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Physical properties of polymeric materials such as
adhesion and friction relate to molecular aggregation
structure in the material’s surface. However, the surface
of crystalline polymers has been studied mainly from
morphological and chemical points of view. In the case
of polyethylene (PE), a typical example of crystalline
polymers, the surface morphology of its solid films was
visualized in the lamellar scale by atomic force micros-
copy and transmission electron microscopy.'~3 However,
the crystal structure at the surface of PE films has not
yet been clarified. Clarification of the crystal structure
on the film surface is quite important for understanding
the surface property from the molecular level. A grazing
incidence X-ray diffraction (GIXD) using evanescent
X-rays has recently been applied for evaluating chain-
packing structure and chain orientation in the near-
surface region of crystalline polymers.#~8 In this study,
the dimension and distortion of the crystal lattice in the
near-surface region of melt-crystallized PE films were
investigated by synchrotron-sourced GIXD measure-
ments.

A high-density polyethylene (HDPE, Ml = 14, Mitsui
Chemicals, Inc.) was used as a sample. Films with a
thickness of ca. 400 nm were prepared on the crystal-
lographic (110) plane of silicon substrates from a 1.0 wt
% p-xylene solution of HDPE by a dip-coating method
under a nitrogen atmosphere. The size of silicon sub-
strates used was 1 in. in diameter and 3 mm in
thickness. The thus-prepared PE films were melted at
ca. 443 K and then isothermally crystallized at T, = 378,
383, 388, and 393 K for 24 h. The crystal structure in
the near-surface region of the films was investigated by
in-plane measurements of grazing-incidence wide-angle
X-ray diffraction (GIXD). GIXD measurements were
carried out on the films at 300 K with a six-axis
diffractometer installed at a BL-13XU beamline of
SPring-8 (Japan Synchrotron Radiation Research In-
stitute, Hyogo, Japan).® The wavelength, 4, of mono-
chromatized incident X-rays used in this study was
0.1285 or 0.1280 nm. The beam size at incident slits was
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0.10 and 0.06 mm in the normal and parallel directions
to the ground, respectively. Figure 1 shows the sche-
matic geometry of the in-plane GIXD measurement. In
the experiments, the surface of the sample was normal
to the ground. The scattering vector g is almost parallel
to the surface for the grazing angle of incident X-rays,
oi. At a o equal to the critical angle, o, incident X-rays
undergo total external reflection and penetrate into a
sample as evanescent waves. With a decrease in q;
smaller than a., the penetration depth of evanescent
X-rays from the surface decreases from several microme-
ters to nanometers. The o, of HDPE is 0.1257° for A =
0.1285 nm and 0.1253° for A = 0.1280 nm. Therefore,
the reflection profiles coming from the surface and bulk
regions of the HDPE films were measured at the a; of
0.11° and 0.20°, respectively. Bragg diffraction from
crystallographic planes normal to the surface and
amorphous scattering were detected at the takeoff
angle, ay, of 0.22° and 0.40° with a scintillation counter
(SC) scanned in the in-plane direction. A soller slit with
an acceptance angle of 0.3° was placed before the SC.
The data collection time was 3 s per step, and the
angular interval between steps was 0.05°. A sample cell
purged with helium gas was used to prevent HDPE
films from oxidation. Broadening in the width of the pro-
files caused by angular divergence of the incident X-rays
was negligibly small, as evaluated using reflections from
silicon crystals. Data correction was performed with
respect to the background scattering and the intensity
decay of incident X-rays during measurements. Surface
morphology and crystallographic orientation were evalu-
ated for the films by atomic force microscopic observa-
tions and GIXD measurements in the laboratory. On
the basis of these data, it was found that the films were
crystallographically isotropic in the parallel direction
to the film surface but anisotropic in the perpendicular
direction. This is due to spherulites that grew two-
dimensionally filling the films. The details of film
characterization will be described in a future paper.

Parts a and b of Figure 2 show in-plane GIXD profiles
measured at a; = 0.11° and 0.20°, respectively, for a
HDPE film crystallized isothermally at 383 K from the
melt on a silicon substrate. The 4 of the incident X-rays
was 0.1285 nm, and the ideal penetration depth of the
X-rays from the surface at o; = 0.11° was ca. 10 nm.10
Figure 2a is a surface-sensitive profile of the film, and
Figure 2b is a bulk-sensitive one. Overlapping peaks
were separated by the least-squares fitting with Loren-
zian and Gaussian functions as shown by the solid line
in Figure 2. It is well-known that HDPE forms an
orthorhombic crystal structure (the space group Pnam).1!
Peaks in a 26in—piane range of 8—57° were assigned
reasonably to the reflections from the orthorhombic
crystal. Profiles similar to Figure 2 were measured for
HDPE films crystallized at T, = 378, 388, and 393 K.
Lattice constants a, b, and c of the orthorhombic unit
cell of the HDPE were calculated from the 260in—piane
angles of the reflection peaks. Figure 3 shows the
crystallization temperature dependence of the lattice
constants a, b, and c in the near-surface and bulk
regions of the HDPE films. The a and b axial lengths of
the orthorhombic unit cell were shorter in the near-
surface region than in the bulk region, whereas the c
axis was almost the same length in both the regions.
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Figure 1. Schematic geometry of the in-plane GIXD mea-
surement.
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Figure 2. In-plane GIXD profiles measured at a; = 0.11° (a)
and 0.20° (b) for a HDPE film crystallized isothermally at 383
K from the melt. The 1 of incident X-rays was 0.1285 nm.
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Figure 3. Crystallization temperature dependence of the
lattice constants a, b, and ¢ of the orthorhombic unit cell in
the near-surface and the bulk regions of the HDPE films: O,
near-surface region; ®, bulk region. Error bars indicate
estimated errors in data analysis.

Therefore, it was implied that the crystal density in the
near-surface region is higher than that in the bulk
region in a T, range of 378—393 K. With an increase in
Te, the a and b increased in both of the regions.
However, the ¢ axial length showed little change. It is
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Figure 4. (a) (6p)? plot as a function of h* for the (110), (220),
and (330) reflections of the HDPE film crystallized isother-
mally at T, = 383 K from the melt. (b) Crystallization
temperature dependence of the g and N for the HDPE films
crystallized isothermally at T, = 378, 383, 388, and 393 K from
the melt. O, near-surface region; @, bulk region.

reasonable to consider that the ¢ axis of the orthorhom-
bic crystal lattice is dimensionally stable in the films
because it is parallel to the chain axis.1?

The distortion of crystal lattice in the in-plane direc-
tion was estimated on the basis of the paracrystalline
theory proposed by Hosemann.13-15 |n the paracrystal-
line lattice model, the lattice vectors of adjacent unit
cells vary in magnitude and direction due to large
displacement of lattice points from their ideal positions,
which results in a loss of the long-range crystallographic
order. On the assumption that the coordination statis-
tics distribution function for the paracrystalline lattice
model is in the form of Gaussian distribution, the
paracrystalline lattice factor Z(s) of the hth-order reflec-
tion is defined as

Z(s) = Z(h) =[1 — exp(—4x"g*h?)J/[(1 —
exp(—27°g°h?))? + (4 sin? 2xh) exp(—27°g*h?)] (1)

where s is the reciprocal lattice vector and g is the
standard deviation of the Gaussian distribution divided
by the average lattice vector a. Thus, the g is a
parameter to evaluate the degree of paracrystalline
disorder. The integral width 63 of a reflection is

expressed by
(0p)? = (U&)[(UN?) + x*g*h’] )

Here, h is the scattering order and N is the number of
scattering units. Figure 4a shows a plot of (653)? as a
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function of h* for the (110), (220), and (330) reflections
of the HDPE film crystallized isothermally at T, = 383
K. The ¢ was the full width of the Gaussian peaks
fitted to the reflections. A linear relation was obtained
between the (6)? and h* for both the reflections coming
from the near-surface and bulk regions by the least-
squares fitting method. This linear relationship was also
valid for HDPE films crystallized at the other temper-
atures. The g and N were calculated using eq 2. Figure
4b shows the crystallization temperature dependence
of g and N for the HDPE films. The g for the crystal
lattice in the near-surface region of the films decreased
fromca. 3.0 x 1072t0 1.7 x 102 as the T changed from
378 to 393 K. This tendency was also observed for the
g in the bulk region, but the g in the near-surface region
is larger than that in the bulk region. Therefore, it was
suggested that the paracrystalline distortion of the
orthorhombic unit cell in the in-plane direction was
larger in the near-surface region than in the bulk region.
The number of the observed (110) planes, N, was ca. 50
and 52 in the near-surface and bulk regions, respec-
tively. That is to say, the crystallite size in the in-plane
direction was almost the same between the near-surface
and bulk regions.

From the quantitative analysis of the GIXD data for
the melt-crystallized HDPE films, it was clarified that
the lattice dimension in the in-plane direction was
smaller in the near-surface region than in the bulk
region. Moreover, we found for the first time that the
paracrystalline lattice distortion in the in-plane direc-
tion was larger in the near-surface region than in the
bulk region, but the crystallite size was almost the same
between these two regions. In the near-surface region,
PE chains were considered to be packed closely one
another to minimize the surface free energy of the films.
However, chain packing was not regular there, resulting
in the large lattice distortion. This might reflect the
thermally unstable state of the film surface where the
latent heat was released during crystallization. Another
interpretation is that residual stress generated by
guenching from the melt might influence paracrystalline
structure in the near-surface region of melt-crystallized
films. To separate the influence of residual stress from
the intrinsic surface property, chain-packing structure
of these films after annealing treatments should be
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investigated by GIXD measurements. The structural
feature at the surface of the crystalline polymers would
be clarified in detail on the basis of their in-plane and
out-of-plane crystallographic information. These are the
subjects of our future research.
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