the occurrence of

transesterification taking place between the PET and PEN

components [13–17].For the PET/PEN blends having the

transesterification level of above 10%, all the blends

quenched from molten state exhibited the same dynamic

mechanical behavior in the glass transition region showing
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a single glass transition temperature Tg [15]. The research

by Mutsumasa et al. revealed that the melt rheological

behavior of the PEN/PET blends was very similar to that of

the two parent polymers. The melt viscosity of the blends

was between that of PEN and that of PET [16]. As to the

crystallization behavior of PEN/PET blends, Shi and Jab-

arin evaluated the isothermal crystallization kinetics in

terms of the Avrami equation. The Avrami exponent (n) is

different for PET, PEN, and the blends, indicating different

crystallization mechanisms, were occurring in blends than

those in virgin PET and PEN [18]. By the isothermal DSC

tests along with Avrami analysis of PEN/PET blend, Rwei

reported that PET’s crystallization is significantly retarded

when blended with PEN [9]. Bang et al. found that the

crystallization rate of PEN/PET blend depended on the

sequence distribution of polymer chains, which was

determined by the level of transesterification rather than the

composition change of separated phases [12].

PTT can crystallize easily without the presence of any

nucleating agent [19]. However, the PEN has a disadvan-

tage of slow crystallization, which makes PEN undesirable

for injection molding application under conventional pro-

cessing conditions [20]. Therefore, it is also expected that

blending of PEN and PTT will offer an interesting route to

combine the complementary properties of both polymers.

Although PEN/PET blends have been extensively

investigated, there are few papers about PEN/PTT blends.

The purpose of this article is to investigate miscibility and

the nature of melting behavior in PEN/PTT blends. Dif-

ferential scanning calorimetry (DSC) was employed to

study the miscibility and melting properties of the blends.

The polymer–polymer interaction parameter v12 and

interaction energy density B were calculated from the

equilibrium melting depression of PEN using the Nishi–

Wang equation.

Experimental

Materials

PEN in pellet form with an intrinsic viscosity (IV) of

0.57 dL/g was obtained from Teijin Chemical. PTT (Cor-

terra CP509205, Shell Chemicals) in pellet form with an IV

of 0.92 dL/g was used in this study.

Sample preparation

The PEN/PTT blends with compositions ranging from 90/

10 to 10/90 in weight ratio were prepared by melt blending.

Before blending, both polymers were dried at 150 �C for

5 h in an air oven to remove moisture to minimize the

possibility of hydrolysis. The samples of PEN/PTT blends

with compositions ranging from 90/10 to 10/90 in weight

ratio were prepared in a 30-mm co-rotating twin screw

extruder (TE-34) with an L/D of 28, a barrel temperature

ranging from 235 to 295 �C, and a screw speed of 80 rpm.

The strand from the extruder was quenched in a water bath

and cut into chips.

Characterizations

The measurement of the thermal behavior of PEN, PTT,

and their blends with various compositions was conducted

with a differential scanning calorimeter (DSC) (Perkin-

Elmer Pyris 1 DSC) equipped with a liquid nitrogen

cooling system. Both temperature and heat flow were cal-

ibrated by a standard sample of indium. The heat of fusion

of indium (28.5 J/g) was used to calibrate the thermal

response of the calorimeter. All samples were dried in

vacuum at 50 �C for 10 h before the measurements. To

avoid uneven thermal conduction of the samples, which

may cause different amounts of broadening and shifting of

the peak positions, the aluminum pans were always filled

with the same quantity of specimen, about 5 mg. The

samples were sealed in the aluminum pans and heated

above 295 �C for 2 min to eliminate previous thermal

histories. For the determination of glass transition tem-

peratures, the samples were cooled to 10 �C at a rate of

300 �C/min to attain the completely amorphous state.

The glass transition Tg, cold crystallization (Tcc), and

melting temperatures (Tm) were determined from the

second heating scan at a rate of 10 �C/min over the range

0–300 �C. To observe the equilibrium melting point (Tm
0)

of PEN, PTT, and PEN/PTT blends, the samples were first

melted at 295 �C for 2 min under nitrogen atmosphere to

eliminate the crystalline residues. Then, they were subse-

quently quenched at a rate of 300 �C/min to the desired

crystallization temperature (Tc). After isothermal crystal-

lization for 10 h at Tc, the samples were immediately

heated up from Tc to 295 �C at a rate of 10 �C/min. The

peak temperature of the endotherm was considered as the

melting point of the sample.

Results and discussion

Miscibility

The miscibility level and the crystalline characteristics of

the blends were studied by DSC. Figure 1 shows the DSC

thermograms for the melt-quenched PEN/PTT blend sam-

ples with Tg, Tcc, and Tm temperatures against composition.

Tg is indicated by an arrow. The values of Tg, Tcc, and Tm

temperatures are presented in Table 1.
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The Tg can provide useful information on blend misci-

bility. One of the most commonly used criteria for

establishing the phase behavior in amorphous binary

polymer blends is the presence of one or more Tgs. If the

blend is one-phase, a single Tg lying between the values for

each component is detected and characterizes the mixture.

If the blend is two-phase, then two Tgs are observed close

to or matching those of the two components. Thus, for an

immiscible blend, two Tgs generally appear on the DSC

scan, whereas for miscible blends or copolymers, only one

Tg is observed [21].

In Fig. 1, the Tg values of virgin PEN and PTT are 123.4

and 47.2 �C, respectively. For PEN-rich blends (90/10,

80/20, 70/30), a single Tg was observed, but they are almost

identical to that of virgin PEN (Table 2, Tg2). For PTT-rich

blends (40/60, 30/70, 20/80, 10/90), the single Tg value for

each sample is also almost identical to that of virgin PTT

(Table 2, Tg1). For the blends with compositions of 60/40

and 50/50, two separated glass transitions can be found and

they are almost identical to those of virgin components

(Table 2). It can be speculated that the lack of another Tg

for the above PEN-rich blends (or PTT-rich blends) is due

to the low PTT (or PEN) level. The measurement of Tg

provides evidence that PEN and PTT are immiscible in the

amorphous phase.

In addition, the immiscibility of the PEN/PTT blends in

the amorphous phase could be evidenced by another ther-

mal behavior, cold crystallization. For the blends with

compositions of 90/10, 80/20, 70/30, 30/70, 20/80, and

10/90, only one cold crystallization exotherm peak Tcc was

found. For PEN-rich blends (90/10, 80/20, 70/30), the Tcc

decreased slightly with the PTT content (Table 2, Tcc2),

indicating that PTT made the cold crystallization of PEN

faster. While for PTT-rich blends (30/70, 20/80, 10/90), the

Tcc increased slightly with the PEN content (Table 2, Tcc1),

which indicated that PEN made the cold crystallization of

PTT slower. However, two cold crystallization exotherm

peaks were found for the blends with compositions of

60/40, 50/50, and 40/60, which indicated that the PEN and

PTT chains acted independently as they separated into two

phases. Thus, the lack of the low-temperature Tcc for PEN-

rich blends (90/10, 80/20, 70/30) and high-temperature Tcc

for PTT-rich blends (30/70, 20/80, 10/90) could also be

attributed to the low PTT or PEN level.

The glass transition and cold crystallization behaviors

indicated that in PEN/PTT blends, there are two different

amorphous phases and the PEN/PTT blends are immiscible

in the amorphous state. An immiscibility for PEN/PET blend

has also been found [8]. However, the copolymers of PET

and PEN can be formed by transesterification during the melt

mixing, and after a certain transesterification has been

achieved, the miscible PEN/PET blends can be obtained

[15]. In this study, the PEN/PTT blends were prepared at

295 �C for less than 3 min to avoid transesterification. Thus,

the lack of copolymers formed by transesterification may

result in the immiscible thermal behavior.

Melting behavior

From the subsequent melting thermograms after cold

crystallization in Fig. 1, only one melting point was found

for PEN/PTT blends with compositions of 90/10, 80/20,

Fig. 1 DSC thermograms for the PEN/PTT blends of various

compositions. Tg is indicated by an arrow

Table 1 Tg, Tcc, and Tm temperatures of PEN, PTT, and PEN/PTT

blends

PEN/PTT Tg (�C) Tcc (�C) Tm (�C)

Tg1 Tg2 Tcc1 Tcc2 Tm1 Tm2

100/0 – 123.4 – 175.7 – 271.3

90/10 – 123.6 – 173.5 – 270.8

80/20 – 122.3 – 171.6 – 270.0

70/30 – 123.2 – 171.7 – 269.2

60/40 47.5 122.2 83.4 169.2 225.4 268.6

50/50 48.7 122.3 83.2 171.1 225.9 268.9

40/60 48.5 – 81.6 171.6 226.0 267.6

30/70 48.2 – 80.6 – 226.8 267.3

20/80 48.7 – 77.8 – 226.3 –

10/90 48.3 – 73.8 – 227.0 –

0/100 47.3 – 68.4 – 227.4 –

Table 2 Equilibrium melting

point and thickening factor for

PEN/PTT blends

PEN/PTT Tm
0 (�C) c

100/0 292.5 2.889

90/10 291.9 2.738

80/20 290.8 2.582

70/30 289.9 2.284
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70/30, and 10/90. However, two melting points around 270

and 226 �C were found for the blends with compositions of

20/80, 30/70, 40/60, 50/50, and 60/40. The higher one Tm2

is the melting point of PEN crystal and the lower one Tm1 is

the melting point of PTT crystal. Because the DSC the-

mograms showed two distinct melting peaks for some

blends, it could be concluded that PEN and PTT crystallites

coexisted in the blends. They did not form the cocrystals

due to their different chemical structures. Figure 2 shows

the observed Tm values for PEN, PTT, and their blends

versus blend composition dependence.

It can be found that the Tm of each component in the

blends decreases with increasing content of the other

component. The similar melting-point depression phe-

nomena have also been reported in other binary crystalline

polymer blends, such as PET/PTT, PEN/PBT, PBT/PAr

(I-100), and PBSU/PEO, etc. [22–24]. The lowered melting

point of the crystalline component with respect to the pure

polymer is usually a result of thermodynamically favorable

interactions in blends [8]. Thus, the melting-point depres-

sion is also used extensively to evaluate the miscibility of

polymer blends. There are two basic origins of melting-

point depression: morphological and thermodynamic [25].

Morphological variables such as lamellar thickness and

crystal perfection can profoundly affect the melting point.

To confirm the miscibility of the two polymers in the

melt-state, the polymer–polymer interaction parameter is

determined from Tm
0 depression method [26]. The Tm

0 was

determined by Hoffman–Weeks extrapolation method

using Eq. 1 [27, 28]:

Tm ¼
1

c
Tc þ 1� 1

c

� �
Tm

0 ð1Þ

where Tm and Tm
0 are the experimental melting point and

equilibrium melting point for the crystals produced at Tc in

the blend, respectively. c is the thickening ratio between

the initial thickness of a chain-folded lamella and the final

lamellar thickness.

Figure 3 describes the procedure of determining Tm
0 of

PEN and its PEN/PTT blends according to the Hoffman–

Weeks equation. In this procedure, the measured Tm of

samples crystallized at Tc was plotted against Tc. Data of

60/40, 50/50, 40/60, 30/70, and 20/80 blends were omitted

due to the obvious coexistence of PEN and PTT crystals

that was analyzed by DSC (Fig. 1). Thus, the samples used

in Fig. 3 contained the PEN crystals only. Each piece of

experimental data was obtained by isothermal crystalliza-

tion for 10 h. An increase in Tm with the Tc can be

observed. By extrapolation of Tm * Tc plot to Tm = Tc

line, the value of Tm
0 can be obtained from the intersection

at the Tm = Tc line and the c value can be obtained from

the slope of Tm * Tc line. The values of Tm
0 and c are

listed in Table 2.

The equilibrium melting point of PEN is 292.5 �C,

which is lower than those previously reported in the liter-

ature, 300 �C by Buchner et al. [29], 480 �C by Cheng and

Wunderlich [30], and 337 �C by Papageorgiou et al. [31].

It can be found in Table 2 that the thickening ratio c
decreased with the increase of PTT content. This indicated

that the PEN crystals became less stable due to the smaller

lamellar thickness that resulted in the melting point

decrease. It is obvious that the addition of the PTT makes

the molecular transport of the PEN segments more difficult

and limits the thickening of the PEN crystals; therefore, it

could cause a depression of the corresponding melting

points.

The equilibrium melting-point data in PEN/PTT blends

can be analyzed by the Nishi–Wang equation based on the

Flory–Huggins theory, that is used for the treatment of the

melting-point depression observed in the case of binary

amorphous/crystalline polymer blends [26, 32]:

Fig. 2 Melting point (Tm) in PEN/PTT blends Fig. 3 Hoffman–Weeks plots for PEN/PTT blends
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1

Tm

� 1

Tm
0
¼ � RV2u

DH2uV1u

ln /2

m2

þ 1

m2

� 1

m1

� �
/1 þ v12/

2
1

� �

ð2Þ

where the subscripts 1 and 2 denote the amorphous and

crystalline components, respectively; Tm
0 and Tm are the

equilibrium melting points of the pure crystalline compo-

nent and its blends; Vu is the molar volume of the polymer

repeating unit; m is the degree of polymerization; R is the

universal gas constant; DHu is the perfect crystal heat of the

crystalline component; / is the volume fraction of the

component in the blend; and v12 is the polymer–polymer

interaction parameter. Because the degree of polymeriza-

tion m is very large for polymers and the entropy of mixing

could be negligible, the equation can be simplified as

Nishi–Wang equation:

1

Tm

� 1

Tm
0
¼ � RV2u

DH2uV1u
v12/

2
1 ð3Þ

It is well known that the melting point of a polymer is

affected not only by thermodynamic factors but also by

morphological parameters such as the crystal thickness; the

equilibrium melting point of the polymer is used here to

separate morphological from thermodynamic effects in

analysis of melting-point depression. Eq. 3 showed that a

melting point depression would yield a negative v12 value

for the blend, which indicated a miscibility of the blends.

According to the Nishi and Wang formulation, the

interaction energy density B characteristic of the polymer

pair can be defined as [26]

B ¼ v12RT=V1u ð4Þ

Substituting Eq. 4 into Eq. 3 yields a linear relationship

between 1=Tm � 1=Tm
0

� �.
/1 and /1=Tm:

1

/1

1

Tm

� 1

Tm
0

� �
¼ � BV2u/1

DH2uTm

ð5Þ

Eq. 5 was used to plot the melting-point depression and

to give the interaction energy density value. According to

DSC analysis in Fig. 1, in construction of the plots using

Eq. 5, we assume that for blends with PTT contents of

less than 30%, PEN is considered to be the crystalline

component, whereas PTT is considered to be the

amorphous component rejected from the crystalline

phase. The following values were used with Eq. 5: for

PEN, VPEN = 182.4 cm3/mol, DHPEN = 182.4 J/g [33];

for PTT, VPTTu = 149.6 cm3/mol [23]. Figure 4 shows

the plot of Eq. 5 for the PEN/PTT blends, assuming the

melting point of PEN was depressed by the addition of PTT

component. A straight line fitted with the least-square

method was obtained.

From the slope value of the fitting straight line in Fig. 4,

the interaction energy density B = -5.72 9 10-4 J/cm3

and the polymer–polymer interaction parameter v12 ¼
�1:791� 10�5 (the processing temperature 300 �C) can be

obtained. The very small negative values of B and v12 for

the PEN/PTT system indicate that the polymer pair can

form a thermodynamically stable miscible mixture at

temperatures above the melting point.

Conclusion

The miscibility and melting behavior in PEN/PTT blends

have been investigated. The glass transition and cold

crystallization behaviors indicated that in PEN/PTT blends,

there are two different amorphous phases and the PEN/PTT

blends are immiscible in the amorphous state. The addition

of the PTT could cause a depression of the corresponding

melting points of PEN. The polymer–polymer interaction

parameter v12 and interaction energy density B were cal-

culated from the equilibrium melting depression of PEN

using the Nishi–Wang equation. The negative values of v12

and B indicate that PEN/PTT blends are thermodynami-

cally miscible in the melt state.
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