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Abstract

Changes in the surface chain structure and the critical surface tension of poly(trimethylene terephthalate) (PTT) film under uniaxial

drawing were examined by polarized attenuated total reflection infrared (ATR-IR) spectroscopy and contact angle measurement. It was

observed from the stress-draw ratio curve and density measurement that the strain-induced crystallization occurs at the draw ratio of 2.5.

From the ATR-IR spectra, it was also realized that the surface chain structure changes with the draw ratio, showing a remarkable increase in

the surface crystallinity at the draw ratio between two and three. The critical surface tension of uniaxially drawn films increases with the draw

ratio due to an increase in the surface crystallinity developed by the strain-induced crystallization. It is concluded that the surface properties

of PTT film such as the chain structure at the surface and the critical surface tension are very closely related to the condition of uniaxial

drawing.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(trimethylene terephthalate) (PTT) has recently

attracted much interest from both industry and academia,

because of its excellent thermal and mechanical properties

for fiber- and film-forming material. It is well known that

the elastic recovery of PTT fiber is superior to that of

poly(ethylene terephthalate) (PET) and poly(butylene

terephthalate) (PBT) [1,2], since the conformation of

trimethylene unit in the crystal structure is coiled (gauche/

gauche) [3,4], unlike the ethylene unit (trans) of PET [5,6]

and the butylene unit (gauche/trans/gauche) of PBT [7–10].

Although bulk properties such as crystallization and

mechanical properties of PTT have been studied extensively

because the tensile deformation and crystallization are

critical phenomena in fiber and film-forming processes [11–

23], fundamental understanding of surface properties of

PTT has been so limited. Therefore, studies on surface
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properties of PTT, especially in relation to the deformation

and crystallization, need to be pursued.

The attenuated total reflection infrared (ATR-IR)

spectroscopy has been widely used to characterize the

surface chain structure of polymeric materials, since the IR

absorption occurs mainly at the surface [12,24–31]. The

penetration depth of IR beam, which gives an approximate

sampling depth into the polymer, is usually in the range of

less than a few microns, depending on the refractive index

of the ATR crystal, the angle of incidence, and the

wavelength of interest. Another important aspect of

the ATR-IR spectroscopy is that the electric field of the

evanescent wave at the surface exists in all three spatial

directions. Therefore, changes in the surface structure by

deformation and crystallization can be investigated quanti-

tatively along three principal directions [12,25–27,30,31].

The contact angle measurement is one of the most

sensitive methods that provide information on the surface

properties which are governed solely by the outermost

polymer surface of a few angstroms in thickness [32]. Thus,

it is possible to gain a deep insight into the characteristic

surface properties of polymers such as surface tension,

heterogeneity, roughness, hydrophilicity–hydorphobicity

balance, reorientation of surface groups, etc. [33–40].
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In the present study, we investigate primarily the change

of surface properties such as surface chain structure and

surface tension of PTT film under uniaxial deformation and

crystallization using the polarized ATR-IR spectroscopy

and the contact angle measurement.
2. Experimental
2.1. Sample preparation and characterization

PTT pellets with MnZ17,000 g molK1 and MwZ35,

000 g molK1 were used as received from Shell Chemical

Company. The melt-quenched PTT films were prepared by

compression molding into 0.2 mm thickness between hot

plates at 245 8C, quenching into cooling water, and drying

under high vacuum for several days. Then, the melt-

quenched PTT films with the gauge length of 3 cm were

drawn uniaxially at 60 8C at the strain rate of 5 cm minK1

using a universal tensile machine (LR 10K, Lloyd Inc.)

equipped with a temperature-controlling chamber. After

reaching the predetermined draw ratio, the drawn films were

cooled down to 25 8C, holding their final length. In this

study, uniaxially drawn PTT films with different draw ratios

of 2, 3, and 4 were prepared and denoted as PTT (DRZ2),

PTT (DRZ3), and PTT (DRZ4), respectively. Only the

center part of uniaxially drawn films was used for analysis.

Cold-crystallized film was prepared by annealing the melt-

quenched film at 120 8C for 6 h. For comparison, the melt-

quenched amorphous PET film was also prepared. All the

films were desiccated before ATR-IR experiment and

contact angle measurement.

The density, rsample, of the film samples was calculated

using the equation of rsampleZAr0/(AKB), where A and B

denote the weight of sample measured in air and in distilled

water, respectively, and r0 the density of distilled water.

Weights of sample in air and in distilled water were

measured using a Mettler AT200 balance (Mettler-Toledo

Inc.).
2.2. Polarized ATR-IR spectroscopy

In order to investigate changes in three-dimensional
Fig. 1. ATR crystal/film geometry and orthogonal coordinate system for the

polarized ATR-IR experiment.
surface structure by uniaxial drawing, polarized ATR-IR

spectra of the melt-quenched, uniaxially drawn, and cold-

crystallized films were obtained using a Perkin–Elmer 2000

FT-IR spectrometer with ATR and polarizer accessories.

KRS-5 was used for ATR crystal. Fig. 1 shows geometry of

ATR crystal/PTT film while the Cartesian coordinate

system (x, y, z) is used for analysis of three-dimensional

surface structure of PTT films. Here, x-, y-, and z-axes

indicate the machine direction (drawing direction), the

transverse direction, and the normal direction to the film

surface, respectively. By rotating the polarizer located

between IR source and ATR crystal by 908, the polarization

of incident IR beam was controlled to be the transverse

electric (TE) or the transverse magnetic (TM) wave. The TE

and TM waves at the surface are have different effective

penetration depths (de/l1) as given by [28]

deðTEÞ

l1
Z

n cos q

pð1Kn2Þðsin2qKn2Þ1=2
(1a)

deðTMÞ

l1
Z

n cos qð2 sin2qKn2Þ

pð1Kn2Þ½ð1Cn2Þsin2qKn2�ðsin2qKn2Þ1=2

(1b)

where nZnpolymer/ncrystal, l1Zl/ncrystal, and q is the

incidence angle. npolymer and ncrystal denote the refractive

indexes of polymer and ATR crystal, respectively. In this

study, npolymer is 1.58 for the isotropic PTT film [12], and

ncrystal is 2.38 for KRS-5 crystal. The incidence angels of 45

and 50.58were chosen for TE and TMwave, respectively, to

characterize the surface structure at the same effective

penetration depth. Under this condition, the effective

penetration depth at 1500 cmK1 is about 3 mm. Four ATR

spectra (TEx, TMx, TEy, and TMy) for a given film were

collected by combination of the sample orientation and the

polarized incident beam (TE or TM wave), as shown in

Fig. 1. Each spectrum was obtained by averaging 128 scans

with a resolution of 2 cmK1. Since it is well recognized that

the surface structure depends on the degree of ATR crystal/

sample contact, all the films were clamped in the ATR

accessory under a constant pressure for reproducibility.

Furthermore, in order to eliminate the difference in optical

contact between samples, all the absorbances of ATEx, ATMx,

ATEy, and ATMy were normalized with the reference band at

1408 cmK1 (C–C stretching of the phenylene ring in PTT),

whose intensity was found to be unchanged regardless of

deformation or crystallization [12,14,41]. From four

absorbances (ATEx, ATMx, ATEy, and ATMy) obtained

experimentally, spatial absorbances (Ax, Ay, and Az) along

three principal directions were calculated using the

following relations [27]:

ATEx ZaAx (2a)

ATMx Z bAy CgAz (2b)

ATEy ZaAy (2c)
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ATMy Z bAx CgAz (2d)

where a, b, and g, which are functions of the refractive

index of sample (npolymer), incidence angle (q), and

refractive index of ATR crystal (ncrystal), were calculated

to be 9.15, 1.94, and 16.37 for the TE wave and 5.10, 1.89,

and 7.28 for the TM wave, respectively [24]. For

quantitative analysis of ATR-IR spectra, the overlapped

bands were deconvoluted by curve fitting where the linear

baseline correction was made. All bands were fitted as a

mixture of Gaussian and Lorentzian function. The band

position, bandwidth, and intensity were allowed to vary

during iteration.
Fig. 2. A typical stress-draw ratio curve of melt-quenched amorphous PTT

film during uniaxial drawing at 60 8C.
2.3. Contact angle and surface roughness measurements

The sessile drop method was used for measuring the

static contact angles (q) of various liquids on the films [32].

The contact angle measurements were carried out at 25 8C

using various contact liquids with a wide range of liquid–

vapor surface tensions (gLV), as listed in Table 1. The

contact angle was determined by averaging five measure-

ments. The critical surface tension (gc) was evaluated using

the method proposed by Zisman [33–35].

In order to investigate the effect of surface roughness on

contact angle, the surface roughness (Ra and Rq) of film was

measured using an atomic force microscopy (Dimension

TM300, Digital Instruments) in the tapping mode. The

average roughness, Ra, is the average deviation of the peaks

and valleys from the mean elevation, and the root-mean

square roughness, Rq, is the root-mean-square deviation

from the mean elevation. The surface roughness was

evaluated from the film area of 15!15 mm2.
3. Results and discussion
3.1. Uniaxial deformation and crystallization

Fig. 2 shows a typical stress-draw ratio curve for the

melt-quenched PTT film at 60 8C. The curve can be

separated into three regions: Initial, plateau, and final

regions. With increasing the draw ratio, the stress increases

linearly in the initial region, remains almost constant in the

plateau region, and increases again at the draw ratio of 2.5

due to the full stretching of chains between entanglement
Table 1

Contact liquids and their liquid–vapor surface tensions (gLV)

Contact liquids gLV (mN mK1)

a-Bromo naphthalene 44.6

Methylene iodide 50.8

Formamide 58.2

Glycerol 63.4

Distilled water 72.8
points. This stress-draw ratio behaviour is quite consistent

with the results reported previously [12,14].

The densities of the melt-quenched, PTT (DRZ2), PTT

(DRZ3), PTT (DRZ4), and cold-crystallized films were

calculated to be 1.307, 1.311, 1.332, 1.339, and 1.

368 g cmK3, respectively. The density of the melt-quenched

PTT film was consistent with the literature value of the

purely amorphous one, 1.305 g cmK3 [12], which supports

the accuracy of our method. Assuming a crystalline/

amorphous two-phase model, the apparent crystallinity, xc,

of sample was calculated by

xcð%ÞZ
rcrðrsample KramÞ

rsampleðrcr KramÞ
!100 (3)

where rcr and ram are the density of 100% crystalline sample

and of totally amorphous sample, respectively. Using rcrZ
1.427 g cmK3 [4] and ramZ1.307 g cmK3, the bulk crystal-

linity of PTT (DRZ2), PTT (DRZ3), (PTTZ4), and the

cold-crystallized film was calculated to be 4, 22, 28, and

53%, respectively. This result indicates that the bulk

crystallinity increases considerably at the draw ratio

between two and three due to the stain-induced crystal-

lization, which is closely related with the stress-draw ratio

behavior shown in Fig. 2.
3.2. Effect of uniaxial drawing on surface chain structure

Fig. 3(A)–(C) shows changes of the spatial absorbances

of Ax, Ay, and Az with the draw ratio. For the spatial

absorbance of Ax, the intensities of amorphous bands at 817,

976, 1015, and 1328 cmK1 and crystalline bands at 932,

1358, and 1505 cmK1 increase with increasing the draw

ratio, while the intensities of amorphous band at 1173 cmK1

and crystalline bands at 948 and 1463 cmK1 decrease, as

can be seen in Fig. 3(A). The intensities of the crystalline

and amorphous bands change noticeably around the draw

ratio between two and three at which the strain-induced



Fig. 3. Spatial absorbance spectra of (A) Ax, (B) Ay, and (C) Az for the PTT

films with different draw ratios: (a) PTT (melt-quenched); (b) PTT (DRZ
2); (c) PTT (DRZ3); (d) PTT (DRZ4).
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crystallization occurs. These crystalline and amorphous

absorption bands have been successfully assigned and used

to characterize quantitatively the crystallization as well as

the orientation of PTT [12,14,42–44]. For the spatial

absorbances of Ay and Az, changes of intensities of the

crystalline and amorphous bands with the draw ratio are

opposite to the trend in the case of Ax, as shown in Fig. 3(B)

and (C). Since x is the draw direction, it is expected that Ax is

greater than Ay (or Az) for parallel bands and Ay (or Az) is

greater than Ax for perpendicular bands. We have found that

the analysis on the chain orientation of PTT by uniaxial

drawing in this study was consistent with the results from

previous studies [12,14,41]. Here, it is noteworthy to

mention that, for the melt-quenched amorphous PTT film,

the spatial absorbance of Az is not identical with that of Ax or

Ay. Considering that melt-quenched film is purely

amorphous, it is expected that the difference in spatial

absorbances between Ax (or Ay) and Az originate from

anisotropic conformational distribution at the surface. In

other words, the chain conformational distribution in the

perpendicular direction (z-axis) is different from the

distribution in the direction (x- or y-axis) parallel to

the film surface.

The structural factor (A0), the average value of three

spatial absorbances, is defined as [45]

A0 Z
1

3
ðAx CAy CAzÞ (4)

Since the structural factor is independent of sample

orientation and is proportional to the total concentration of

a functional group corresponding to the specific infrared

band, it provides information on the overall change in the

surface structure that occur during deformation or crystal-

lization. The structural spectra of the melt-quenched,

uniaxially drawn, and cold-crystallized PTT films are

shown in Fig. 4. By comparing the structural factor of the

melt-quenched film with that of cold-crystallized film, it is

realized that the bands at 932, 1358, 1463, and 1505 cmK1

correspond to crystalline phase and that the bands at 817,

976, 1015, 1173, and 1328 cmK1 correspond to amorphous

phase [44]. For uniaxially drawn films, the intensities of

crystalline bands increase with increasing the draw ratio,

whereas those of amorphous bands decrease, showing a

noticeable change at the draw ratio between two and three,

as shown in Fig. 5.

Fig. 6 shows the structural factors associated with CaO

stretching bands of the melt-quenched, uniaxially drawn,

and cold-crystallized PTT films. For the melt-quenched

amorphous films, the CaO stretching bands are deconvo-

luted with three bands of 1724, 1708, and 1678 cmK1, as

can be seen in Fig. 6(A). Reminding that the melt-quenched

film is purely amorphous, three CaO stretching bands

originate from three different conformational environments

of PTT chains. On the other hand, for the cold-crystallized

film, the CaO stretching bands are separated into four bands

of 1724, 1708, 1696, and 1673 cmK1. When the CaO



Fig. 4. The absorbance spectra of the PTT films based on structural factor: (a) PTT (melt-quenched); (b) PTT (DRZ2); (c) PTT (DRZ3); (d) PTT (DRZ4); (e)

PTT (cold-crystallized).

Fig. 5. Changes of intensities of (A) crystalline and (B) amorphous bands as

a function of the draw ratio.
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stretching bands of amorphous film (Fig. 6(A)) are

compared with those of cold-crystallized films (Fig. 6(E)),

it is found that the integrated absorbances of 1724 and

1708 cmK1 decrease considerably due to crystallization

whereas the 1678 cmK1 band of the amorphous film shifts to

lower wavenumber of 1673 cmK1 and a new band develops

at 1696 cmK1. Therefore, it is reasonable to conclude that

the absorbances at 1724, 1708, and 1678 cmK1 correspond

to the CaO stretching bands in amorphous state, while those

of 1673 and 1696 cmK1 correspond to the CaO stretching

bands in crystalline state. For the uniaxially drawn films, the

intensity of crystalline CaO stretching band at 1696 cmK1

increases noticeably at the draw ratio between two and three

at which the strain-induced crystallization occurs.

Since the trimethylene groups of PTT backbone in the

crystal structure take gauche/gauche conformation, it is

clear that the gauche content increases with the degree of

crystallinity. Since the 932 and 817 cmK1 bands originate

from gauche conformer and trans conformer of trimethy-

lene units, respectively [14], with increasing the draw ratio

the intensity of the 932 cmK1 band increases, whereas the

intensity of 817 cmK1 band decreases, as shown in Fig. 5.

Here, it is noted that larger draw ratio gives higher

crystallinity. Chuah [14] has recently evaluated the gauche

content of uniaxially drawn PTT films using the intensity

ratio of 932 to 817 cmK1 band, assuming a crystalline/

amorphous model. Similarly, the gauche content of the

uniaxially drawn films prepared in this study is estimated by

gauche content ð%ÞZ
I932

I932 C1:23I817
!100 (5)

where I932 and I817 are intensities of 932 and 817 cmK1

bands, respectively. The constant of 1.23 means that I932 is



Fig. 6. The structural factors associated with CaO stretching bands: (A) PTT (melt-quenched); (B) PTT (DRZ2); (C) PTT (DRZ3); (D) PTT (DRZ4); (E)

PTT (cold-crystallized). The solid lines are the experimental data and the dotted lines are the deconvoluted bands.
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1.23 times stronger than I817 for drawn films. The gauche

contents of the melt-quenched film, PTT (DRZ2), PTT

(DRZ3), and PTT (DRZ4) are calculated to be 33.4, 38.7,

63.4, and 69.7%, respectively. Since the melt-quenched film

is fully amorphous, it is reasonable to assume that the

amorphous phase of PPT has the gauche content of 33.4% in

trimethylene unit. Considering that the gauche confor-

mation of trimethylene unit in the amorphous phase

transforms to the trans conformation by uniaxial drawing,

it is obvious that the increase in the gauche content of

uniaxially drawn films results from the surface crystallinity

developed by strain-induced crystallization. The surface

crystallinity of uniaxially drawn films increases consider-

ably around the draw ratio two and three at which the strain-
induced crystallization starts to occur. The gauche content

of cold-crystallized film was estimated to be 84.0% using

Eq. (5), although the constant 1.23 in Eq. (5) is only valid for

uniaxially drawn films. In short, it is concluded that the

surface chain structure such as the chain conformation and

the crystallinity at the surface is changed considerably by

uniaxial drawing.
3.3. Effects of deformation and crystallization on critical

surface tension

In order to measure the critical surface tension (gc) of

films, the contact angles (q) of contacting liquids on film

were measured and their cosine values are plotted as a



Fig. 7. Zisman plots for estimating the critical surface tensions of the melt-

quenched, uniaxially drawn, and cold-crystallized PTT films.

Fig. 8. A plot of the critical surface tension of uniaxially drawn PTT films

against the draw ratio.

Table 3

Surface roughness of PTT and PET films

Sample Ra (nm)a Rq (nm)b
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function of liquid–vapor surface tensions (gLV) of contact-

ing liquids, as shown in Fig. 7. The critical surface tension is

estimated by extrapolating linearly the plot of cos q versus

gLV to cos qZ1, where the contact angle of water (gLVZ
72.8 mN mK1) is excluded from the linear regression

because of its large deviation from linearity. Indeed, it is

generally known that hydrogen-bonding liquids usually

deviate from linearity [32,46]. The critical surface tensions

estimated by the above method are listed in Table 2. It was

found that the critical surface tension (44.3 mN mK1) of the

amorphous PET film in this study is quite consistent with the

values obtained by the Zisman method (43 mN mK1) [47]

and the equation of state method (44.0 mN mK1) [32]. This

supports that the contact angle data and critical surface

tensions measured in this study are reliable.

It was also noted that the critical surface tension of the

melt-quenched PTT film is slightly lower than that of PET,

as can be seen in Table 2. The surface tension of amorphous

polymer (gam) can be estimated by the expression [48,49]:

gam Z
P

Va

� �4

(6)

where P is the parachor of repeat unit and Va is the molar

volume of the amorphous phase. Using the group
Table 2

Critical surface tensions of PTT and PET films

Sample gc (mN mK1)

PTT (melt-quenched) 42.8

PTT (DRZ2) 43.2

PTT (DRZ3) 44.7

PTT (DRZ4) 45.4

PTT (cold-crystallized) 47.5

PET (melt-quenched) 44.3
contributions to P and Va [50], the surface tensions of

amorphous PTT and PET are estimated to be 43.0 and

44.4 mN mK1, respectively. These values agree well with

the experimental ones (42.8 and 44.3 mN mK1). For

uniaxially drawn PTT films, the critical surface tension

increases from 42.8 to 45.4 mN mK1 with increasing the

draw ratio, exhibiting an abrupt change at the draw ratio

between two and three, as shown in Fig. 8.

Surface properties of polymers may be influenced

considerably by surface roughness and chemical heterogen-

eity at the surface. Busscher et al. [38] examined the effect

of surface roughness, controlled by polishing and abrasion,

on the wetting behavior of at least 12 different commercial

polymers and concluded that the value of surface roughness

less than 0.1 mm does not affect the wettability of the

surface. On the other hand, Miller et al. [39] reported that

even extremely low value of surface roughness with

nanometer scale might affect the wetting behavior of the

polytetrafluoroethylene. When the surface roughness of all

the PTT and PET films are compared with each other, there

is no systematically significant difference in the surface
PTT (melt-quenched) 4.3 6.9

PTT (DRZ2) 7.4 14.7

PTT (DRZ3) 6.7 8.6

PTT (DRZ4) 7.9 13.8

PTT (cold-crystal-

lized)

5.4 8.2

PET (melt-quenched) 4.5 7.5

a Average roughness defined as the average deviation of the peaks and

valleys from the mean elevation.
b Root-mean-square roughness defined as the root-mean-square deviation

from the mean elevation.



Fig. 9. A linear relation between the critical surface tension and the surface

crystallinity.
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roughness between samples, as can be seen in Table 3.

Therefore, it is valid to assume that the affect of surface

roughness on the contact angle and the critical surface

tension is rather small and negligible. Reminding that the

surface crystallinity of PTT films increases with increasing

the draw ratio, we can conclude that the increase in the

critical surface tensions of the uniaxially drawn and cold-

crystallized PTT films arise from the surface crystallinity

developed by strain-induced crystallization and annealing.

It has been reported that the surface tension of a

semicrystalline polymer is very closely related to its surface

crystallinity [51,52]. When the critical surface tension of

PTT films is plotted against the surface crystallinity,

assuming that the surface crystallinity of PTT film is

equal to the bulk crystallinity obtained by density

measurement, a linear relation is observed, as shown in

Fig. 9.
4. Conclusions

Changes in the surface chain structure with uniaxial

deformation were characterized using polarized ATR-IR

spectroscopy, and the critical surface tension was estimated

by contact angle measurement. It was observed that the

chain conformation as well as the degree of crystallinity at

the film surface is considerably changed with the draw ratio

due to the stain-induced crystallization, which occurs

around the draw ratio of 2.5. Consequently, the critical

surface tension of uniaxially drawn films increases with the

surface crystallinity developed by the strain-induced

crystallization. Similarly, the critical surface tension of the

cold-crystallized film becomes larger due to the increased

surface crystallinity. In short, it is concluded that uniaxial

drawing accompanied with crystallization affects
significantly the surface chain structure, resulting in a

change of the surface tension of PTT film.
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