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Abstract The structural parameters in a semicrystalline polymer three-phase system have been evaluated using small angle X-ray

scaltering technique. The crystallinity and the lamellar thickness are not consistent with those in two-phase system. The analysis of

some semicrystalline polymer samples indicates that the Bragg long period approaches to the sum of the correlation function long period

and the thickness of the transition layer. It is also consistent with the conclusion that the interphase layers exist in semicrystalline

polymers.
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1 Introduction

Small angle X-ray scattering (SAXS) is a powerful
tool to research the structure of semicrystalline polymers
since the fundamental work of Porod'- and Debye et
al’ . The determination procedure of semicrystalline
polymer’ s structural parameters was dependent on specific
model in the past. Tsvankin™" compared model scattering
curves to experimental data. Vonk'* developed fitting
procedures for the correlation function. Until Strobl and
Schneider” found a model-independent method, the cor-
relation function can directly yield by using a simple geo-
metrical construction the following structural parameters:
the specific inner surface, the crystallinity, the average
lamellar thickness, the long spacing and, if scattering in-
tensities are measured in absolute values, the electron
density difference between crystalline and amorphous re-
gions. Nowadays the correlation function is one of the
most applied methods for the evaluation of the structural
parameters of semicrystalline polymers.

Strobl and Schneider’ s work originally aimed at the
“ corresponding ideal two-phase system” with sharp

boundaries, though their results are applied to three-
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phase structure samples frequently. At present theory and
experiment show the conclusion that a crystal-amorphous
interphase exists in lamellar semicrystalline polym-
ers’” . The work of Zhang Hongfang et al from SAXS
analysis also supported that a crystalline amorphous inter-
phase exists in the lamellae of semicrystalline polymers,
so that a three-phase model instead of the traditional two-
phase model should be used *'""* . When using a three-
phase model with an interphase of linear electron density
variation to reinvestigate the work, it is found that most
concepts in two-phase system can be applied without any
change, but the crystallinity and the average lamellar
thickness need new considerations .

Some parameters can be derived either from the scat-
tering curve of a sample directly or, afier Fourier transfor-
mation, from the correlation function. Such as the long
spacing, it can be obtained from the scattering curve by
using Bragg law, or from the correlation function. Never-
theless long spacing obtained from the two methods are re-
markably different. Their difference is successfully inter-
preted with SAXS. In the same time, it also shows that

the interphase layer indeed exists.
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2 The correlation function of three-phase sys-
tem

The lamellar three-phase structure model is used to
describe the lamellar structure sample. This model con-
sists of alternating parallel crystalline and amorphous la-
mellae connected by transition layers which are placed in
stacks large enough not to perturb the small angle X-ray
scattering. We assume that the electron density variation
occur predominantly along the direction perpendicular to
the lamellae, as long as we stay within a lamellar stack .
Amorphous regions with density 7, and crystallites with a
density 7, in the core alternate along the lamellar direc-
tion with interlayers, density of which changes linearly
from 7, to 7, , between them. The profile of electron den-
sity for the model is shown in Fig.1. In this case, the
density distribution along the direction normal to lamellae

z can be represented by

2l < 2,
7es 5

m-”“,}”’-(lzl—

N a

).

d
2 <|z|<-2—+E;

7(2) =

_7]”,%+ E < |z]< —éi.

7(z + L) = 5(z).
Here E is the interphase width, d the lamellar thickness,
and L the long period. The average density within a stack
(and that of the whole system) is (57 . Therefore, our
discussion is restricted to one dimensional electron density

correlation function K(z)
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Fig.1.

structure; 7. and 7, are the electron densities of the

Electron density profile of the lamellar three-phase

erystalline and amorphous phases respectively.
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where the angular brackels indicate averaging over all co-
ordinates z' within a lamellar stack. This function was
evaluated from the small-angle scattering intensity distri-

bution J(¢), that is

J,m J(q) q’cosqzdq

K(z) = =— ) (3)
|, 1rqaq
0
g denotes the scattering wector
- 47r:m() , (4)

where A and @ are the wavelength and the Bragg angle re-
spectively. In order to obtain the correlation function, we

evaluate the integral

1 An , , ,
K(z) = ij[qu ) () 1lp( + 2) = (p)]d'.

(5)
Here A denotes the averaging range for z’. It gives
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only when d + 2E < %

K(L+:z)=K(z2). (6)
The result is shown in Fig.2. In this case there is a
straight line segment in the central section of K(z). Its

slope is related to the specific inner surface 0, by

dX 0, 2
L =5 -0 (7)

After extrapolation the line reaches z = 0 at the invariant

Q = w(l-w)qg -7p) (8)
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Fig.2. Schematic plot of the correlation function of

the three-phase structure system. Q, E, d and L
are the invariant, the transition thickness, the lamel-
lar thickness and the long period respectively.

d+ ER

with w = I which does not represent the crystallin-

ity w, = Li of the sample of two-phase structure yetESJ .
This should be advertent. We notice that extrapolation of
the other side of the line does not intersect the base line
AB at the abscissa z = d. According to Eq.(6), it is the
second end point of the straight-line segment in the corre-
lation function curve whose abscissa denotes the lamellar
thickness d. From the drawing, we can also obtain the
transition thickness E, which is the abscissa of the first
end point of the straight-line segment, and the long period
L, which is the position of the first peak .

3 Experiments

The polymer samples used for experiments were ob-
tained from Beijing Research Institute of Chemical Indus-
try, which were neat isotactic polypropenes prepared with
different metallocene catalyst systems (i-PP). The sam-
ples were extruded into slices with a thickness of 2mm at
220%C . All slices were found to be macroscopically homo-
geneous and to exhibit excellent optical clarity.

SAXS experiments were performed with a long-slit
collimation system at Beamline 4B9A of Beijing Synchro-
tron Radiation Facility. The incident X-ray wavelength
was (. 154nm, and the scattering angle range was 0°—3°
approximately. The distance between the sample chamber
and the detector was 1.52m. Two ionization chambers
were used to measure the sample transmission. The scat-
tered X-ray intensities were recorede using the image plate

detector. The absorption of the sample and the back-
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ground scattering was conectedm'

4 Results and discussion

The long period can be obtained directly from the
scattering curve. An interference maximum can be seen
on the scattering curve of the semicrystalline polymer.
From the angle position of the maximum, the long spacing
can be obtained with Bragg law, which is called the Bragg
long period here. As an example, the SAXS curve of
sample No 7 is shown in Fig.3. The interference peak
corresponds to scatter vector ¢ = 0.41nm™'. The Bragg

long period L, is 15.3nm.
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Fig.3. The scattering curve of sample No 7.

The corresponding correlation function curve of sam-
ple No 7 is shown in Fig.4. When using correlation func-
tion method to determine structure parameters of a sam-
ple, allowance must be made for the fact that the correla-
tion function in the origin is very sensitive to experimental
errors in the tail of the scattering curve'” . In order to
decrease the effect of errors at large values of ¢, Porod’s
law is used to correct the data. Porod’s law for smeared

data in the case of slit collimation is J(¢) = K, q " exp

¢
g
\
=
; )
\ vl e
I X // H —
s v " .
6 B N8 e L. 15 20
e 5
Fig.4. 'The correlation function curve of sample No 7.
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Table 1. Evaluation and analysis of structure parameters of polymer samples (nm).
Sample No 1 2 3 4 5 6 7 8
E 2.15 2.18 1.83 2.02 2.19 2.56 2.42 2.34
L. 11.66 11.84 11.70 14.33 15.17 14.61 12.19 12.90
E+ L, 13.81 14.02 13.53 16.35 17.36 17.17 14.61 15.24
L, 14.63 14.43 14.68 15.98 17.86 17.43 15.32 16.16

(-0’q"), here K, is Porod’s constant, and & is a pa-
rameter pertaining to the thickness of transition layers.
This law is employed to predict the scattering data of a
sample at high angles. On the other hand, since we
blocked the central rays up in the experimental proce-
dure, the scattering data around O degree was lost. This
part of data was extrapolated to makeup by using Guinier
law' " . From Fig.4, some structural parameters can be
got: the correlation function long period L. = 12.19nm,
and the transition layer thickness E = 2.42nm. Compar-
ing L. with L,, it is found that they are not equal. All
experimental samples’ results are listed in table 1. From
the results, it is found that the Bragg long period of the
samples are close to the sum of its correlation function
long period and the thickness of the transition layers.
The existence of the transition layers in a periodic
polymer will broaden the interference peak or even form a
high platform on the scattering curve. The thicker the
transition layer, the wider the interference peak or the
When the
thickness of transition layers is E, the interference peak
or the platform will broaden to be E. However, the high

platform or the broadening peak is not seen on the scatter-

platform on the scattering curve will be' .

ing curve. This is because the platform can only be

formed with a uniform distribution of X-ray scattering in-

tensity, while at the high angle, the intensity distribution
obeys Porod’s law, and decreases in proportion to ¢~ for
the slit collimation system. If a platform exists, the plat-
form will lower its height from right to left on the scatter-
ing curve. Therefore, we only see a peak on the scattering
curve instead of the platform. At the same time, the peak
moves to the left about E. As using Bragg’s law to calcu-
late the long period, the Bragg long period will be longer,
and approaches to the sum of the correlation function long
period and E.

5 Conclusion

Using the correlation function to evaluate structural
parameters of semicrystalline polymer, although most re-
sults with the three-phase model are the same as those
with the two-phase model, the crystallinity in the three-

phase system should be replaced by w = %E/—Z . At the

same time, the lamellar thickness d is equal to the ab-
scissa of the second end point of the straight-line segment
in the correlation function curve. The Bragg long period of
a semicrystalline polymer is not equal to its correlation
function long period because of the existence of an inter-

phase layer. It approaches to L_+ E .

References

1 Porod G. Kolloid-Z., 1951, 124: 83—114

2 Debye P, Bueche A M. J. Appl. Phys., 1949, 20: 518—525

3 Tsvankin D Ya, Zubov Yu A, Kitaigorodskii A 1. J. Polymer Sci. ,
1968, C6: 4081—4091

4 Vonk € G. J. Appl. Cryst., 1973, 6: 81—86

5 Strobl G R, Schneider M J. Polym. Sci. Polym. Phys. Ed., 1980,
18: 1343—1359

6 Flory PJ, Yoon DY, Dill K A. Macromolecules, 1984, 17: 862

7 Yoon DY, Flory P J. Mcromolecules, 1984,17; 868—871

8 Hahn B R, Herrmann-Schonherr O, Wendorff ] H. Polymer, 1987,

28: 201—208

9 Vonk CG, Pijpers AP. J. Polym. Sci. Polym. Phys. Ed., 1985, 23.
2517—2537

10 ZHANG Hong-Fang, YIN Jing-Hua. Makromol. Chem.. 1990, 191.
375—380

11 ZHANG Hong-Fang et al. Macromol. Chem. Phys., 1996,197(2):
553—562

12 ZHAO Hui et al. HEP & NP, 2001, Supp: 81 —84(in Chinese)
(R, B 58,2001, 7 :81—84)

13 Caulfield D, Ullman R. J. Appl. Phys., 1962, 33: 1737—1740

14 Guinier A, Foumet G. Small-Angle Scattering of X-Ray. New York:
Wiley, 1955. 24—28



1038 REEWES EYE (HEP&NP) B2 %

ZHEEBIERBESVENS YA X HERS 2 H
REEY RE4L HEF EIP

1 (PEBYREEEYAMNRTFILRRALENLRE JLE 100039)
2(ELWBEREYEE Bl 114005)
3Chal e AL sUE THAR dER to00t3)

ME FALAXHEUHBAIN TELERRENENER SRAAPRERASAHARTHER
F—8. -SRI EAREIRS AT RA TN N Bagg KAMBAMXBAKEABESLHE TR
BN RSB ERRENFEFTEIRE -K.

XA MAXHEUS LRRLY ZHEH HXEH

2003 - 03 — 24 15 8, 2003 - 07 - 29 I 1 SURY

1) E-mail : zhaoh @ mail . ihep . ac. cn



