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Abstract

In this work, a three-phase model consisting of crystalline, mobile amorphous and rigid amorphous phases (RAP) was used to describe the

structural formation of poly(trimethylene terephthalate) (PTT) at various crystallization conditions. The variation in thickness and fraction of

each phase was studied on both crystallization temperature Tc and crystallization time tc effects from differential scanning calorimetry and

small angle X-ray scattering analyzes. The results showed that the rigid amorphous fraction and thickness of PTT increased with increasing

Tc. Meanwhile, there is no remarkable change in crystalline fraction and thickness, and long period. A characteristic length ja for cooperative

motion of polymer chains in amorphous phase was determined from the variation in glass transition interval using dynamic mechanical

analysis. The change in this length scale of glass transition was considered to be correlated with the variation in the thickness of rigid and

mobile amorphous phases. The Tg of PTT increases and the relaxation peak becomes broader at high temperature flank with Tc. These facts

are considered due to that the RAP formation leads to the suppression of cooperative motion for amorphous chains. q 2002 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

Generally, the highly ordered structure of most semi-

crystalline polymers could not be simply described as a

conventional two-phase model consisting of crystalline and

amorphous phases. Then, the third phase, the so-called

‘rigid amorphous phase’ (RAP) or interphase between

crystalline and amorphous layers has been taken into

consideration in the structure of semi-crystalline polymers.

Several polymers such as poly(phenylene sulfide) (PPS)

[1–5], poly(ethylene terephthalate) (PET) [6–8], poly

(butylene terephthalate) (PBT) [9], poly(carbonate) (PC)

[10], and poly(ether ether ketone) (PEEK) [11–13], have

been found to possess of a RAP as an additional

intermediate component in their structures. These facts

mean that the relatively rigid polymers might easily form a

RAP structure due to their poorer chain flexibility.

Recently, poly(trimethylene terephthalate) (PTT) has

been introduced to the polyester family as PET and PBT.

Owing to the excellent elastic recovery of PTT compared

with that of PET and PBT, many structural investigations

have been extensively carried out [14–26]. Wunderlich and

co-workers [16,17] studied the thermal properties of PTT as

a function of processing history, and they suggested that

PTT might posses a RAP structure because the amorphous

phase does not exhibit a rubber- or liquid-like behavior

above the glass transition temperature Tg. On the other hand,

the solid-state NMR results reported by Grebowicz and

Chuah [27] indicated that the spin-relaxation times of PTT

could not be fitted using a simple two-phase model. These

results strongly indicate a RAP characteristic for PTT.

Generally, the isothermal crystallization at lower tempera-

tures would give rise to a larger rigid amorphous fraction [1,

2,5,9]. However, this result is inconsistent with our present

result, i.e. the rigid amorphous fraction increases as

crystallization temperature is increased for PTT. More

extensive studies may be necessary to make clear the effect

of crystallization condition on the RAP formation.

On the other hand, it is well realized that the glass

transition temperature (Tg) is highly sensitive to the
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crystalline morphology and amorphous structure of the

material as governed by thermal history. The RAP having

distinct chain mobility from liquid-like amorphous phase

should relax at a temperature higher than Tg, but not at Tg, as

only the relaxation of liquid-like amorphous chains takes

place, resulting in a slight change in the heat capacity at Tg.

Cheng et al. [5,9] have suggested that the rigid amorphous

fraction does not contribute to the increase in heat capacity

at Tg but unfreeze only at a higher temperature. The

influence of geometrical restrictions on the glass transition

of materials has generated a good idea in both experimental

and theoretical studies [28–33]. Adam and Gibbs [34]

proposed the size of cooperatively rearranging region

(CRR) for determining the configuration restrictions in the

glass-forming liquids. They defined the CRR as the smallest

region that can undergo a transition to a new configuration

without a requisite simultaneous conformational change on

and outside its boundary. In other words, the CRR size

represents a region where molecular motions in undercooled

liquids are cooperatively correlated. Then they suggested

that the temperature dependence of relaxation phenomena in

glass-forming liquids is essentially considered in terms of

the temperature dependence of the CRR size. For the case in

polymers, Schick and Donth [6] reported that the effect of

the CRR size is still found in the amorphous phase of

crystallized PET samples. Since the relaxation process in

the amorphous phase above Tg is considered related to the

CRR size [30], the RAP formation may give rise to various

relaxation processes of amorphous phase due to the change

in the CRR size.

In this study, the effect of crystallization condition on the

RAP formation for PTT was first investigated. Since RAP is

considered to be located at the interphase between crystal-

line and mobile amorphous phases, the corresponding

interphase thickness could be characterized from the small

angle X-ray scattering (SAXS) method proposed by

Koberstein et al. [35]. Then the differential scanning

calorimetry (DSC) measurement was used to determine

the rigid amorphous fraction. Finally, the RAP effect on

glass transition behavior would be elucidated from the

correlation with the change in the CRR size at various

crystallization conditions.

2. Experimental section

2.1. Materials

PTT was kindly supplied from Industrial Technology

Research Institute (ITRI), Taiwan. The PTT used in this

work is obtained by the direct esterification of 1,3-

propanediol (PDO) with terephthalic acid (TPA) in the

melt phase with tetraisopropyl titanate as the catalyst. The

intrinsic viscosity of the PTT obtained from a phenol/tetra-

chloroethane (60/40) mixed solution at 298 K is ca.

0.84 ml/g. According to the result reported by Chuah et al.

[36], the relationship between the molecular weight and

intrinsic viscosity of the PTT is ½h�phenol=tetrachloroethane ¼

5:36M0:69
n : Therefore, the Mn of the PTT used can be

estimated as ca. 43,000. All specimens were first dried at

363 K for 6 h under vacuum before any new thermal

treatment and experimental characterization. The crystal-

lized specimens were prepared by melting the as-received

chips at 553 K for 10 min to eliminate thermal history, and

then quickly cooled to a selected crystallization condition.

2.2. SAXS measurement and analysis

SAXS experiment was performed at National Tsing Hua

University in Hsin-Chu, Taiwan. The graphite-monochro-

mated Cu Ka X-ray (l ¼ 1.524 Å) was generated from a

18 kW Rigaku rotating anode and the power source was

operated at 200 mA and 40 kV. The pinhole collimation of

the X-ray beam was used. The scattered intensity was

collected by a two-dimensional position sensitive detector.

The data were corrected for background and detector

response, and then azimuthally averaged for analysis.

SAXS is a powerful tool for the characterization of

microphase structure in polymeric materials. The crystal-

line–amorphous structure is usually analyzed in terms of

one-dimensional stack model, which the stacks consist of

crystalline lamellae separated by amorphous layers, by

using the one-dimensional correlation function, g(x )

defined as follows [37]

gðxÞ ¼
1

Q

ð1

0
IðqÞq2 cosðqxÞdq ð1Þ

where I(q ) is the scattered intensity, q ¼ 4p=l sinðu=2Þ (u is

the scattering angle) is the scattering vector and the

scattering invariant, Q is expressed as

Q ¼
ð1

0
Iq2 dq ð2Þ

The g(x ) is normalized by Qðgð0Þ ¼ 1Þ: Since SAXS data

are collected in a limited angular range, it must be

necessarily extrapolated to both high q and low q ranges.

The extension to high q data is performed with a Porod–

Ruland model [38], then the I(q ) can be described by

IðqÞ ¼ Kp

expð2s2q2Þ

q4
þ Ib ð3Þ

where Kp is the Porod constant, Ib is the background

intensity arising from the thermal density fluctuation, and s

is related to the thickness of crystalline–amorphous

interphase. The extrapolation to zero q data is obtained by

fitting the intensity curve at low q range with the Deby–

Bueche model [39,40]

IðqÞ ¼
Ið0Þ

ð1 þ q2j2Þ2
ð4Þ

where j is the correlation length. Once the Porod constant

Kp, the background intensity Ib, the interphase correction
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term s, and the correlation length j have been estimated, the

g(x ) can be easily calculated.

The correlation function shows the electron density

fluctuations at the correlation distance x and can be

calculated from the Fourier transform of the observed

scattered intensity on a relative scale. Fig. 1 shows a typical

curve of g(x ) for PTT crystallized at 463 K for 5 h. The

shape of g(x ) could directly yield some structural

information. In the figure, the extrapolation of the linear

portion of g(x ) from small values of x to x ¼ 0, the so-called

‘self-correlation triangle‘, could yield the Q value. The base

of the self-correlation triangle can be drawn as a baseline, A

ðA ¼ 2fc=ð1 2 fcÞ [41]), where fc is the crystallinity

determined by wide-angle X-ray diffraction method as

described in our previous study [42]. The correlation

function is distorted by various factors such as the form of

the interface, broad distributions of the crystalline thickness,

and the long period; thus, the calculated g(x ) does not reach

the baseline. For this reason, the crystalline thickness lc can

be determined from an intercept of the linear portion of g(x )

and baseline A. Further, the long period L is extracted from

the position of the first maximum of g(x ).

The interphase thickness was determined using the

Porod’s law based on the sigmoid gradient model. The

background subtracted SAXS intensity, Ib gives Porod’s law

negative deviations due to the existence of the diffuse

boundary region. For the pinhole SAXS intensity, it is

expressed by assuming the Gaussian smoothing function for

the transition range with a sigmoidal gradient model as

follows (Fig. 2) [35]

ln½IðqÞq4 2 IbðqÞq
4� ¼ ln Kp 2 s2q2 ð5Þ

where s is the standard deviation of the Gaussian smoothing

function. The s value contains the information of the

interface thickness, e; in accordance with Eq. (5), the slope

of the expected straight line will give the s 2 variance. The

half-interphase thickness e can be evaluated from [43]

e ¼
ffiffiffiffi
2p

p
s ð6Þ

where the total interphase thickness per long period E, is 2e.

2.3. DSC measurement

DSC was carried out using a Perkin–Elmer Pyris 1

equipment. The baseline was run with a similar empty pan,

using an identical method. All DSC measurements were

performed from 203 to 553 K at a heating rate of 10 K/min

under a dry nitrogen gas. The instrument was calibrated

using standard samples of indium and zinc at the same

scanning rate. In order to avoid an uneven thermal

conduction through the sample, the aluminum pan was

always filled with the sample weight of ca. 10 mg.

2.4. Dynamic mechanical analysis

The dynamic mechanical analysis (DMA) measurement

was performed using a Perkin–Elmer DMA7 equipment.

The three-point bending method was carried out at the

frequency of 1 Hz and heating rate of 10 K/min in the

temperature range from 270 to 450 K.

3. Results

3.1. Determination of structural parameters for crystallized

PTT by SAXS

The representative result of one-dimensional correlation

function g(x ) for PTT is shown in Fig. 1. The presence of a

maximum in the correlation function is indicative of a

periodicity in the phase correlation, and this is often related

to the average inter-domain spacing. The L value obtained

from the position of the first maximum of g(x ) that could be

divided into three components, i.e. the crystal lamellar

thickness lc, mobile amorphous thickness la and interphase

Fig. 1. Typical shape analysis of the one-dimensional correlation function

and associated parameters for PTT with fc , 0:5:

Fig. 2. Schematic representation of the electron density profile with

transition range and three-phase model for PTT.
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thickness E, using a three-phase model, as shown in Fig. 2.

The long period L and the thickness of each phase as

functions of crystallization time tc and crystallization

temperature Tc are shown in Figs. 3 and 4, respectively.

The L value is almost independent of tc and Tc, and it

maintains a constant length of ca. 8.5 nm. The unchanged L

value with Tc was also found in the case of PPS [44]. The la
value decreases and the lc and E values increase with

increasing tc, respectively. Besides, the lc and E increments

become less unobvious beyond tc ¼ 3 h. In order to

investigate the Tc effect on structural change of PTT, the

condition of tc ¼ 5 h was selected for isothermal crystal-

lization at various Tcs. As the result shown in Fig. 4, the L

and lc values have no remarkable change; meanwhile, the E

and la values change significantly with Tc. It should be

mentioned here that the L value maintains a constant

thickness of ca. 8.5 nm over the entire Tc range. However,

the E value varies from 2.2 to 3.2 nm, i.e. the interphase

thickness almost occupies the one-third part of long period,

indicating that RAP is of considerable importance in the

structural formation of PTT.

3.2. Determination of rigid amorphous fraction by DSC

analysis

The rigid amorphous fraction permits the quantitative

characterization of linkage between crystalline and amor-

phous phases. A quantitative study of this phenomenon via

thermal analysis was possible [5]. When a simply ideal two-

phase model is valid, amorphous fraction Wa should be

equal to 1 2 Wc: If Wa , 1 2 Wc; the interphase of RAP

would exist between crystalline and amorphous layers.

Combining the crystalline fraction from heat of fusion and

amorphous fraction from heat capacity, one can obtain an

approximate estimate of RAP fraction Wrap from Eq. (7).

Wrap ¼ 1 2 Wa 2 Wc ð7Þ

The application of Eq. (7) in the Wrap estimation is limited

by three-phase model and the RAP does not contribute to the

increase in heat capacity at Tg but unfreezes only at a higher

temperature [12]. The mobile amorphous fraction, Wa was

calculated from the heat capacity increment according to

Wa ¼
ðDCpÞm

ðDCpÞa
ð8Þ

where (DCp)m is the measured heat capacity increment at Tg

for PTT (Fig. 5). The heat capacity increment of mobile

amorphous phase at Tg, (DCp)a ¼ 94 J/g, has been obtained

Fig. 3. The variation in structural parameters of PTT with crystallization

time.

Fig. 4. The variation in structural parameters of PTT with crystallization

temperature.

Fig. 5. Schematic DSC trace in the glass transition region; the DCp ¼ step

height (distance between tangents at Tg).

Fig. 6. The variation in the fractions of three phases with crystallization

time: (a) DSC result (b) SAXS result.
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from the DSC result reported by Pyda et al. [16]. Then Wc

was determined from the ratio of DHm
f and DH0

f for PTT:

Wc ¼
DHm

f

DH0
f

ð9Þ

The crystallinity was determined from the heat of fusion of

the crystal phase from the endothermic melting peak. The

DH0
f value of 28.8 kJ/mol was obtained from our previous

result for PTT [42].

The fractions of each phase as functions of tc and Tc are

shown in Figs. 6(a) and 7(a), respectively. The Wa value

decreases; meanwhile, the Wc and Wrap values increase with

increasing tc at Tc ¼ 463 K. The change in these values

becomes unobvious beyond tc ¼ 3 h. On the other hand, the

Wc and Wrap values increase as Tc is increased, but the

increment of Wrap value with Tc is larger than that in Wc

value. The result in the fraction and thickness of three

phases from DSC (Figs. 6(a) and 7(a)) and SAXS analyzes

(Figs. 3 and 4) shows a similar tendency. In order to

compare the fraction of each phase from the DSC result with

SAXS result, we make a reasonable assumption on total

crystalline lamellae distributed alternately with amorphous

layers in the present work. In some cases better agreement

with SAXS data is obtained if the presence of a transition

phase boundary is assumed. Based on this assumption, a

linear dependence on distance of electron density distri-

bution is schematically shown in Fig. 2. It could also

represent the structure of a unoriented semi-crystalline

polymer with an ensemble of densely packed and iso-

tropically distributed stacks of parallel lamellae [37]. Thus,

the SAXS data could be used to compute the linear fraction

of crystalline phase, mobile amorphous phase and inter-

phase using the following relation

Xc ¼ lc=L; Xa ¼ la=L; Xrap ¼ E=L ð10Þ

where Xc, Xa and Xrap are the linear fractions of crystalline,

mobile amorphous and interphase fractions, respectively.

The linear fractions as functions of tc and Tc are,

respectively, shown in Figs. 6(b) and 7(b). The values of

interphase fraction from SAXS are very close to those of

bulk rigid amorphous fraction obtained from DSC analysis,

indicating that the RAP evidently exists between two

adjacent crystal lamellae for crystallized PTT in this work.

Regarding the Tc effect, the increment of Wrap or Xrap was

much higher than increment of Wc or Xc, indicating that

RAP formation must play a significant role during

isothermal crystallization.

3.3. CRR size effect on glass transition temperature of PTT

Fig. 8 shows the mechanical loss tangent tan d as a

function of Tc for PTT. The peak in tan d spectrum is

defined as the a relaxation process and the peak temperature

is Tg. As Tc is increased, the distribution of a relaxation

gradually becomes broader and the Tg shifts to high

temperature from 350 to 370 K. By restricting the molecular

motion in glassy material, there may be an interference with

the spatial extent of cooperativity [28–33]. Donth [30]

suggested that the effect of cooperativity size, i.e. the size of

the CRR proposed by Adam and Gibbs [26], still exists in

the amorphous phase of semi-crystalline polymers. Then,

the CRR size could be estimated from the mean temperature

fluctuation of the cooperative subsystems dT according to

[30]

Va ¼
kBT2

g

ðDCpÞmðdTÞ2r
ð11Þ

where r is the bulk density (ca. 1.38 g/cm3) for PTT [45], kB

is the Boltzmann constant, Va is the mean volume of one

CRR, and (DCp)m is the measured heat capacity increase at

Fig. 7. The variation in the fractions of three phases with crystallization

temperature: (a) DSC result (b) SAXS result.

Fig. 8. Loss tan d of PTT as a function of crystallization temperature. The

insert is the determination of DT ¼ full-width at half-maximum of

relaxation peak.
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Tg ((DCp)m in J/g K). The dT could be directly determined

from the glass transition interval DT obtained from a

thermogram: 2dT < width of the glass transition interval

measured in temperature units [30]. In the present study, we

determined the glass transition interval DT from the

distribution of tan d peak, i.e. the full-width at half-

maximum as shown in Fig. 8. The characteristic length ja

is the corresponding radius of the cooperativity region

characterized by the volume Va.

ja ¼
3Va

4p

� �1=3

ð12Þ

Combining Eqs. (11) and (12), the width of the glass

transition interval is inversely connected to the ja value, i.e.

the smaller ja is due to the broader DT. The Tg, DT, Va and ja

values at various Tcs for PTT are summarized and listed in

Table 1. The ja value is obviously decreased from 1.53 to

1.20 nm with increasing Tc, and the ja value of wholly

amorphous PTT is 1.8 nm. On the other hand, the increases

in Tg and DT values are also found as Tc is increased. The ja

value is cooperatively correlated with the length scale of

molecular motions in undercooled liquids; thus, the RAP

formation in amorphous layer may induce a change in the ja

value, resulting in the variation of Tg and DT. The further

discussion will be stated in Section 4.

Fig. 9 shows the DSC result at a heating rate of 10 K/min

for wholly amorphous PTT prepared from quick quenching

of the melt specimen by liquid nitrogen. A clear glass

transition temperature is found at ca. 318 K and the total

exothermic enthalpy of crystallization is almost the same

with the melting enthalpy, indicating this starting material is

completely amorphous indeed. As compared with the tan d

result of wholly amorphous PTT in Fig. 8, the Tg (peak

temperature) value of ca. 325 K is higher than that in DSC

result. Since the ja value is cooperatively correlated with the

length scale of molecular motions in amorphous phase, the

Tg value determined from DMA is relatively suitable to be

correlated with the physical meaning of the ja value in this

work.

4. Discussion

Generally, the RAP formation is very sensitive to the

conditions of thermal treatment such as tc and Tc. The tc
effect on the RAP formation may be related to the

densification of mobile amorphous phase, resulting in an

increase of the rigid amorphous thickness or fraction (Figs.

3 and 6). Both mobile and rigid amorphous chains may

change their conformations little by little to be incorporated

into crystalline phase with increasing tc. It is generally

realized that the mobile amorphous chains could not be

directly incorporated into crystalline phase. A transitional

phase (RAP in this work) should be first formed before

crystallization. This phenomenon may be considered as a

memory effect, which must then be connected to the

conformational change in the mobile amorphous phase

induced by the secondary crystallization process. Regarding

the Tc effect (the results as stated in Figs. 4 and 7) on RAP

formation, the interphase thickness and rigid amorphous

fraction lineally increase with Tc. These results in PTT are

inconsistent with those reported in other semi-crystalline

polymers such as PEEK [11,12], PPS [1,2,4,5], i.e. the lower

Tc would form less perfection of crystal to increase RAP

fraction, and longer tc or annealing time would turn RAP

into crystalline phase to decrease RAP fraction. Due to the

experimental facts in this work, i.e. the higher Tc the larger

interphase thickness and rigid amorphous fraction for PTT,

it is naturally considered that the higher chain mobility at

high Tc may easily overcome the activity energy for

conformational change of amorphous chains to induce the

densification in mobile amorphous phase, resulting in the

increase of rigid amorphous fraction and interphase

thickness. It should be mentioned here that the crystalline

thickness and fraction for PTT have no remarkable change

with increasing Tc, indicating that the RAP cannot be easily

incorporated into the crystalline phase.

In general, the relaxation of glass transition would be

broadened and shifted to high temperature as the crystal-

linity is increased because of the reduction of chain mobility

in the amorphous phase due to the confined effect in

conventional two-phase model [46]. In three-phase model,

the RAP should also play a role of this restricted effect of

polymer chains. Combining the results in Figs. 4, 7 and 8,

the Tg indeed increases with increasing interphase thickness

Table 1

The parameters related to glass transition of PTT crystallized at various Tcs

Tc (K) Tg (K) DT (K) Va (nm3) ja (nm)

433 349 41 19.2 1.53

443 352 44 18.7 1.49

453 359 46 18.5 1.48

463 360 49 17.7 1.41

473 362 52 17.4 1.38

483 363 55 15.8 1.26

488 365 60 15.0 1.20

Wholly amorphous 325 26 22.6 1.80

Fig. 9. DSC scan of wholly amorphous of PTT.
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and rigid amorphous fraction. Furthermore, the ja value

decreases with increasing interphase thickness E. All these

facts strongly suggest that the glass transition behavior is

significantly affected by the RAP formation. To take into

account the three-phase model, the glass transition behavior

reflects the cooperative motion of polymer chains which

occurred in mobile amorphous phase and squeezed in both

sides of RAP (Fig. 2). This phenomenon is like a ‘cage’,

which is large enough to allow the conformational transition

of local chains. Schick and Donth [6] have also proposed a

stack model consisting of crystalline, interfacial and

amorphous layers for semi-crystalline polymers such as

PET by considering a squeezing-in effect between self-

organized structures of the substance. They suggested that

the glass transition can be observed in both undisturbed

bulky amorphous region with sufficiently larger size (.2ja)

and amorphous layers inside the stacks with thickness da (la
in this work) , ja. From the results in crystallized PET at

various crystallization regions, the spatial limitation by

interfacial layers indicates a direct effect of the ja value on

the glass transition. This interfacial layer might be

considered to be consistent with the definition of the RAP

structure in this work. The relationship between CRR size ja

and mobile amorphous thickness la of PTT was shown in

Fig. 10. All PTT samples prepared from various crystal-

lization temperatures show a la variation between 1.7 and

2.6 nm, i.e. la , 2ja; where ja ¼ 1.8 nm for the bulky

amorphous sample. The increase in la value is accompanied

by the decrease in interphase thickness, because the long

period and crystal thickness have no remarkable change

with crystallization temperature in this work.

Since the correlation length ja characterizes a region

where molecular motion in amorphous phase, the RAP

formation should directly give rise to the suppression of

cooperative motion, leading to a broadening and tempera-

ture shift of the glass transition. Fig. 11 shows the Tg of PTT

as functions of ja and 1/la values, respectively. The Tg

linearly decreases and increases with increasing ja and 1/la
values. The linear decrease of Tg with ja extrapolated to

ja bulk ¼ 1.8 nm could determine Tg ¼ ca. 328 K for wholly

amorphous PTT. On the other hand, the linear relation

between Tg and 1/la could also obtain Tg ¼ ca. 325 K as 1/

la ¼ 0, i.e. la ¼ 1. Both ways to determine Tg of amorphous

PTT were very close to that from DMA result as shown in

Fig. 8. The RAP formation influences the CRR volume Va

and then it restricts cooperative motion of amorphous

chains, leading to the broadening of Tg at the high

temperature flank and the shift of Tg to high temperature

(Fig. 8). The broadening of glass transition interval might be

considered due to the interfacial heterogeneity of crystallite,

i.e. loops, cilia, loose folds and inter-crystalline links, which

would benefit the development of RAP. Generally, the

change in interphase thickness and rigid amorphous fraction

with Tc would lead to positive or negative shift of Tg.

Although, Cheng et al. [5,12] and Huo and Cebe [2,4,11]

reported that Tgs of PPS and PEEK decrease with Tc

according to negative shift, because RAP is gradually

incorporated into the crystalline phase with increasing Tc,

leading to a decrease in RAP fraction. The present study

reveals an evidence that both interphase thickness and rigid

amorphous fraction increase with Tc because of the

densification in mobile amorphous phase, i.e. the reduction

of CRR size, resulting in a positive shift of Tg.

5. Conclusions

In this work, the RAP formation was taken account of

structural change in PTT at various crystallization con-

ditions. Then the interphase thickness and fraction are

estimated from SAXS and DSC analyzes, respectively. The

tc effect on the RAP formation may be related to the

densification of mobile amorphous phase, resulting in an

increase of the interphase thickness and rigid amorphous

fraction. However, the change in these values becomes

unobvious beyond tc ¼ 3 h. Regarding the Tc effect on the

RAP formation, the interphase thickness and rigid amor-

phous fraction lineally increase with Tc. The higher chain

mobility at high Tc may easily overcome the activity energy

for conformational change of amorphous chains to induce

the densification in mobile amorphous phase, resulting in

the increase of interphase thickness and rigid amorphous

fraction. A characteristic CRR size, ja representing a

correlation length for cooperative motion of polymer chains

Fig. 10. The CRR size ja as a function of mobile amorphous thickness la.

Fig. 11. Plot of Tg as functions of 1/la and ja.
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in amorphous phase increases with decreasing mobile

amorphous thickness la. The decrease in la value should be

accompanied by the increase in interphase thickness,

because the long period and crystal thickness have no

remarkable change with Tc in this work. The RAP formation

should directly give rise to the suppression of cooperative

motion, leading to a broadening and temperature shift of the

glass transition.
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