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The amorphous structure changes in poly(ethylene terephthalate) (PET) induced by annealing under dry 
and wet conditions were discussed in terms of amorphous density (Pa) and dye uptake properties. The Pa 
value of PET decreased with increasing annealing temperature, but it conversely increased at annealing 
temperatures above 210°C for the dry treatment and above 170°C for the wet treatment. With decreasing Pa 
from 1.35 to 1.31 g cm-3, the conformation of amorphous molecules changed from the gauche to trans form. 
The Pa value conversely increased on annealing at higher temperatures; however, the dye exhaustion 
continuously increased. The ratio of the absorbance of the a band to that of the/~ band of the basic dye 
crystal violet (a/fl ratio), indicating the degree of dye aggregation, in PET decreased with a decrease in Pa. 
The degree of dye aggregation further increased when Pa conversely increased on high temperature 
annealing. These results suggested that the free volume content of PET increased as a result of 
conformational change from the gauche to trans form in amorphous molecules with increasin~g annealing 
temperature, and finally the increased free volume converted to microvoids around 1.31 gcm- of Pa. The 
dye exhaustion increased with increasing annealing temperature according to microvoid formation. © 1997 
Elsevier Science Ltd. 
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INTRODUCTION 

It is well known that the isothermal sorption of disperse 
dyes in various annealed poly(ethylene terephthalate) 
(PET) fibres at a constant dyeing time usually shows a 
very characteristic behaviour. Marvin 1 was the first to 
show that, over a range of annealing temperatures, the 
disperse dye uptake of annealed PET fibres initially 
decreased as the annealing temperature increased, and 
then it increased to over the value of the untreated 
control at higher annealing temperatures. Since it is 
generally accepted that dye sorption mainly takes place 
in the amorphous region of a polymer, this dyeing 
phenomenon is supposed to be brought about by 
changes in the amorphous region during annealing. In 
other words, the physical state of the dye in the polymer 
affords information on the amorphous structure. Several 
attempts 2-7 were made to explain the variations in dyeing 
properties in terms of structural change in the polymer, 
e.g. crystal size, thickness of amorphous region between 
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crystal lamellae, amorphous orientation, void and 
dynamic loss modulus of materials. An increase in dye 
uptake with increasing annealing temperature was 
interpreted as an increase in the accessibility of the dye 
molecule 5-7. Some explanations were presented to give 
the relationship between the amount of dye sorption and 
fine structure parameters of polymer, derived on the 
assumption that dye sorption takes place only on the 
surfaces of crystallites 8-1°. The theoretical analysis of 
the experimental data implied that sorption sites were 
located more densely near crystal surfaces than in the 
interior of the amorphous region 8. Yonetake and 
co-workers 9'~° proposed a sorption model based on the 
idea that disperse dyes were dissolved in two kinds of 
amorphous regions: the end and side surfaces of crystal 
lamella. 

In most studies, as mentioned above, the relationship 
between the dye exhaustion and the amorphous structure 
was not directly and quantitatively discussed sufficiently; 
therefore, the dye uptake behaviour has not yet been 
explained in detail. We believe that the dye uptake 
behaviour must be explained from the viewpoint of the 
amorphous structure of PET and of the absorption state 
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of dyes in PET. In our previous paper 11 the amorphous 
structure of PET was investigated using small and wide 
angle X-ray diffraction (WAXD) methods, density 
measurements, differential scanning calorimetry (d.s.c.) 
and dynamic viscoelastic measurements. The degree of 
crystallinity increased with an increase in annealing 
temperature. From the observed values of density and 
crystallinity evaluated from the transmission WAXD, 
the amorphous density was calculated assuming a 
constant density of the crystalline region. The calculated 
amorphous density decreased as crystallization pro- 
ceeded. On the other hand, the glass transition tempera- 
ture, the apparent activation energy and the relaxation 
strength of c~ relaxation decreased with an increase in 
annealing temperature. These facts suggested that 
molecular motion in the amorphous region easily 
occurred and the number of molecules responsible for 
the glass transition decreased as crystallization pro- 
ceeded. The structure of the amorphous region, there- 
fore, became sparse due to annealing. Water molecules 
enhanced the segmental mobility of PET and the 
structural changes during the crystallization of PET. 
Structural difference was observed between PET samples 
annealed under dry and wet conditions. 

In this study, interpretation of the amorphous 
structure changes in PET induced by annealing under 
dry and wet conditions is attempted in terms of 
amorphous density and dye uptake properties. Inter- 
pretation of the characteristic dyeing behaviour of 
annealed PET fibres, which was first found by Marvin l, 
has been attempted so far in terms of crystallinity or dye 
sorption sites of crystal surfaces. The dyeing behaviour 
of PET annealed under dry and wet conditions is also 
discussed in terms of amorphous structure in this study. 

EXPERIMENTAL 

Sample 
The extruded PET, a 9 #m thick film, manufactured by 

Teijin Co. Ltd., was used throughout the experiments. 
The density of the original PET film was 1.4015 g cm -3 at 
23°C. The degree of crystallinity of the original PET 
determined by the WAXD method was 0.34, which 
agreed with the value evaluated by the heat of fusion 11 . 
PET samples were annealed at various temperatures 
from 100 to 230°C for l h under a dry nitrogen 
atmosphere (dry annealing) or in water (wet annealing). 
After annealing, PET samples were cooled down to room 
temperature and stored in a desiccator over diphos- 
phorus pentoxide. 

Dye sorption 
As reported in our previous paper 12, equilibrium 

sorption was not established in the long-term dyeing, 
because the films, which were annealed under several wet 
conditions or under dry and high temperature con- 
ditions, were broken into small pieces during dyeing. 
Therefore, a dyeing time of 8h was chosen as the 
condition of equilibrium sorption, which was obtained 
by about 7 h dyeing in this investigation. PET films were 

4 1 dyed with 1.754 x 10- moll-  of crystal violet chloride 
(C.I. Basic Violet 3; CV) solution at ll0°C for 8h in a 
liquor ratio of 1250 : 1 under pressure. It was recognized 
that the films were dyed uniformly by observation of 
cross-sections of dyed films under a light microscope. 
The pH of the dye solution was 6.0. All dyed films were 

successively washed with water and ethanol in order to 
remove any excess dye on the film surface and were then 
air-dried at room temperature. The adsorbed dye was 
extracted with ethanol, and the dye concentration was 
determined using a spectrophotometric method 13. 

Measuremen ts 
PET densities were measured in a density gradient 

column containing a mixture of n-heptane and carbon 
tetrachloride at 23 4- 0.1 °C as reported previously 11 . The 
error of density measurements was at most +0.2%. 

WAXD profiles of PET were measured using a Mac 
Science model SRA MXP-18 X-ray instrument operating 
at 40 kV and 300 mA. Monochromated X-ray radiation 
was used and the X-ray wavelength was 0.15405 nm. In 
order to eliminate the surface orientation effect of 
crystallites, the sample was wound tightly and attached 
to a fibre sample holder to determine the degree of 
crystallinity in the transmission mode. Samples were 
rotated at 10 rev min- 1 during the measurements in order 
to eliminate the biaxial orientation effect, and a radial 
diffractometer scanned in the 20 range from 5 to 60 ° in 
the step-scanning mode. The raw data were subjected to 
background subtraction, and to polarization, absorption 
and incoherent scattering corrections. 

Small angle X-ray scattering (SAXS) profiles were 
measured using SAXS optics installed at BL-10C at the 
photon factory of the National Laboratory for High 
Energy Physics, Tsukuba, Japan. The X-ray wavelength 
was selected by a double crystal monochromator and 
was fixed at 0.1488nm. WAXD and SAXS were 
measured at 23°C. 

The thermal properties of PET were measured using a 
Seiko differential scanning calorimeter DSC 200 con- 
nected to a Seiko thermal analysis system SSC 5000 
equipped with a cooling apparatus. The d.s.c, heating 

o 1 curves were measured at 10 Cmin- in the temperature 
range 0-300°C under dry nitrogen gas flow. The sample 
weight was about 4 mg. Temperature and enthalpy were 
calibrated using pure indium and tin. The degree of 
crystallinity was also evaluated from the heat of fusion 
measured by d.s.c. (Xd.s.c.). This method is based on a 
thermodynamic definition of order and it requires the 
absolute value of the heat of fusion of the fully crystalline 
polymer, AHm0 = l19.8Jg 1 (ref. 14). Xd.s.c., expressed 
as a weight fraction, can be determined as follows: 
Xd.s.c. = A Hm, obs/ /k nmo. 

The dynamic viscoelastic properties of PET were 
measured using a Seiko dynamic mechanical spectro- 
meter DMS 200 connected to a Seiko material analysis 
station MAS 5700. Dynamic viscoelastic spectra were 
measured in the tension mode at 0.1, 0.2, 0.5, 1, 2, 5 and 
10Hz in the temperature range 23-200°C heated at 
1 °C min -j . 

Fourier transform infra-red (FTi.r.) measurements 
were carried out using a Nicolet FTi.r. spectro- 
photometer system 800 with 2cm -1 resolution at room 
temperature. 

RESULTS AND DISCUSSION 

Amorphous structure change 
We evaluated the degree of crystallinity (Xc) from 

WAXD profiles using a method proposed by Sakaguchi 
et al. 15. They reported that correlation between the 
degrees of crystallinities of annealed unoriented PET 
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films determined from X-ray diffraction and density gave 
essentially a linear relationship which did not intersect 
the origin. The crystallinity evaluated from WAXD 
profiles using their method was reliable. Figure 1 shows 
changes in crystallinity values evaluated from the density 
(Xd) and the d.s.c. (Xd.s.c.) with X c values for PET 
annealed under dry and wet conditions. For PET films 
annealed under both conditions, most of the data for 
Xd.s.c. were correlated to Xc by a linear relationship. On 
the other hand, for dry annealed PET, the relationship 
between Xd and Xc gave two linear lines, and one line 
parallel to the Xd.s.c.-Xc relationship below a Xc value of 
0.5. For the X c range above 0.5 of dry annealed PET, Xd 
was almost a constant with increasing X¢ value. For wet 
annealed PET, the data for Xd were correlated with X¢ by 
two linear relationships which intersected at about 0.5 of 
Xc; however, neither linear lines were parallel to the 
Xd.s.c.-X¢ relationship. This result suggested that the 
amorphous density of the PET film used in this study 
decreased on annealing because the crystal density could 
be assumed to be constant as previously reported 11, and 
amorphous structure difference existed between dry and 
wet conditions. 

As discussed in the previous paper 11, the amorphous 
density (Pa) of annealed PET was evaluated according to 
the following equation: 

Pa ~'= PPc( I - Xc)/(Pc - pXc) (i) 

where p, Pc and Xc indicated the measured density, the 
density of the crystalline phase (Pc = 1.4895 g cm-3) 16,17 
and the degree of crystallinity evaluated by the WAXD 
measurements in the transmission mode 11, respectively. 
Figure 2 shows changes in Pa with annealing temperature 
for PET annealed under dry and wet conditions. The Pa 
value decreased with increasing annealing temperature 
for both conditions, but it conversely increased at 
annealing temperatures above 210°C for the dry treat- 
ment and above 170°C for the wet treatment. For both 
annealing conditions, Pa changed according to the 
following three regions: region 1 (/9 a > 1.35gcm-3); Pa 
gradually decreased with increasing annealing tempera- 
ture. Region 2 ( l . 35gcm-3>pa  > 1.31gcm-3); Pa 
greatly decreased with increasing annealing temperature. 
Region 3 (Pa > 1.31gcm-3); Pa increased conversely 

with increasing annealing temperature. Compared with 
the dry annealing condition, the transformation from 
region 1 to region 2 and from region 2 to region 3 was 
observed at lower annealing temperatures under the wet 
annealing condition as a result of the plasticizing effect of 
water. The minimum value of Pa (1.31g cm-3) was 
observed for the dry-210°C annealed and the wet-170°C 
annealed PET at the corresponding annealing condition. 

Figure 3 shows the relationship between amorphous 
content (l - Xc) and Pa for both annealing conditions. 
For both annealing conditions, Pa data were classified 
into the three regions depicted in Figure 2. For wet 
annealed PET, all data belonging to regions l, 2 and 3 
were correlated with amorphous content by three linear 
relationships in each region. The two linear relationships 
intersected at 1.34 g cm -3, which was close to the widely 
noted typical value of Pa (1.3379g cm-3) of PET 18,19. 
Only two data points belonged to region 2 for dry 
annealed PET; however, a similar linear extrapolation of 
data belonging to regions 1-3 gave 1.345gcm -3 as the 
intersection. This value was also close to the typical value 
of Pa of PET. These results suggested that the amorphous 
structure differed from region to region. As the occupied 
volume of molecular chains in the amorphous region was 
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Figure 4 Relationship between amorphous density (Pa) and long 
period of PET annealed under dry (©) and wet ( 0 )  conditions 

constant for annealed PET samples, the decrease in Pa 
indicated the increase in free volume in the amorphous 
region. The increasing ratio of free volume content with 
crystallization proceeding in region 2 was larger than 
that observed in region 1 for both annealing conditions. 

Figure 4 shows the relationship between Pa and the 
long period of PET annealed under both conditions. For 
dry annealing conditions, the long period was almost 
constant around 14.7nm in region 1; however, the long 
period increased from 14.7 to 15.1 nm with decreasing Pa 
in the narrow Pa range between 1.35 and 1.345gcm -3, 
and levelled off at 15.1 nm in region 2, but increased 
again in region 3. On the other hand, the long period 
increased continuously with proceeding crystallization in 
regions 1 and 2 under wet annealing conditions. This 
result suggested that the lamellar thickening occurred 
because water absorbed in PET enhanced the segmental 
motion of the amorphous region of PET as reported 
previously 11'2°. Molecular chains in the amorphous 
region are supplied to thicken the lamellae. Therefore, 
the molecular chain supply from the amorphous region 
between lamellae to the crystal surface was restricted 
when the long period approached about 15.1 nm under 
the dry annealing condition. However, the amorphous 
region in which molecular motion was enhanced by 
absorbed water supplied amorphous molecules to the 
crystal surface to increase lamellar thickness under the 
wet annealing condition in region 2. For dry annealed 
samples, Pa decreased extremely without the change in 
long period in region 2. This result suggested that the 
amorphous structure changed without the increase in 
crystallinity on annealing in region 2 under the dry 
condition. On the contrary, the change in Pa correlated to 
that in the long period for wet annealed PET. These facts 
also suggested that the amorphous structure of the wet 
annealed PET differed from that of the dry annealed 
PET. 

Figure 5 shows the relationship between Pa and the 
dynamic loss modulus (E") peak temperature of the a 
relaxation of PET annealed under both conditions 
observed at 10Hz. The E p' peak temperature of the a 
relaxation corresponded to the glass transition tempera- 
ture (Tg) at l0 Hz. For the dry annealing condition, the 
Tg was almost constant in region 1 and then decreased 
from 108 to 103°C in the narrow Pa range between 1.35 
and 1.345gcm -3 and levelled off at about 103°C in 
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Figure 5 Relationship between dynamic loss modulus (E") peak 
temperature of c~ relaxation observed at 10 Hz and amorphous density 
(Pa) of PET annealed under dry (O) and wet (Q) conditions 

region 2. The change in the long period induces the 
change in the amorphous structure and also Tg as 
previously described. Comparing with Figure 4, the Tg 
behaviour was similar to that of the long period for dry 
annealed PET. Considering the effect of the free volume 
content on Tg, the decrease in p, gives a decrease in Tg. 
For dry annealed PET, however, Tg decreased in the 
narrow Pa range between 1.35 and 1.345gcm -3 and 
scarcely changed with decreasing Pa from 1.345 to 
1.31gem-3; in other words, Tg was constant with 
increasing free volume content. In region 1, the Tg of 
PET decreased with increasing free volume content. 
Although Pa decreased remarkably in region 2, the Tg of 
PET was almost constant: 104 and 107°C for dry and wet 
annealing conditions, respectively. In region 2, the 
increase in free volume content no longer influenced 
the Tg of PET. The crystallinity increased in region 111, 
but, on the other hand, the crystallinity scarcely 
increased and the qualitative amorphous structure 
change occurred in region 2. The excess free volume, 
which scarcely contributed to molecular motion, was 
produced by dry and wet annealing in region 2. 

In region 2, wet annealing gave higher Tg than that of 
dry annealing at fixed Pa. This fact suggested that the 
amorphous structure of wet and dry annealing PET was 
different even at the same Pa- In fact, SAXS profiles of 
both annealing conditions were different. Details of these 
results will be reported in the near future. 

Figures 6 and 7 show changes in the absorbance of 
l absorption bands at 1042 and 848 cm- of PET with Pa 

for PET annealed under dry and wet conditions, 
respectively. The absorbance of absorption bands at 
1042 and 848 cm- l was normalized by the absorbance of 
absorption band at 795 cm -1. The absorption bands at 
1042, 848 and 795cm -1 are assigned to the gauche and 
trans conformation and the orientation-sensitive bands 
characterized by the ethylene glycol linkage of PET, 
respectively21,22. Because the crystallinity scarcely 
increased under both annealing conditions in region 
211, the normalized absorbance of absorption bands at 
1042 and 848 cm-I indicated the amount of gauche and 
trans conformation in the amorphous region of PET, 
respectively. For dry annealed PET, the gauche content 
of PET belonging to region 1, which was almost the same 
as that of the original PET (A1042cm ,/A795c m , = 0.31, 
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Figure 7 Changes in trans conformation in PET annealed under dry 
(O) and wet (Q) conditions as a function of amorphous density (Pa) 

A = absorbance), scarcely changed with the proceeding 
crystallization. On the other hand, the wet annealed PET 
contained a lower gauche content compared with the 
original and the dry annealed PET, even if both annealed 
PETs showed the same trans content (Figure 7). 
Although the trans content scarcely changed with the 
decrease in Pa in region 2, the gauche content decreased 
continuously as a function of Pa for PET belonging to 
region 2 for both annealing conditions. The behaviour of 
the gauche content with Pa was similar to that of the long 
period. These facts suggested that the molecular con- 
formation in the amorphous region changed from the 
gauche form to the extended form (such as tie molecules) 
with lamellar thickening. Kitamura et al. 23 reported that 
the gauche content of ethylenedioxy linkages in the 
amorphous region of PET fibres decreased with an 
increase in annealing temperature. As molecules in the 
amorphous region were drawn into the crystalline 
lamella during the lamellar thickening process, molecules 
in the amorphous region were considered to be extended. 
Under such a condition, tie molecular conformation of 
the amorphous chain changed from a random form to an 
extended form such as tie molecules between lamellae 
with proceeding lamellar thickening. The free volume 
content increased due to such conformational changes in 

i 
Region 1 Region 2 Region 3 

Figure 8 Schematic representation of model for microvoid formation: 
(a) ordinary amorphous region; (b) sparse amorphous region; (c) 
microvoid 

the amorphous region between lamellae. The gauche 
content of samples decreased and the molecular con- 
formation of the amorphous chain changed from a 
random form to an extended form in region 2 for both 
annealing conditions. As a result of perfection of the 
crystalline structure, the number of molecules in the 
amorphous region supposedly decreased. This is sup- 
ported by the result reported in our previous paper 11 that 
the relaxation strength of the a relaxation decreased with 
an increase in annealing temperature. Therefore, the 
amorphous structure became sparse and Pa decreased 
extensively following the conformational changes 
observed in region 2 for both annealing conditions. In 
region 3, the gauche content of samples decreased 
continuously even though Pa increased conversely. 

As mentioned above, the qualitative amorphous 
structure change occurred in region 2, i.e. the excess 
free volume content, which scarcely contributed to 
molecular motion, increased by the conformational 
change in the amorphous chain. The excess free volume 
produced in region 2 might be converted to microvoids 
around 1.31 gcm -3 of Pa. After formation of microvoids 
from excess free volume in the amorphous region, Pa 
increased with proceeding crystallization because the 
trans conformation content of the amorphous chain was 
higher than that in region 2. For both annealing 
conditions, the excess free volume converted to micro- 
voids at about 1.31gcm -3 of Pa, corresponded to the 
maximum free volume content of amorphous PET 
molecules. The schematic model for microvoid forma- 
tion due to annealing is shown in Figure 8. The process of 
the conversion from excess free volume to microvoids is 
now being examined by means of light scattering, SAXS 
and neutron scattering. 

Dye uptake properties 
In our previous papers TM12 we reported the correlation 

between the dye uptake characteristics of PET films 
annealed under dry and wet conditions and their struc- 
ture when they were dyed at 130°C. However, as PET 
films annealed under severe conditions were broken into 
small pieces during dyeing, the amorphous structure of 
PET in region 3 could not be discussed. In this study, 
dying temperature was set at 110°C to avoid breaking of 
samples annealed under a wide range of temperatures. 
The changes in dye uptake properties were discussed in 
detail in relation to the changes in amorphous structure 
due to annealing. Figure 9 shows the changes in dye 
exhaustion in PET in relation to the annealing tem- 
perature for PET annealed under dry and wet conditions. 
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For dry annealed PET, the dye exhaustion decreased 
moderately, starting at 110°C and increasing at anneal- 
ing temperatures above 190°C after passing the mini- 
mum at about 150°C. This dye uptake behaviour of the 
dry annealed PET film was similar to that of PET 
fibres 1-4. A similar dye exhaustion tendency was 
observed in the case of the wet annealed PET, but the 
minimum dye exhaustion value appeared around 110°C. 
For samples annealed at a fixed temperature, the dye 
exhaustion in the wet annealed PET was larger than that 
in the dry annealed PET, demonstrating a large shift 
along the temperature scale. 

The relationship between dye exhaustion and Pa for 
PET annealed under dry and wet conditions is shown in 
Figure 10. Although the amorphous density of PET 
decreased as shown in Figure 2, the dye exhaustion 
increased with decreasing Pa in region 2 for both 
annealing conditions. The dye exhaustion behaviour was 
influenced by quality change in the amorphous structure 
and by no means the amorphous fraction in PET. However, 
the dye exhaustion continuously increased with the 
converse increase in p, in region 3 for both annealing 
conditions. These results suggested that a more open 
structure such as microvoids was formed by highly 
increased free volume under annealing conditions 

corresponding to region 3, and dye molecules were 
absorbed in such a sparse amorphous region of PET. 

The ratio of the absorbance of the c~ band (600 nm) to 
that of the ~ band (560nm) has been used as an 
indication of the degree of aggregation of the dye. It was 
reported that the value of the c~/fl ratio was about 1.3 
when most of the CV existed in monomeric form in the 
substrate and the ratio decreased with increasing degree 
of aggregation 24. Figure 11 shows the changes in a / 9  
ratio with Pa of PET annealed under dry and wet 
conditions. The value of the c~//3 ratio decreased with a 
decrease in Pa in region 1, but it was around 1.3 and dye 
molecules existed almost in monomeric form. In region 
2, the dye exhaustion remarkably increased with 
increasing Pa, but the degree of aggregation hardly 
changed. The monomer and aggregate of the dye 
coexisted in this region. The Pa of PET increased again 
in region 3 by annealing above 210°C under dry 
conditions and above 170°C under wet conditions; 
however, the value of the a//3 ratio significantly 
decreased and the dye exhaustion remarkably increased 
and a greater part of the dye molecules existed in the 
aggregated state. Differences in the dye exhaustion and 
the degree of aggregation between the dry and wet 
annealed PET films were recognized at the same 
amorphous density. This is probably due to a difference 
in the amorphous structure and the molecular mobility 
of the polymer chain in the amorphous region between 
dry and wet annealing conditions. 

Yonetake and co-workers 9J° reported that disperse 
dyes were absorbed mainly on the side surfaces of 
lamellae using the mosaic-block structure model of 
crystalline polymers. If microvoids were produced from 
increased free volume content caused by conformational 
transformation from the gauche to the trans form with 
proceeding lamellar thickening and the dye absorbed 
into microvoids as an aggregated form, most of the 
absorbed dye should exist between lamellae. These 
results suggested that the free volume of PET increased 
as a result ofa conformational change from the gauche to 
the trans form in amorphous molecules with increasing 
annealing temperature, whereas the amorphous struc- 
ture became sparse and finally microvoid formation 
began at about 1.31 gcm -3 of amorphous density. The 
dye uptake increased with increasing annealing tempera- 
ture according to microvoid formation. The effect of the 
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annealing temperature on dye uptake behaviour consists 
of two opposing factors, i.e. a decrease in amorphous 
content (quantitative factor), decreasing the dye exhaus- 
tion, and an increase in free volume and microvoid 
content (qualitative factor), increasing the dye exhaus- 
tion and the degree of aggregation. The balance of these 
opposite effects can yield the minimum in dye uptake. 
The characteristic dyeing behaviour which was found by 
Marvin 1 was well explained in terms of quantitative and 
qualitative changes in the amorphous region. 

CONCLUSION 

The amorphous structure change in PET induced by 
annealing under dry and wet conditions was studied in 
terms of Pa and dye uptake behaviour. From the 
mechanism of amorphous structure change, the amor- 
phous structure was classified into the following three Pa 
regions. Region 1 (Pa > 1.35gcm-3); the amorphous 
fraction decreased with proceeding crystallization. The 
molecular conformation of the amorphous chain 
scarcely changed with crystallization, and the free 
volume content of the amorphous region scarcely 
increased with proceeding crystallization. The absorbed 
dye existed in monomeric form. Region 2 (1.35 g cm -3 > 
Pa > 1.31gcm-3); the molecular conformation of the 
amorphous chain changed from the gauche to the trans 
form. The free volume content of the amorphous region 
greatly increased with crystallization. The absorbed dye 
existed as a mixture of monomeric form and aggregated 
form. Region 3 (Pa > 1.31 gcm-3); the Pa value increased 
conversely with proceeding crystallization. The increased 
free volume converted to microvoids at 1.31 g cm -3 of Pa. 
Most of the absorbed dyes existed in aggregated form. 
Compared with the dry annealing condition, regions 1-3 
of PET annealed under wet conditions were observed at 
lower annealing temperatures. The mechanism of the 
amorphous structure change in each region was almost 
the same for both annealing conditions; however, the 

amorphous structure difference existed in region 2 
between dry and wet conditions. 
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