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Abstract

Time-resolved small-angle X-ray scattering (SAXS) measurement was carried out to trace the structural change of polyethylene (PE)
during the isothermal crystallization from the melt. All kinds of PE samples of high-density PE, linear low-density PE, and deuterated high-
density PE were found to show essentially the same SAXS pattern changes, although the crystallization rates were different among them. The
thus obtained SAXS data were combined with the previously reported FTIR data [Tashiro K., Sasaki S., Kobayashi M., Polym J,
1998;30:485] and could be interpreted quantitatively by dividing into the following three time regions: (1) immediately after the sample
was cooled to the crystallization temperature, the density fluctuation in the molten state increased, resulting in the generation of the
conformationally disordered shottans segments. (2) The disorderédhns segments experienced the conformational ordering to the
orthorhombic-typeranszigzag form. These regular chain segments were aggregated to form a crystalline lamella of chickDéss.

This separation of the system into the high (lamella) and low density (amorphous) regions occurred with cpei68.43) These isolated
lamellae were stacked more densely by generating new lamellae in between the already existing lamellar layers, creating a structure of ca.
400 A period.© 1999 Elsevier Science Ltd. All rights reserved.

Keywords Polyethylene; Isothermal crystallization; Time-resolved SAXS

1. Introduction synchrotron radiation source and/or highly-sensitive detec-
tor [1-15]. In most of these studies, however, the tempera-
When the crystalline polymer is slowly cooled from the ture jump from the melt to an isothermal crystallization
melt, a spherulite is created. In the spherulite the crystalline temperature was not so sharp as to allow us to trace the
lamellae and the amorphous phase are aggregated togethatetails of the structural change of PE. In other words, the
to construct the higher-order structure. It is important to structural information might become obscure because of
clarify this complicated crystallization mechanism from such a “diffuse” temperature change. Besides the discussion
the microscopic molecular level. But the regularization was made mainly on the lamellar structural formation, not
process of the polymer chains from the random coils to about the structural change in the molecular level.
the crystalline phase is still under discussion [1]. Polyethy- In the previous article, we investigated the ordering
lene (PE) is one of the typical examples. PE crystallizes too process of the chain conformation in the isothermal crystal-
fast and makes it difficult to trace the structural change in lization process from the melt by carrying out the time-
the crystallization process step by step. Recently, theresolved measurements of high-resolution FTIR spectra
detailed discussion on the PE crystallization has begun tofor linear low-density PE (LLDPE), high-density
be reported on the basis of the time-resolved small-angle PE(HDPE), and deuterated HDPE (DHDPE) [16,17]. At
X-ray scattering (SAXS) data measured by using the the early stage of the isothermal crystallization, the FTIR
data showed that the conformationally disordered short
*Corresponding author. Tel.:# 81-6-850-5455; fax:+ 81-6-850-5653. trans sequences were observed to appear at first in the
E-mail addressktashiro@chem.sci.osaka-u.ac.jp (K. Tashiro) random coils of the melt and these disorderedns

0032-3861/99/$ - see front matt€r 1999 Elsevier Science Ltd. All rights reserved.
Pll: S0032-3861(98)00864-7



7126 S. Sasaki et al. / Polymer 40 (1999) 7125-7135

LLDPE T°m — Tc, whereT°m is the equilibrium melting tempera-
6000 |5 AT=4°C ture andTc is a crystallization temperature. We tried to
) { oy determineT°m by carrying out the Hoffman—Week’s plot
< 400 g, 585 sec [26]. For example, thd°m of LLDPE was evaluated to be
% % ca. 112C. However, Alamo et al. reported that this method
8200 does not necessarily lead to a reasonable equilibrium
= 130 sec temperature [27]. Therefore the temperatilife, at which

osec T the crystallization bands begin to be observed in the infrared
A L spectral measurement during the slow cooling from the melt
0005 001 0;;)1@ 002 0025 [20-25], was used tentatively instead of fien. That is to
say,AT was re-defined a&T = T°c — Tc.
Fig. 1. SAXS profiles of LLDPE measured at the various times in the PE crystallizes rapidly wheAT is large. Although this
isothermal crystallization process in_ comparison with the _SAXS profile crystallization rate may be reduced to some extent by
ofastanglard sample, collagen. Judglgg from the SAXS profile of collagen, decreasing thaT, the temperature control with small fluc-
the data in the range lower than 0.0068 A can not be used because of the . . e . .
effect of beam stopper. tuation was quite difficult in the time-resolved SAXS and
FTIR measurements. Besides the temperature jump must be
as sharp and stable as possible. Then the temperature-jump
sequences grew to the longer and more regutans apparatus was designed carefully for this purpose. The
sequences of the orthorhombic-type crystal. details of the apparatus were already described in the
It is quite important to clarify the relation between the previous article [17,23,24], except that an air bath was
conformational ordering of chains and the formation of used instead of an oil bath to keep a sample at an isothermal
aggregation structure of lamellae in order to understand crystallization temperature. The principle of this tempera-
the details of the isothermal crystallization mechanism. In ture jump was as follows: the sample holder was kept at first
the present study, the isothermal crystallization behavior at the temperature above the melting point and then moved
from the melt was traced by the time-resolved small-angle rapidly to another position controlled at a predetermined
SAXS measurements for PE samples. These data weregemperatureTc). On the way of this rapid movement, the
combined with the previously reported FTIR data [17] and air was blown on the sample. This gave the very rapid cool-
analyzed to obtain the concrete structural change vieweding rate of ca. 60%C/min. Besides the temperature could be
from both the microscopic and macroscopic points. maintained atTc with sufficiently small fluctuation. It
should be emphasized here that the monitor of the sample
temperature was quite important in this experiment. There-
fore, we embedded the thermocouple inside the sample and
monitored the temperature directly by recording on an x-y
recorder. During this isothermal crystallization from the
?welt, time-resolved SAXS measurements were performed
on the beam line #10C of the Photon Factory, High Energy
Accelerator Research Organization, Tsukuba, Ibaraki,
Japan. The wavelength of the incident X-ray beam was
A = 1.4881 A The sample-to-detector distance was
1900 mm. The scattered X-ray signal was detected by
using a one-dimensional position sensitive proportional
aﬁounter (PSPC) for the collection time of 3—7 s and at a
time interval of 3—7 s. The scattering angle was calibrated
by measuring the SAXS pattern of a dried hen collagen as a
standard sample. The data correction was performed
with respect to the background scattering and the fluctuation
of incident beam intensity, followed by smoothing of the

2. Experimental section
2.1. Samples

The samples used here were those employed in a series o
our studies on the cocrystallization phenomena of the blends
between the DHDPE and LLDPE with various degree of
ethyl branching [18-25]. In the present article we will
focus our attention on the samples of LLDPE and
DHDPE. Compared with the HDPE sample, the crystalliza-
tion rate is relatively low for these two samples, making the
time-resolved measurements easier. Besides, the essenti
features of the crystallization behavior are not different
very much among all these samples [17,23]. The LLDPE
was supplied by Exxon Chemicals Co., Ltd. and the DHDPE
was purchased from Merck Chemical Co. Ltd. The charac-
terization of these samples was made as follows:

data.
My, M, M,/M,,  ethyl branching/1000C
LLDPE 75K 37K 2.0 17 . .
DHDPE 107k 34k 3.1 2.3 3. Results and discussion

3.1. SAXS profile change

2.2. Temperature jump and SAXS measurements o )
In the SAXS measurement, it is very important to

The degree of supercoolin\{) was defined aaT = check an effective range of the wave vectpr where
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Fig. 2. Time dependence of the SAXS profile measured for LLDPE sample
at the supercoolindT = 4°C in the isothermal crystallization process from
the melt.

g = (4m/))sin 6 (6 : scattering angle). In Fig. 1 SAXS
profile of LLDPE sample is compared with that of a
hen collagen, a standard sample. In the rangegof

ca. 0.0068 Al a masked region in Fig. 1, the SAXS

7127
(a) Time region |

LLDPE AT = 4°C,t = 0-100s
DHDPEAT = 4°C,t=0-20s

After the sample was cooled rapidlyTo from the melt, a
Lorentzian-type SAXS profile appeared whose peak was
expected to be positioned gt= 0A! , and increased its
intensity. This time region became shorter as the degree of
supercooling was increased and also for the case of DHDPE
than for LLDPE.

(b) Time region Il

LLDPE AT = 4°C,t = 100-220 s
DHDPEAT = 4°C,t = 20-50 s

A peak began to be observed arougd= 0.008 AL
which corresponds to the periodic structure of ca. 700—
800 A, and increased its intensity with time.

(c) Time region Il

LLDPE AT =4°C,t=220s
DHDPEAT =4°C,t=50s

As the time passed further, the position of this peak
gradually shifted to higheq direction. This peak ceased

intensity drastically decreases as a result of a beamthe growth (for LLDPE,AT = 4°C) or began to decrease

stopper. Therefore, we may actually treat the SAXS
data in the effectiveg range higher than 0. 0068A

The time dependence of the SAXS intensit{g)
measured for LLDPE sample during the isothermal crystal-
lization atAT = 4°C is shown in Fig. 2. In Fig. 3 is repro-

the intensity (for DHDPEAT = 4°C). At the same time a
shoulder began to appear aroumd= 0.016 Al and
increased the intensity in the case of LLDPEAdt= 4°C
which corresponds to the long period of ca. 4OOIrAthe
case of DHDPE aﬁT = 4°C, a clear peak was observed

duced the time dependence of the SAXS profile measuredaroundq = 0.013 A ! and mcreased the intensity, during

for the DHDPE sample &&T = 4°C. The experiments were
made also under the other variah§ conditions and all the

SAXS data were found to show essentially the same time
dependence. That is to say, these profile changes may be

divided into three stages of time evolution.

| | pHDPE, AT=a°c

6000

40005 1558

I(g)/a.u.

2000658 [ ¥y

Fig. 3. Time dependence of the SAXS profile measured for DHDPE sample
at the supercoolingT = 4°C in the isothermal crystallization process from
the melt.

which the peak atj = 0.008 A ! decreased instead.

3.1.1. Time region |

In this time region, the SAXS intensity was observed
apparently to increase gradually and monotonously. Then
we assumed that this profile change may be interpreted on
the basis of the thermal density fluctuation in the homoge-
neous system [28]. In this case the SAXS profile should take
the Lorentzian-type shape with the peakgat O AL of
course we can not say definitely whether the observed
curves in this time range possess the peaks at center position
or not, because we had the limitgdange, as pointed out
already. A possibility to detect another peak in the smajler
range will be discussed later. If the Lorentzian-type profile
is assumed, then the Ornstein—Zernike (O—Z) plot is linear
as expressed by the following equation;

VI(Q) = [V1(O][1 + & (1)

wherel(0) is the scattering intensity ardis the correlation
length. As a typical example, the case of LLDPEAdt =

4°C will be shown here. (In the case of DHDPEAE = 4°C,

this time region is too narrow and is not practical for the
guantitative discussion.) In Fig. 4 are shown the O—Z plots
made for the LLDPEAT = 4°C) in the time region where
no peak could be observed in the SAXS profiles. In dghe
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Fig. 4. Ornstein—Zernike plot for LLDPE sample in the time region of the B
earliest stage of the isothermal crystallization from the mglt € 4°C). é 8
range smaller thaRg™*, whereRgis the radius of gyration o8 500 1000 1500
of the random coil £130 A according to the small-angle Time/sec
neutron scattering measurement [25,29]), the O—Z plot was 6 DHDPE
found to be linear, supporting the reasonableness of the S 5L AT=4C
interpretation based on the homogeneous one-phase system 8,
[30]. It should be noticed here that the O—Z plot was made g B
in a relatively narrowq range because of the limitation 7,
caused by the effect of X-ray beam stopper, and so the linear £ ]
relation between 1(q) vs. g> might be only apparent. But o .
the linear relation itself betweenl(d) andg®was not incon- 0 100 200 300
sistent with the assumption that the SAXS profile was simi- Time/sec

lar to that expected from the thermal density fluctuation. Fig. 6. Time dependence of the peak intensities evaluated from the SAXS
Another possibility will be discussed in a later section. gata of LLDPE sampleXT = 4 and 6C) and DHDPE sample\T = 4°C).
The 1/(0) and¢ could be obtained by plotting [{¢)) against TheL, andL, correspond to the peaks observed in the early and the later
q2. In Fig. 5, 11(0) and¢ estimated from Fig. 4 are plotted  stages of isothermal crystallization. Refer to Figs. 2 and 3.
against time. In the early stage of the crystallization of
LLDPE at AT = 4°C, the I(0) increased with time and homogeneously. In this model the correlation length is
was predicted to be diverged into infinity around 210 s, as given theoretically ag = Rg+/3 = 75 A, where the radius
estimated from the extrapolation of thel (D) to the zero of gyration of the chaifRg=ca. 130 A[29 30]. The valueis
value. But, in the actual system, before being diverged into almost in agreement with that shown in Fig. 5. This result is
infinity, the other type of structural change began to occur also consistent with the experimental data of small-angle
around 100 s, and so the treatment of the data on the basis ofeutron scattering collected for the blends of deuterated
the O-Z plot could not be useful anymore. and hydrogenous PEs, revealing the reasonableness of an
The ¢ value, 70— 80 Ais consistent with the correlation  assumption of homogeneously mixed Gaussian-type chains
length predicted from such a model that the random coils in the molten state [29]. This random-coil character is
of ideal state (Gaussian chains) are mixed togetherassumed to be held even in the time region I, giving the
earlier-mentioned good relation in the correlation length
between the observed and calculated values. In this way,
0.6 AT=4C the O-Z plot made in this time region may be assumed to
. 3 100 be reasonable although the availableange is narrow as

L0125 e gege *Tteetetta0en o e pointed out earlier.

e 50 >

7;008 3.1.2. Time regions Il and llI

= %, 1(0)" 0 In this time region, a peak began to be detected af ea.

0.04 "*-.3000000000% 0.008 A* and increased its intensity with time, implying
b IR the appearance of a periodic structure of 700— 809@“ 6
0 50 100 150 200 250 300 shows the time evolution of the peak intensitlés;) and
time/sec I(L,) of the periodic structures df; = 800 A andL, =

Fig. 5. Time evolution of 1(0) and the correlation lengthobtained from 400 A Whgre thel(Ll) was estlmated dlreCtIy from FIgS. 2
the Ornstein—Zernike plot for LLDPE sample in the time region of the and 3, while the(L,) V_Vas Obta!ned from the data_anaIY_S'S
earliest stage of the isothermal crystallization from the m&R & 4°C). based on the correlation function as will be mentioned in a
Refer to Fig. 4. later section. As a trial, the logarithiiq) at a constant
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(a) ®) transition in the crystallization process (or non-conservation
Density Fluctuation of the order parameter before and after the transition). That
in the Melt . . .
is to say, the observation of the long period does not seem to
A A A A A match to the concept of spinodal decomposition in these
Enhancement of Time Region | time regions. Rather, judging from the S-shaped curve of
800& Density Fluctuation 1-10 pm

I(q) vs time plot seen in Fig. 6, which is similar to the curve
expected from the so-called Avrami equation as shown in a
later section, it might be reasonable to assume an occurrence
of nucleation and growth of the crystalline lamellae in these

N Time Region Il time regions Il and lll. The quantitative analysis will be

) /\ made in a later section.
7 \ / In the later part of the time region II, the peak of the

Lamellar Stacking | | SAXS profile shifted from ca. 0.008 A& to higherq value

— as seen in Figs. 2 and 3, indicating that the structural period
became apparently shorter. The intensity of this peak
increased still but the increasing rate became slower. As
4004 400A 4004 4004 Pgriodicel Structure | Time Region |l the time passed further, a new phenomenon began to be
g -~ observed. That is, a shoulder (for the case of LLDPE at

Lamellar Formation
8008 8004
> <> st

800A 4004 400X
> > <>

> <>

M AT = 4°C) or a peak (for the case of DHDPE AT =

4°C) began to appear around= 0.016 A * and increased

- the intensity gradually. At the same time the original peak of
Fig. 7. An illustrated structural change of PE in the isothermal crystalliza- 800 A period ceased to increase (for LLDPE witT =

tion from the melt: (a) The density fluctuation in the melt develops to the 4°C) or decreased gradually (for LLDPE AT = 6°C and
isolated lamellar structure of ca. 800p&riod; (b) The density fluctuation DHDPE atAT = 4°C), as shown in Fig. 6. This new peak
in the melt develops to the separated regions of high and low density with a corresponds to the periodical structure of ca. éciO(].é) In

period of 1pum ordgr. In the high-density region, the lamellar stacking . . N S
occurs with ca. 800 Aperiod. It should be noticed that the scale is quite this way, in the crystallization of PE, the periodic structure of

different between the models (a) and (b). In both the models (a) and (b), the aboqt 800 AChanged gradua!ly into the periOdiC structure of
lamellar structure of 800 Averiod becomes more highly densed stacking 400 A In more detail, the 400 periodical structure coexists
structure of ca. 400 Averiod by introducing new lamellae in between the  with the 800 Aperiodical structure in the case of LLDPE at
already existing lamellar layers. In the case of LLDPE, this structural AT — 4°C, while the 400°Astructure increases the population
\fnglfvcvza:fgn:’;;?: fetd t"’r‘]r;dcgost: L?eD‘Legg(ésl‘ of400andBodsted, o the 800 Astructure decreases the population in the case
of DHDPE atAT = 4°C. From these observations, we may
speculate that a new lamella is generated between the already
position was plotted against time. This plot was found to be existing lamellae of 800 Aperiod and the lamellar stacking
apparently linear in the time region of 100—220 s; i(@) is structure takes ca. 400 period.
expressed by an exponential form of time. This behavior of Based on the interpretation made for the time regions I—
I(q) is apparently similar to the spinodal decomposition Ill, a schematic illustration of lamellar growth mechanism is
observed for polymer alloy [31,32]. But, in general, the shown in Fig. 7 (a). Immediately after the temperature jump
concept of spinodal decomposition is applied to the caseis completely finished, the density fluctuation is enhanced in
where the so-called conservation law is held in the systemthe melt, giving an increase of SAXS intensity (Time region
[33-35]. The observation of the long period gt = ). As the time passes, this density fluctuation is increased
0.008 A'! suggests the drastic change in the order further and the higher density part is speculated to concen-
parameter necessary for the description of the structuraltrate into a crystal nucleus (Time region II). Staring from

K(g () 0.6

v progress in time

1 1 1 1 J
H 0 100 200 300 400 500
<d> Lo z A

Fig. 8. (a) The electron density correlation functkfz) and the electron density distributiar(z) for the lamellar systenQ: the invariantd,: thickness of the
transition zone between the crystalline lamella and amorphousigatiickness of lamellar cores< d >: mean lamellar thicknesk;: long-period, and(L,):
electron density difference between crystalline lamella and amorphous part; (b) Example of time evolit{pn of
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Fig. 9. Time dependence of the various parameters obtained by the calcula-

tion of correlation functions from the SAXS profiles of LLDPE sample
measured in the isothermal crystallization from the melkat= 4°C.

these nuclei, the lamellar structure of the period of 700—
800 A is created. These lamellae are considered to be

isolated from each other by an amorphous region because

the lamellar thickness estimated from the correlation func-
tion analysis, as will be described later, is only 60With a
passage of time, the period decreases gradually. At the sam

I' . . LITDF’E,lAT=4 C- 14
g J1.2
D-Trans ]
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Fig. 10. Combination of the vibrational spectroscopic data with the SAXS
data collected for the LLDPE sample in the isothermal crystallization
process from the meltoaXT = 4°C. Q: invariant,(d): lamellar thickness.

L; (800A) and L, (400 A) denote, respectively, the long spacings of the
lamellar stacking structuré(L,) andl(L,) denote the intensities measured
for the SAXS peaks corresponding to these periods.
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DHDPE. AT=4°C
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é:ig. 11. Combination of the vibrational spectroscopic data with the SAXS
data collected for the DHDPE sample in the isothermal crystallization
process from the melt &T = 4°C. Q: invariant,(d): lamellar thickness.
L1(800:A) and L2(400:A) denote, respectively, the long spacings of the
lamellar stacking structuré(L,) andl(L,) denote the intensities measured
for the SAXS peaks corresponding to these periods.

time, between these isolated lamellae, new lamellae are
generated and the structure changes gradually into more
densely stacked lamellar structure of the long period of
ca. 400 A (Time region lll). In the case of LLDPE at
AT = 4°C, this structural change was not completed in the
experimental time range but it almost finished in the case of
DHDPE atAT = 4°C as seen in Fig. 6.

3.2. Correlation function and the structure parameters

The one-dimensional electron-density correlation func-
tion K(z) was calculated from the SAXS data. Under the
assumption of the two-phase model consisting of the alter-
nately stacked structure of the crystalline and amorphous
layers, theK(z) is defined by the following equation [36,37].

K@ = (n@) — ][nz+2Z) — )

=2 (m 1@ cosan dq @
where( ) is the statistical average anf{z) and(n) are the
electron density variation along the lamellar normal and
the mean electron density, respectively. Various points
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3.3. Details of structural changes viewed from the coupled
data of FTIR and SAXS

In the previous article we reported the time resolved FTIR
measurements made in the isothermal crystallization
process of PE, from which the ordering process of the
chain conformation was proposed [17]. As the two kinds
of data, FTIR and SAXS are now combined to get more
concrete structural change of the chains in this crystalliza-
tion process.

In Figs. 10 and 11, the time dependencies of the lamellar
structural parameters obtained from the SAXS data are
compared with those of the IR band intensities estimated,
respectively, for the three cases: LLDPET(= 4°C) and
DHDPE (AT = 4°C). This comparison can be made reason-
ably because the temperature jump in both the measure-
ments was carried out at almost the same rate of ca.
600°C/min. The structural change deduced from the follow-
ing discussion is illustrated schematically in Fig. 12.

3.3.1. (1) Time region |

In this time region, the 1368 cm IR band (LLDPE) or
the 1089 cm® band (DHDPE) increased the intensity
remarkably and kept the intensity for a while, which are
characteristic of the disorderénsform. Correspondingly
the thermal density fluctuation was observed in the SAXS
measurement, giving a gradual increase of the invafant

Fig. 12. lllustration of structural change in the isothermal crystallization of From these data, we may have an image that the transforma-
PE. The case of model (a) in Fig. 10 is described in more details based ontjon from gaucheto trans conformers occur drastically in

the combined data of SAXS and FTIR (refer to the text).

indicated on th&(z) curve give various physical parameters
as shown in Fig. 8(a): the invaria@= [§ (m) '¢’l(q) da,
the mean lamellar thicknegd), the mean boundary thick-
nessd,, the mean core thicknesls, and the long spacinig,
[36,37].

It should be noticed here that tk&z) can be used for the

the random coils during the earliest stage of crystallization,
giving an increase of density fluctuation in the homoge-
neous system. After that, the disordeteaihs band began

to decrease in intensity and the IR band of regtitans
zigzag form increased the intensity, and around here the
invariantQ began to accelerate the growing rate.

crystallization stages of Il and Ill because the two phase 332 Time region I
structure is attained in these time regions. Fig. 8 (b) shows The enhancement of density fluctuation between the

the example of the time evolution &fz) calculated for the
LLDPE atAT = 4°C. In Fig. 9 is shown the time dependence

gaucheand the disorderetrans segments resulted in the
formation of a nucleus in which the regultmanszigzag

of the structural parameters of LLDPE obtained from the cpain segments were aggregated together to form a lamellar

K(z) curves. After the temperature jump, the invaright

sheet of ca. 50 Ahickness. The increase of intensity of IR

increased gradually, reflecting the increase of the thermalpang characteristic of regultranszigzag form was accel-
density fluctuation. The parameters related with the lamellar grated further. That is, the formation of isolated lamellae

thicknessd,, dy and{d) increased to ca. 25, 40 and 60 A
respectively, at = 150 s and became almost constant after-
wards. In the time region Il, the peék corresponding to the
initially-observed peak in Fig. 2 was difficult to detect in the
K(z) curve. The peak of the long period,} reflecting the

lamellar stacking structure began to appear in the time

was accelerated and the periodic structure was formed with
a period of ca. 800 A

3.3.3. Time region IlI
In this region, new lamellae were created in between the

region Ill and decreased the value gradually to ca. 350 A already existing lamellae and the more densely stacked

The peak height(L,) evaluated from th&K(z) atz = L,

lamellar_structure was constructed with a long period of

position increased correspondingly, indicating the increaseca. 400 ‘A This structural ordering occurs enough well in
of the electron density difference between the crystalline the case of DHDPE (Fig. 6) but the original 800pézr|od

lamella and the amorphous phase.

structure remains appreciably in the case of LLDPE sample.
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LLDPE (AT = 4 °C) 3.3.4. Analysis of time-dependence of SAXS profiles
51 The SAXS profiles observed in these time regions Il and
3 Il are now tried to be interpreted on the basis of an idea of
4 . .
= I nucleation and growth of the crystalline lamellae. As
S 3f already mentioned, the time evolution of the SAXS intensity
s f of the 800 Apeak (Fig. 6) and that of the invaria@t(Figs.
8 2f 10 and 11) show the curves similar to that expected from the
g | Avrami equation [38,39]. Let us assume here that (i) the
1 F disorderedrans segments grown in time region | are gath-
b ered together and regularized to the crystalline nucleus
0 200 400 600 800 1000 1200 consisted of extended planar-zigzag segments of ortho-
Time/sec : : - -
rhombic-type packing structure, and (ii) these nuclei grow
10 into larger lamellae with ca. 800 ng period, and further
to those of 400 Aperiod. (Of course, these assumptions
>l should be confirmed by the observation of the nucleation
£ and growth of spherulites through the optical microscope or
g i light scattering technique or wide-angle X-ray scattering
2 s measurement, which will be made as a future research
% theme.) Based on these assumptions the inva@egxalu-
£ 3r ated in Figs. 10 and 11 may be expressed by the following
| ‘ equations in the time regions Il and Ill. As
O L 1 1 1 L 1 1
0 200 400 600 800 1000 1200 Qo X (1 — X)) = X, X <1 3

Time/sec . .
whereX_. is the degree of crystallinity, and
Fig. 13. Time evolutions of the invaria@ (upper) and the SAXS intensity

of the long period., (lower) measured for LLDPE sample&t = 4°C. The X =1—exp—k-1 (O]
solid curves are calculated on the basis of Avrami equation for the nuclea- ) ) o
tion and growth of crystalline lamellae. wherek is a constant and n is the Avrami index, and then we
have
08DHDPE (AT = 4 °C) Qoc 1 — exp—k-1 )
A Egs. 4 and 5 contain both the contribution from nuclea-
0.7 .
_ i tion and growth of the crystals. Ideally we should separate
g 0.5k these two contributions in the interpretation of the time
5 f evolution of the SAXS data, but the separation was quite
g 0.3r difficult in the treatment of the experimental data obtained

in the present research, being one of the reasons why the
Avrami equation was employed here. Based on Eq. 5¢the
Y| P T T SO TR PO S data were fitted reasonably by assuming the following para-

Time/sec
For LLDPE (AT = 4°C), k = 6.99% 10 ® andn = 1.93
For DHDPE AT = 4°C), k = 0.0025 anch = 1.75

These values af seem reasonable when compared with
those of PE samples reported in the Refs [40—-43].

In the time regions Il and Il we assumed the two-phase
model consisted of the lamellar and amorphous regions, as
already discussed in the previous section. If the thickness of
the transition zone between the crystalline and amorphous
regions is neglected (Fig. 8), then the SAXS peak intensity
T TR Leiileiialens, I(gmax) can be expressed as follows in a good approximation
% 50 100 150 200 250 300 350 400 [44].

Time/sec
| (Cma) = [FS” o< (> (Am)?[ 1~ (c)*1%/48) e [N

0.2

0.06f
0.05f
0.04f
0.03
0.2}

Intensity (arbitrary)

0.01}

Fig. 14. Time evolutions of the invaria@ (upper) and the SAXS intensity
of the long period_, (lower) measured for DHDPE sample &T = 4°C.
The solid curves are calculated on the basis of Avrami equation for the >
nucleation and growth of crystalline lamellae. oc X [

1- (<d>2I2/48)q2max]
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Fig. 15. SAXS profiles and their components of the long period structures
L, andL, evaluated for the data at the different time of the LLDPE sample
(AT = 4°C).
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Fig. 16. SAXS profiles and their components of the long period structures
L, andL, evaluated for the data at the different time of the DHDPE sample
(AT = 4°C).
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whereF is the structure factor of this two-phase system and
Sis the form factor introduced for the assumption of finite
array of N stacked lamellae. Th&l) is the mean lamellar
thickness A7 is the difference in the density between the
crystalline and amorphous regions, anis the scattering
order { = 1 in the present study). The,.y is theq vector
corresponding to the SAXS peak. In order to distinguish the
two peaks I; and L,), the notationsgyi,,(= 2/L,) and
O:2(= 27/L,) are used here. The increase in the SAXS
intensity may be reproduced by assuming the time evolution
of the lamellar thicknes&l), the number of stacked lamellae
N, and the electron density differende). In the one-dimen-
sional two-phase model, the degree of crystallinity is given
by X, = (d)/L. But the actually the crystallinity may increase
in a complicated manner not only by the increas¢dpfut
also by the increase &f and so on. The second equation in
Eg. 6 is given under such an assumption. By taking into
consideration this situation of the structural change, the
SAXS intensities of theL; and L, peaks may be written
approximately in the following equations.

(Ly) = |(Glla0) o€ XC<L1>2[1 - (<d>2'2/48)(q*ax)2] @

I(Ly) = 1(q2,) o XC(Lz)z[l ~ (<d>2|2/48)(qh$ax)2] ®

where theX (L)) (i = 1 and 2) denotes the degree of crystal-
linity contributed by the structure of the long peribd The
time dependence of. was given by Eg. 4 as the following:

Xe(Lg) oc 1 — exp(—kyny)
9
(in Time region 1)

Xc(Lp) oc 1 — expl—ka(t — to)™]
(10
(in Time region Il

Xo(Ly) oc 1 — X(Lp) o< expl—ky(t — tg)™]
(in Time region 1))

where theX(L,) is considered to decrease in the time region
Il because of the increase of the structure of long pekiod
Thet, is used to indicate the time lag between the appear-
ance of the peakis; andL,. In the actual data analysis we
assumed simply tha = k, = k=6.99x 10 ®andn; = n, =

n= 1.93 for LLDPE AT = 4°C) andk; = k, = k= 0.0025
andn; = n, = n = 1.75 for DHDPE AT = 4°C).

Our purpose is to check whether the SAXS data obtained
in the time regions Il and Il can be reproduced reasonably
or not by Egs. 7—-10. The time evolution of the peak inten-
sity I(L,) of the long period., was presented in Figs. 10 and
11, which was evaluated from the correlation function (see
Fig. 8) and may be considered to reflect relatively well the
original contribution of the purd, structure. Moreover,
I(Ly) of the long periodL,; was estimated directly from
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Figs. 2 and 3 without any curve separation process, and sa3.4. A possibility of another model

the contribution froml(L,) seems to be included more or

less, as already explained earlier. Therefore we tried to fit

thel(L,) data at first in order to adjust the parametérar(d

At this stage, we need to remember the discussion made
in the section of SAXS data treatment. Concerning the

n) and then to reproduce the total SAXS profiles contributed SAXS data in the time region I, we did not have any infor-

from both thel; andL, structures.
The curve fittings of(L,) made for the cases of LLDPE

mation whether any additional peak appeared or not in the
low g range. We assumed that the SAXS profile exhibited

and DHDPE are shown in Figs. 13 and 14, respectively. The the peak only at the center positiongpt 0 A™ and that the

used parameters in Egs. 7 and 8 wete = 60 A (for
LLDPE, Fig. 10) and 110 Affor DHDPE, Fig. 11) and
Oz, = 400 (for LLDPE) and 380 A(for DHDPE). Thek

O-Z plot based on the density fluctuation in the homoge-
neous system could be usefully applied to the analysis of the
SAXS profile observed in this time region. But, in the crys-

values were transferred directly from the data analysis of the tallization phenomenon, we always have to take the spher-

invariant Q. The thus adjusted parameterwas 1.91 for
LLDPE and 1.56 for DHDPE. They are relatively close to
those determined from the Q data. The timetlagas found

to be almost 0, indicating that immediately after the appear-

ance of the 800 Aong period structure, the 400 periodic

ulite structure into consideration, which can be obtained in
the sample crystallized from the melt. In general, the
distance between the adjacent spherulites is an order of

pm, corresponding to thg value of 10°%A~* order. Stein
et al. measured the small-angle light scattering and SAXS in

the early stage of crystallization in the actual samples.

shell of spherulites was formed at the early stage of the

As the next step, the observed SAXS profiles were tried to Crystallization [11,12,45]. If this is true, then it [gightl be
be reproduced on the basis of the following equations @ssumed that the peak correspondinggte~ 10 ~A

combined with Eqgs. 7-10.

I(@) = wi(@™) + (1 - wl(q™), 11
@) = 1@/ (@ — did” + AL, | (12)
1(0") = 1 ([ (@ — A + A2, | (13

In these equations, the Lorentz-type functions were
assumed for the SAXS profiles. Tl is the width of the
profile. Figs. 15 and 16 show the results made for LLDPE
and DHDPE atAT = 4°C, respectively, where the compo-
nents of thd_; andL, peaks are also indicated. These figures
allow us to recognize the following tendency that, during the
crystallization process in the time regions Il and lll, the
SAXS components originating from the 800 period

should appear in the scattering experiment before the
already-mentioned peak is observed cat= 0.008 Al
(800 A period) [46]. Besides we can not analyze anymore
the data in this time region on the basis of the O-Z
approximation.

According to this prediction, another schematic image
may be proposed for the PE crystallization as shown in
Fig. 7 (b). Immediately after the temperature-jump, the
conformationally disorderetrans form is induced with a
period of um. In the domain of disorderetians segments,
the disorder-to-order conformational transition occurs and
the disorderedrans region and the regulatrans region
coexist with 800 Aperiod. The regulatrans segments are
gathered to form the orthorhombic crystalline lamella and
develop to more densely stacked lamellar structure of ca.
400 A period.

In order to check which structural models are more suit-
able for the crystallization mechanism of PE, we need to
measure the ultra-lowg range of ca. 10°A~! by using

begins to appear and increase the peak height and decreas&®me other techniques such as small-angle light scattering

again, just when the SAXS component of the 4°Opelkiodic
structure appears and grows its population with time.
In this way, by assuming the evolution of the 80&Ad

400 A periodic structure of repeatedly stacked lamellae, the

time dependencies of the SAXS data including@eé(L,),
I(L,) and the profile itself could be reasonably interpreted on
the basis of an idea of the nucleation and growth of

the lamellar structure. The nucleation may correspond to

the regularization of the disorderdrhns segments to the

etc. in addition to the direct observation of crystal growth by
optical microscopy [46].
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