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Positron annihilation lifetime spectroscopy was applied to study(ptilylene terephthalgteChanges in the
positronium yield as a function of the temperature and as a function of the elapsed experiment time at
predetermined constant temperatures were measured. The long-lived component was due to ortho-positronium
(0-P9 pick-off annihilation, and the temperature dependences of the o-Ps lifétjhand the corresponding
intensity (I3) were in good agreement with the molecular mobility of the polymer chain segments. The peak
positions of theB (74 °C) andy (=66 °C) dispersions obtained by dynamic mechanical measurements were in
good correlation with the first and second transitiongpfThe mechanical dispersion and the first transition
appeared at around 70 °C, while the dispersion and the second transition appeared around —66 °C. The curves
of 73 andl; as a function of the elapsed experiment time can be divided into three stages: stage kyvetmere
I3 were maintained constant; stage Il, whegandl; tended to decrease; and stage lll, wheyandl; tended
to keep constant again. The higher was the annealing temperature, the shorter became the periods of stages |
and Il. This result was similar to that obtained by using time-resolved light scattering. Furthermore, time-
resolved x-ray diffraction indicated no existence of crystallites in stage Il. Thus, it turned out that the decreases
of 73 andl; with elapsed time in stage Il corresponded to the molecular ordering arising due to the density
fluctuations of the amorphous phase associated with quasispinodal decomposition.
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[. INTRODUCTION and an incident beam of a He-Ne gas laser had been directed
to the film. This increasing tendency was apparently in ac-
The growth of polymer crystals has been well establishedordance with the concentration fluctuation of linear theories
in the literature, and there are reliable theories to predict thef spinodal decomposition originally proposed by Cahn and
kinetics of crystallizatiod-1° Although most of these studies Hilliard'3'# for small molecules, and modified by de
have been concentrated on observations of crystal growtGenne®® for a polymer system that describes the initial stage
processes, the initiation of the crystallization or nucleationin the phase-separation process. The scattering maximum as
step remains somewhat of a mystery. Recently, there is aafunction of time remained almost constant at the same scat-
increasing body of evidence that polymer crystallization, intered vector, characterizing the early stage of SD. Surpris-
general, may be assisted by the formation on an intermediaiegly, the above phenomenon indicates that the observation
metastable state of pdlthylene terephthalgtéPET), which  scale of the density fluctuations associated with the driving
can provide amorphous films. Geihas reported an amor- force of the crystallization process was several hundred na-
phous structure having nodules of about 100 A in diametenometers. Such a behavior is quite different from the density
based on observations of low-temperature annealed PET Hluctuations at small scales detected by x-ray diffraction and
transmission electron microscopy. HerglSthas found that scatterind” Based on the behavior, the apparent spinodal
crystalline PET films annealed from the glassy state have temperatures could be estimated from the dynamics mea-
supermolecular structure with a size of about 100 nm. Thessured as a function of the temperature for undrawn and
experimental results indicated that a long-range structure idrawn PET films. The growth rate maximum of the density
formed during the annealing processes. fluctuation was independent of the scattered veprand
Apart from the above concept, Infdnvestigated the ki- the maximum peak of the scattered intensity increased with
netics during the induction period of PET crystallization by time, but was independent ofin the early stage of SD. Of
means of depolarized light scattering. They pointed out thatourse, the scattered intensity hardly increased at the SD
this period is associated with spinodal decomposi(isb) temperature. To give more conclusive evidence for our con-
caused by orientation fluctuations of chain segments in termsept, in this paper, further analysis using positron annihila-
of the concept concerning the transformation from the isotion lifetime (PAL) spectroscopy is done in terms of the local
tropic to nematic phase proposed by @obiallt molecular orientation, leading to a density fluctuation of the
According to a recent PET investigation by Xt al,*>  PET amorphous state around the SD temperature.
the logarithm of the scattered intensity against time increased The PAL technique is a powerful tool to study the free
linearly after several tens of minutes when the amorphousolume of polymers®-22and usually the lifetime spectrum is
film had been put into a hot oven at the desired temperatureesolved into three components with lifetimesof 7,, and
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5. The longest lifetime 3) which is called the third long- 1x10° events in 1 h. The PAL spectra were analyzed by the
lived position annihilatior! is on the scale of I0s, and is  POSITRONFIT program?® and no source correction was ap-

related to the state and the chemical reaction of positroniumlied. The additional Mylar foil gave a permanent contribu-
(Ps.2! In polymeric materials, the third component is due totion to I3 of ~0.5%, which does not influence the present
the pick-off annihilation of o-Ps, localized in free-volume discussion.

holes, and is the one carrying structure informaédiRe-

cently, PAL spectroscopy has been widely applied to study 2. Viscoelastic measurement

the size distribution of intermolecular spaces, relaxation be- The complex dynamic tensile modulus was measured at
havior, and thermal propertiés>#2°In the present work, PS 10 Hz over a temperature range from —145 to 99 °C by us-
formation in PET amorphous films was studied as a functionng 5 viscoelastic spectromet&/ES-F obtained from Iwa-

of the temperature and time when the film was subjected to &oto Machine Co. Ltd. The length of the specimen between
rapid temperature jump to desired temperatures. The analysife jaws was 40 mm and the width was 2 mm. During mea-
was pursued by comparing the results measured by usingrements, the film was subjected to a static tensile strain in
PAL spectroscopy with several results measured using smallrger to place the sample in tension during the axial sinu-
angle light scatteringSALS), dynamic mechanical measure- spjdal oscillation, which had a peak deformation of
ments, and wide-angle x-ray diffractid®AXD). The re-  005-0.1%. The complex dynamic modulus was measured
sults enable one to extensively understand the temperatugg imposing a small dynamic strain to assure a linear vis-
and time dependences of the density fluctuations of thgpe|astic behavior of the specim&h.

amorphous state based on quasispinodal decomposition.

3. Light scattering measurement

Il. EXPERIMENTAL SECTION The in situ time-revolved scattered intensitdepolariza-

tion condition was measured by using a 632.8 nm He-Ne

] ) . ) laser. To measure the time dependence of the scattered inten-
The PET films used in this study were furnished bysity, photodiodes were set at fixed scattering angles. The

Toyobo Industries, Inc. The number-average moleculagpecimens were subjected to a rapid temperature jump to the

weight (M,) was 15 000, and the polydispersitivl,,/M,)  desired temperatures. The time required to achieve the equi-

was 3.47, wherdl,, is a weight-average molecular weight, llbrium temperature is ca. 1 min. The change in the angular
The density of the amorphous PET fim was ca, distribution of the scattered intensity with time was mea-

1.335 g cm®, which was the same specimen as that used isured when the fixed specimen was annealed isothermally in
previous studie$228 The film thickness was about 20an. @ temperature-controlled cell.

The glass transition temperature was 72.3 °C, estimated by
differential scanning calorimetr§DSC).28

A. Preparation of specimens

4. Wide-angle x-ray diffraction measurement

X-ray measurements were carried out with a 12 kW
rotating-anode x-ray generat@Rigaku RDA-rA) operated at
200 mA and 40 kV. The intensity was detected with a
1. Positron annihilation lifetime spectroscopy curved position-sensitive proportional counter in an equato-

The PAL experiments were conducted using two convenlial direction. The x-ray source was monochromatized to Cu

tional fast-fast coincidence systems having a time resolutiofc® radiation with a platelike graphite monochromator. The
of 300 ps full width at half maximum. The sample chambersiatteang intensity with time was measurec_i in the range of
of the first system was combined with a closed—cycle Heo 32" (twice the Bragg angle,@®). The detailed method is
compressoCW303, made by Iwatani Co. Ltd., ensuring described elsewheré.
measurements in a vacuum in the temperature range of

—240-100 °C. The second system was combined with a

heating device, and the PAL measurements were performed The weight crystallinity(X,) of PET films was calculated

in a nitrogen atmosphere in the temperature range ofrom the density measured by a pycnometer in a mixture of
20-130 °C. Each spectrometer was composed of two plasticarbon tetrachloride amtheptane as a medium, using 1.455
scintillators (40 mm¢ x40 mm Pilot-U mounted on and 1.335 g ci? as the densities of the crystal and amor-
Hamamatsu H1949 photomutipligrs two differential  phous phases, respectivéty,

constant-fraction discriminatof©RTEC 583 (one for start

signals from 1.27 MeVy rays, and the other one for stop X, = PP~ po) %X 100% (1)
signals from 0.511 Mev annihilatiory rays, a time-to- p(pc— pa)

amplitude convertefORTEC 4570, and a multi channel wherep is the density of the specimen apgdandp, are the

analyzer with a 1024 conversion gai(EG&G/ORTEC o .
9198, The positron source used was prepared by depositin(gjensmes of the crystal and amorphous phases, respectively.

ca. 1.1 MBq(30 xCi) of aqueoug®NaCl on a Kapton foil of
7 uwm thickness and 18 10 mn? area. The source was fur-
ther sealed in a 3¢m Mylar foil and then sandwiched by two Figure 1 shows the temperature dependence of the storage
identical samples. The counting rate of the system was abouhodulus(E’) and the loss moduluéE”) at a frequency of

B. Measurements

5. Crystallinity

[lI. RESULTS AND DISCUSSION

075204-2



POSITRON ANNIHILATION STUDY OF DENSITY... PHYSICAL REVIEW B 71, 075204(2005

T T T T v T 2.2 T T T T T T T
4+ i
'gz.o - .
3 - -
[ [
& 18} .
~-~ 2} - '5
2 =
" 1.6 .
1} c b 0
ry o
| '} |
. 14} .
ok L S
1 2 1 2 1 2 L A 1 i i R \ ,
1 A L " 1 4 1 n 1 i L "
030 — T e —
I Berac) | i 1
025 ] . - K
I &t o
e
<020} ] 20} ~ i
5 1 (-66°C) . 2 o
015} . 2 -
|} ,,"‘ - . S5t o i
0.0 & X F 1 = o
L () . 1 & -
oos| 3N° » ’ - s or s’ 1
| ..‘. f ° L4 ] m”
[ P\ ]
oo0f .~ st ,.-'.p"O" _
1 2 1 i 1 i [ 2 L i 1

150 <100 50 0 50 100 L s e—
250 200 -150 -100 -50 0 50 100
Temperature (°C)

T emperature (°C)

FIG. 1. Temperature dependence of the stordg/e and loss o .
moduli (E”) for undrawn PET film measured at 10 Hz. FIG. 2. Temperature dependence of the o-Ps lifetime and its

intensity in an amorphous PET film. The heating rate fRC3h.

10 Hz for PET film.E’ decreases with increasing tempera-temperatures. Based on the same concept, Zhuang arfd Zuo
ture. This tendency is the usual manner, as has generallgported a transition between this andtrans configurations
been observed for polymers. The curveEdfhas two peaks: of the ester groups caused by the dielectric absorption pro-
a very sharp peak at around 74 °C corresponding tohe cess.

dispersion, and a very broad peak at around -66 °C, corre- Figure 2 shows the; andl temperature dependences for
sponding to they dispersion. The results are similar to thosethe amorphous PET film. The heating rate i§G/h. Al-

by lllers and Breue#® which were reported for the tempera- though the o-Ps lifetime has been successfully correlated to
ture dependence of the shear modul@) and the loss the size of the free-volume holes in polymers, its intensity
modulus (G”) with a torsion pendulum at a constant fre- has been found to be influenced by many factors, such as the
quency of 1 cycle/s in the temperature range between —18@mperaturé?34 positron irradiatior?>3¢ electric field®” and

and 260 °C. A very broad peak & appeared at a mean polar group®® Under proper conditiondg might be used to
value of about =66 °C, which was also reported®r Such  relate to the fraction of the free volume in polymers.
low-temperature processes have been confirmed for many The error bars in Fig. 2 have been omitted to make the
other polymers, but usually lead to contributions from muchpicture more readable. With increasing the temperatiye,
sharper peaks. This suggests that the mechanism of this lovand 75 increase. In this figure, two transitions for the amor-
temperature process in PET is a very complicated one. Thehous PET film are observed. The NMR measurements by
broad peak ofE” is certainly built up from two or more WardP! clearly revealed that above tiedispersion tempera-
closely adjacent peaks, belonging to the motions of differenture, both the benzene ring and the methylene group protons
groups or groups with different steric or energetic interac-undergo considerable molecular motion. Since then,ghe
tions. According to NMR experiments by Waed al.3* there  dispersion at 74 °C has been explained as a contribution
are hindered rotations of methylene groups below the glassom the glass transitiofithe g dispersion associated with
transition temperature, which presumably also occur withiran increase in the free volume and the micro-Brownian mo-
the crystalline regions. On the other hand, their dielectridion of the chain segments starting at this temperature. Inci-
measurements revealed a participation of the COO groupslentally, the existence of the dispersion associated with
Accordingly, the contribution of the methylene groups to thecrystal relaxation was found as a small peak by Yoshileara

E” peak will mainly be at temperatures below ca. —120 °C al.,*® who found the existence af dispersion by the peak
while that of the COO groups may be expected at higheseparation of a nonsymmetrical broad dispersion. The peak
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FIG. 3. Temperature dependence of the o-Ps lifetime and its Time(hr)

intensity in an amorphous PET film.
FIG. 4. Intensity of 0-Ps, varying as a function of the elapsed

appeared at a temperature close togdispersion. Here, we time at 102 °C for und.rawn gmorphous PET film. The solid sym-
must emphasize that the dispersion assigned by lllers and P0!S @ré for the o-Ps intensity and the open symbols are for the
Breuef® and Zhuang and Z{é corresponds to thg disper- corresponding o-Ps lifetimes.

sion, and that the8 dispersion corresponds to thedisper- 107 and ca. 72 °C, respectively. From ca. 72 #gchanged

sion discussed in this paper. T . X .
A . its rising slope, and began to increase more rapidly. Consid-

From the results shown in Figs. 1 and 2, it turns out th"?lt rable changes in the polymer amorphous parts occur during
for amorphous PET f|Ims,.t.he tempgratures associated W.“Eweir crystallization. These changes, especially the free-
the first and_ seconql transitions are in good agreemt_ant W'tvolume structure, have been studied by PAL mett3d8.
thosg associated with the _and y_dlspersmns, respectively. The intensity of the 0-Ps component in the annihilation
AS d|scu§sed above, tiedispersion p(_aak has bgen tho.ughtspectra is often connected with the number of free-volume
to be attributable to the glassy transition associated with thﬁoles‘”—“ In Fig. 3, the relative intensity of, increases

. -9, 3

micro-Brawnian motion of local chain segments. However, >
g from ca. 18% to 25% when the temperature increases from

D o 2ot 2 AL XbelMents. room temperatur o . 107 °C; s can be sxlaned y a
P g-aisp P increase in the number of holes. Beyond ca. 107.3 °Cl4he

cal movement of COO groups. Incidentally, such a good cor-

1 i 0, -
relation between mechanical dispersion and the transitioh’alue dropped immediately to ca. 23%, and then stayed con

oints detected by PAL spectroscopy was also confirmed fo?tam' Generaliyl; is affected by many factors, as shown in
Eltradrawn ol et% lene fFI)|m%5 Py the beginning of this section. From the fact that this tempera-
polyethy ) o . ture coincides with the spinodal temperature of 108'2C,
In condensed matter, Ps tends to localize in low-densit

parts of the sample, and the intrinsic o-Ps lifetité2 ng is Yvhich was observed by a time-resolved light scattering tech-

duced t | ds. This i d by 0-P nique, it is reasonable to connect this dropl §fo the mo-
reduced 1o several nanoseconds. 1NIs IS caused by 0-r'S gt 5 ordering by density fluctuations due to quasispinodal
nihilation with one electron, picked off from the surrounding decomposition. Ps atoms tend to be localized in the disor-

matter. The value of; for the pick-off process depends on d : ; -

; ) . ered partglow-density parts of a polymer matrix, and in
the S'Z(?(R) of the free-volume hole ‘."“ which 0-Ps is trapped'semicrystalline polymers Ps is localized in the amorphous
Accc)l%rdlng t(l) da quar}tztémr-]melchan|ca:.fm_odel propossd bYegions and crystalline-amorphous interfdtaherefore, a
Tao® and Eldrupet al™ the longest lifetime(rs) can be oelation between the crystallinity of the samples and the

correlated with the average radius of the free-volume holeg§_pg formation probability is often observ&iThe rapid
in the polymer matter. Nakanishi and J&aderived the fol-  gro5 4t 107.3 °C is not the result of crystallization. Because

lowing semiempirical equation: of the measurement by time-resolved light scattering, the
R 1 . 2mR -1 drop may suggest the possibility of molecular orderidgn-
7'3:0-5{1 _R+—166+ 2—sm<—)] (2)  sification, which reduces the free-volume spaces available
. T R+1.66 ;
for Ps and leads to a decreaselin Of course, molecular
wherer; is the 0-Ps lifetime expressed in nanosecoitls,  ordering does not cause the formation of crystallites, but the
the average radius of the spherical well expressed in andermation of a local orientation of amorphous chains. Actu-
stroms, and 1.66 A is an empirical constant. ally, the spinodal temperature by time-resolved light scatter-
The free volume in A corresponds to the hole volume ing was confirmed to be ca. 108 €.
Vi=(4/3)7R3, and the average size of free-volume holes Figure 4 shows the time dependence mfand I; at
(hole radiusR) can be calculated by E¢R) from the value of 102 °C for an amorphous PET film. The temperature jump in
73. Figure 3 shows the; andl; temperature dependences for 10 min was from room temperature up to 102 °C, and was
an amorphous PET film. The heating rate i§@/h. The then kept at 102 °C. It is obvious that the curves can be
error bars in Fig. 3 have also been omitted because the errdivided into three stages: stagéch. 0—50 h, wherer; and
is very small. The transition temperaturesrgfandl; are ca. I3 of 0-Ps remain constant; stage(¢h. 50—210 )y wherers
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23— - L LA more, a clear gradual decrease iris observed in stage I,
3 Undrawn A=1 o I

" 3 althoughr; tends to remain constant again. Thus, it may be
Annealing at 106°C concluded that the higher the annealing temperature, the
faster are the decreasesmfandls. A similar tendency was
also confirmed by time-resolved light scatteriig.

Nakanishiet al*® observed that for polgther ether ke-
tone the o-Ps lifetime did not change with an increasing
amount of crystallinity, but the o-Ps yield decreased linearly
with increasing amount of crystallinity. Also Lindt al*’

22

211

552353
202 §§§§

o-Ps lifetime T (ns)
o-Ps Intensity 1.(%

§§§§§§§§§§§ §§§ 18 found a similar result for polypropylene whetg changed
3

] very little with the amount of crystallinity. These results sug-
19f gest that the decrease in bathandl; seen in stage I(Figs.

o 4 s 5 16 20 ® 4 and 9 should not be ascribed to the crystallization process.

Time(hr) . To give more conclusive eviden_ce concerning the mecha-
nism of the rapid drop of; andl,, time-resolved light scat-

FIG. 5. Intensity of 0-Ps, varying as a function of the e|apsedter|ng and WAXD measurements were carried out, in order
time at 106 °C for undrawn amorphous PET film. The solid sym-t0 compare with the results obtained by using PAL spectros-
bols are for the o-Ps intensity and the open symbols are for th€OPY:
corresponding o-Ps lifetimes. Figure Ga) shows the change in (Hq=2.77x10* A~

and the appearance of a small-angle light scattering pattern

and |5 tend to decrease with the elapsed time; and stage llinder the cross-polarization condition, which is called the
(after 210 h, where 73 and I3 remain constant again. De- Hv scattering pattern, against time, measured for the amor-
tailed observation, however, reveals a very slight decrease @hous PET film;q is the magnitude of the scattered vector,
I3 in stage Ill. Such a classification is similar to that alreadygiven by q=(4mn/\)sin(6/2), where\, 6, and n are the
observed by time-resolved light scatteritfgyhich also sug-  wavelength of light in the film, the scattered angle, and the
gests that the decrease in the time period from ca. 50 teefractive index, respectively. Figurdéd shows the density
210 h can be attributed to the molecular ordering by densitglependence on time and the corresponding crystallinity cal-
fluctuations. culated by Eq.(1), assuming the intrinsic densities of the

Figure 5 shows the temperature dependencg ahdl; at  crystal and amorphous phases, as described in Sec. Il. Ac-
106 °C for the amorphous PET film. The temperature jumpcording to a previous papétthe sample was heated rapidly
was achieved in accordance with the same method as dep to 108 °C, corresponding to the spinodal temperature,
scribed in Fig. 4. The curves can also be classified accordingnd kept at the same temperature. The curve of the time
to three stages.: stage(0—3 h and stage 1(3—10 h) be-  dependence of the logarithm of the scattered intensity may
come shorter than for those annealed at 102 °C. Furthebe classified into three stages: the first stegage ), where

-2 T L T ¥ T A T 1 « T T T
g=2.77x1074" m
= 4 L g 2
2z g
s .y g o
= _,_,-;-“-‘" - : 1
S i
—
=)
= 120min 180mm 240min 300min 360min

1

-8- - . . . -

FIG. 6. (@ Change of Ifl) at q=2.77

1365 — . . . ; - — 60 x 104 A=t and the Hv SALS patterns with time.
- (b) Annealing-time dependence of the crystallin-
1360} Undrawn {50 ity and the density of undrawn amorphous PET.
— Annealed at 108°C A
E 1355 403
C) g
Z 1350 30 =
-g | %
é’ 1.345 20 ,:\a
1.340 [ 10
1.335
@ - - | o 0
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the scattered intensity hardly changes with time; the second As shown in Fig. 6a), the Hv scattering pattern showed
stage(stage 1), where the intensity increases linearly; andan indistinct circular type in stage | indicating no existence
the third stagéstage 1), where the intensity starts to deviate of any superstructure detected at the wavelength level of a
from a linear relationship, and tends to level off. It has beerHe-Ne gas laser. In stage Il, Hv scattering patterns observed
reported that stage | corresponds to a limited time scale whe@t 180 and 240 min showed four indistinct broad lobes. Such
the average length of the rigid segments attains a criticat Pattern has been reported to be due to scattering from
value, given by a theof§ proposed by Shimada, Doi, and Sheaflike structuré&®2 with large fluctuation of the optical

Okano, and is assigned to a process where the polymer chafXes: In the sheaflike structures, the optical axes correspond
’ ; do the ordered aggregation of amorphous chains. Actually,

the density was almost the same as the original sample, in-
[#jicating no crystallization. With increasing time, plots of

due to the release from the frozen state, andridnes form is n() VS time deviatg from thg straight line, and the corre-
preferred to thegaucheone to assure a more stable stateSpondlng Hv scattering300 min shows a four-leaf-clover-

when the film is annealed above the glass transition tempergtype pattern, indicating the existence of spherulites. The

ture. In a previous pand? it was postulated that the confor- Structural change from a sheaflike structure to spherulite is
: P Papet, P obviously attributed to the growth of crystallites. Actually, in

mational Ch"%”ge_s and th? lengths of the rigid segments of this staggthe immediate stage from stage Il to stage, fihe
polymer chains increase in stage I However, dens'ty.ﬂuctuadensity and the apparent crystallinity began to increase. With
tions hardly occur in this stage, since the scattered intensity frther lapse of time, at 360 miin stage 1) the pattern

hardly increases at this time. This means that in stage I, thgecomes more distinct indicating an increase in the number
average length of the rigid segments does not attain a criticglf spherulites associated with a gradual development of crys-
value. Judging from the similar time dependencepdndl;  tallites. In other words, no rapid increase in density occurs in
in Figs. 4 and 5, stage | is also thought to be the period oktage 1I1.
change of conformation and rigidity of the chain segments as Returning to Figs. 4 and 5, it can be seen that the time
described above. dependence of; and |5 obtained by PAL spectroscopy ex-
When the critical length is achieved, the isotropic amor-ibits three stages. Especially, the time intervals for the three
phous state becomes unstable, indicating that density fluctugtages in Fig. 5 are similar to those shown in Fig. 6, since the
tions occur by spinodal decomposition. Actually, in stage Il,rapid temperature jumps are similét06 and 108 °¢ As
logarithmic plots of the scattered intensity ofllnincrease  for the results at 106 °C, the time periods of stage I, stage I,
linearly with time, and the behavior is similar to the initial and stage Il are from 0 to 3 /{180 min, from 3.5 h
stage of phase separation of isotropic amorphous polymgp10 min to 7 h (420 min, and from 7 h(420 min to even
blends by spinodal decompositiét™!In a previous pape¥,  |onger times. Judging from the 2 °C difference between the
similar experiments were carried out by rapid temperaturgight scattering and the positron annihilation measurements,
jumps from room temperature to the desired temperaturghe three stages of positron annihilation obviously corre-
(=110 °Q. The change in the scattered intensity againskpond to the three stages of light scattering. In Figs. 4 and 5,
time after stage | was analyzed by using the following equafor stage I, fast decreaseslipand r; are attributed to spin-
tion: odal decomposition, while for stage 1ll, a slight gradual de-
crease inl;, but no change i is attributed to crystalliza-
_ _ tion because a polymer with different crystallinity usually
I(a.) =1(q,t=0)exd2 R(Q)t] ) shows changes only iy based on PAL measurements. Ac-

) . _ ) o cordingly, the decrease of andl; at 107.3 °C in Fig. 3 is
wherel(q,t) is the scattered intensity at tinb@fter initiation 4,91t to be attributable to the local molecular orientation
of the spinodal decomposition, afq) is the growth rate of - ot amorphous chains, leading to density fluctuations associ-
the density fluctuation, given as a functionpfR(q) is given  ated with quasispinodal decomposition.
by A question can arise as to how these microscopic changes

such as free-volume hole size and the hole number can be
correlated with light scattering results indicating that the ob-
+ ZKQZ}

for amorphous PET films, it has been repoft&édthat the
internal rotation of the ethylene groups begins to be allowe

(4) servation scale of the density fluctuation is several thousand
nanometers. This is due to the fact that a number of free
volumes exist in the large-scale density fluctuation region

where D, is the translational diffusion coefficient of the and then the transition from the uniform amorphous region

amorphous chains of PET filnfi,is the free energyp is the  with random molecular chainfow-density region to the
density of the PET film, anea is the density-gradient energy ordered-amorphous-chain regiofihigh-density regioh is
coefficient defined by Cahn and Hilliaté!* Another de-  sensitive to the decrease in free-volume hole size and the
tailed observation characterizing the early stage of SD redecrease in the number of free volumes. Thus the transition
vealed that, in stage Il, the scattered intensity measured agflects the decreases I and 5 with elapsing time, as

each time has a peak, and that the peak becomes sharpgfown in Figs. 4 and 5.

without changing the peak position. Analysis by spinodal In order to facilitate understanding of more detailed infor-

decomposition supported results obtained by x-ray, DSC, anghation concerning thermal crystallization, the x-ray intensity

density observatiot? distribution was measured as a function of time at a fixed

P
— _ 2
R(@)=-Dgq { #
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The appearance of the diffraction peak indicates that the

Undrawn polymer-rich phase in the amorphous phase occurred be-
Annealed at 108°C i cause of the density fluctuation of amorphous chains associ-
(110) (100) ated with the local molecular orientation; subsequently, the

(010) unstable crystallites appear in the polymer-rich phase with

further growth of the density fluctuations. Of course, the
crystallization progresses with elapsing time.

Incidentally, when the specimen was heated by a rapid
temperature jump to 102 °C and light scattering and x-ray
measurements were done in the time range 0-8 h corre-
sponding to the time range in Figs. 6 and 7, no change in

Diffraction Intensity [arb. units]

P

t=410min light scattered intensity or x-ray diffraction intensity could be
observed. This is due to the fact that 0—8 h is the time range
400 corresponding to stage | with no changerirandl; (see Fig.
4). Incidentally, 8 h is the maximum time to pursue the light
330 scattering experiment without any damage of He-Ne gas la-
310 ser instrument. Anyway, this result, as a further confirmation,
%20 supports no density fluctuation of the amorphous phase in
200 stage I. . . o
150 Returning to Fig. 6, we confirmed no Hv scattering in
70 stage | and confirmed an indistinct scattering with no azi-
0 muthal angle dependence of the pattern at the intermediate
PR NV TP S E— L stage from the end of stage | to stage Il. The pattern was of
5 10 15 20 25 30 35 x type beyond 180 min. The Hv scattered intensity was much
20 (deg) weaker than the corresponding Vv scattered intensity. Of

course, the Vv scattering patterns was of circular type with
FIG. 7. Change in the WAXD profiles with time. The samples no azimuthal angle dependence, indicating isotropic scatter-
were isothermally annealed at the indicated temperature. ing. In such an initial stage showing a circular type of Hv

, _ , pattern, we haws
temperature. Figure 7 shows the change in the WAXD inten-

sity profiles for amorphous PET specimens under an anneal- 4 o

ing process at 108 °C, corresponding to the spinodal tem- vy = =y = K<772>f w(r)
perature of the present amorphous PET fifmFor 3 0
convenience, the curves of the x-ray intensity are shifted ~ o ]
along the intensity axis to clarify the time dependence of thevhere(z°) is the mean-square polarizability fluctuation and
intensity distribution. The time described in each x-ray curve(r) is the corresponding correlation function. In the present
indicates the beginning time of the accumulation of the x-raystudy, the angular dependence of the scattered intensity is
intensity. The accumulation time was 5 min. The intensityassumed to be a monotonically decreasing function. By using
distribution curve at O min denotes the accumulation intensuch a function, it is very difficult to obtaim(r) by a Fourier

sity in the range from O to 5 min, since the accumulationtransformation with sufficient accuracy. The desired informa-
time is 5 min. Compared with the time scale shown in Fig. 6.tion could be extracted by assuming that the scattering over

the indicated 0 and 70 min correspond to stage | in Fig. 6ihe entire angular range can be described by assuming
150, 200, and 240 min correspond to stage Il. Furthermoreg 5 ssiang We thus have

280, 310, and 330 min correspond to the intermediate stage
from the end of stage Il to stage lll, and 400 and 410 min r2
Ar) = exp( )

Si

nqrr2 dr (5)
qr

correspond to stage Illas shown in Fig.  In stages | and
I, the x-ray intensity diffraction still shows a smooth curve
with a maximum of around &=21° ( 6y is the Bragg
angle, which is attributed to scattering from amorphous re-
gions. When the light scattering measurement is beyon
280 min in Fig. &a), the corresponding x-ray intensity be- 16 22
gins to split into several very weak diffraction peaks, indi- |n<|Vv - |Hv) = |n<—47-;11/2<772>a3> -—0 (7)
cating the beginning of crystallization. This means that stage 3 A 4

II, which ensures the linear relationship ofllnwith time, is The parametes is the correlation length for estimating
independent of crystallization, because no existence of Crysne extension of the inhomogeneitsThe amorphous
tallites was detected by x-ray diffraction. The intensity phase becomes uniform whartakes an infinite value.

curves show the reflections from tk@10), (100, and(110) Figure 8 shows an example of the scattered intensity data
planes, when the annealing time is beyond 400 min. Thiplotted as the logarithm of the absolute Rayleigh rati@¥s
indicates the appearance of large crystallites with the proat the indicated time. The slope of the line allows a determi-
gression of crystallization. nation of the parametex in Eq. (7).

(6)

a?)’

Substituting Eq.(6)into Eq. (5)and performing the integra-
H’on yields
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Undrawn Undrawn
-4t Annealing at 108°C for 30min Annealing at 108°C for 60min
a=0.8682 X 10°A 2=0.8218 X 10°A

6} 1k

8t 4 F

[y
N’
S -10 ) ! L ) ! '
Undrawn Undrawn FIG. 8. Plots of Ifl) againstqg? for undrawn
4 Annealing at 108°C for 120min | Annealing at 108°C for 130min - PET films.
a=0.7790 X 10" A 2=0.5808 X 10° A

400 110 20 30 40
103q2(AD

Figure 9 showsy(r) curves recalculated by using the val- fluctuations characterizing the initial staggage 1) of SD.
ues ofa. The profile ofy(r) becomes sharper with increasing Accordingly, the density fluctuation becomes more signifi-
time. This indicates that the density fluctuation becomesant with elapsing time, and the ordered amorphous chains
more considerable with time; this tendency becomes signifiprovide crystallization with regard to the growth of a stable
cant at the beginning of stage Il. That is, as for the profiles otrystal lattice detected by x-ray diffraction. Furthermore, it is
¥(r) at 30, 60, and 120 min, the profile becomes slightlyworth mentioning that the polarized light scattering experi-
sharper with increasing annealing time, reflecting that thénents provided a domain size with the local molecular ori-
conformational changes and the lengths of the rigid segmen@ntation, which is much smaller than the wavelength of the
of the polymer chains increase in stage |. However, the protle-Ne gas laser.
file at 130 min is much sharper than that at 120 min. The
profile of y(r) at 130 min indicates the formation of a
polymer-rich phase with local molecular ordering by density IV. CONCLUSIONS

Positron annihilation lifetime spectroscopy has been ap-
plied to study polyethylene terephthalates a function of
temperature, and as a function of the elapsed experiment
time at predetermined constant temperatures. The tempera-
ture dependence of the o-Ps lifetifwg) and the correspond-
ing intensity(l3) was in good correlation with the mechani-
cal dispersions. The peak positions of €74 °C) and y
1 (—-66 °C) dispersions, obtained by dynamic mechanical mea-
surements, correspond to the first and second transitions
Of 73.

The curves ofr; and I3 of 0-Ps as a function of the
elapsed experiment time can be divided into three stages:
stage |, wherer; and I3 are maintained constant; stage I,

0 ' 1 ' 5 3 Where 7; and I; decrease rapidly; and stage I, wherg
r(um) tends to remain constant, arg gradually decreases. The
higher the annealing temperature, the shorter stage | and

FIG. 9. Recalculated correlation functi¢m(r)] against the ob- stage Il become and the more steeply dogslecrease in
tainedr for undrawn PET films. The samples were annealed astage lll. This result is similar to that obtained by using
108 °C for 30, 60, 120, and 130 min, respectively. time-resolved light scattering. It thus turned out that the

T v T
1.0 Undrawn T
Annealing at 108°C
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higher the annealing temperature, the faster is the structuratystallization, but due to the beginning of molecular order-
change. Furthermore, x-ray diffraction revealed no existenceng in the amorphous chains, leading to density fluctuations;
of crystallites in stages | and Il. This means that the rapichamely, the temperature of the rapid droprefandl; can be

drop of =5 and I3 under the heating process is not due toassigned to be equivalent to the quasispinodal temperature.
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