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ABSTRACT: With the recent development of an X-ray source, focusing optics, and X-ray detectors, microbeam X-

ray scattering techniques have been well established and widely applied to the characterization of polymeric materials.

Microbeam X-ray scattering is a unique and powerful tool that provides abundant information on local structures, such

as the spatial inhomogeneity of materials and the structural change at a local position. Furthermore, by combining

microbeam small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS), the observable spatial scale

range is from several to several hundred Å, which is the most important scale range in the hierarchical structure analy-

ses of polymers. In this review, the representative applications of microbeam X-ray scattering to polymer crystalliza-

tion, spatial inhomogeneity analyses, stress transfer under external field and the microphase separated structure analyses

in block copolymer systems are introduced. [doi:10.1295/polymj.PJ2007077]
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X-Ray scattering techniques are widely applied to
the observation of various polymer structures. X-Ray
scattering is mainly classified into small-angle X-ray
scattering (SAXS) and wide-angle X-ray scattering
(WAXS), depending on the scattering angle. As is
easily understood by using the Bragg formula (� ¼
2d sin �), when the scattering angle 2� decreases, scat-
tering reflects a large structure. SAXS, which is X-ray
scattering at small angle (< 2, 3�) region, provides in-
formation on nanostructures in a size range of several
to several ten nanometers. In the field of polymeric
materials, SAXS is typically applied to obtaining in-
formation on crystalline lamella stacking structures,1,2

various microphase separated structures in block co-
polymer systems,3,4 and organic-inorganic composite
structures.5,6 On the other hand, WAXS is typically
applied to obtaining information on sub-nanometer-
scale structures, such as crystal packing and amor-
phous structures.
To determine the structural characteristics of poly-

meric materials in detail, it is also very important to
understand the formation and/or deformation mecha-
nisms of such materials. Although X-ray scattering
experiments were limited to the static measurements
in laboratory X-ray sources until early 1980s, the ad-
vent of a synchrotron X-ray source and the develop-
ment of X-ray detectors7–13 have enabled us to ob-
serve a one- or two-dimensional scattering pattern
within a second, making it possible to perform time-

resolved X-ray scattering measurements for various
structural changes, such as crystallization,14–17 struc-
tural changes due to deformation18–23 and phase tran-
sition due to temperature change.24–26 While many
polymeric materials exhibit spatial inhomogeneity
on a micrometer scale, conventional X-ray scattering
techniques provide the information that is spatially
averaged over more than hundreds micrometer of the
sample area irradiated by X-ray beam. Structural in-
mhomogeneity sometimes plays a very important role
in controlling mechanical and optical properties. Even
a conventional time-resolved X-ray scattering meas-
urement technique is not sufficient for understanding
such cases. Therefore, a microbeam X-ray scattering
technique is necessary for obtaining the local structur-
al information and structural inhomogeneity.
Historically, the first microbeam X-ray scattering

application to a polymer for the analysis of banding
spherulite was reported in 1955 by Keller.27 At that
time, a microbeam of 8 mm diameter was obtained
from a laboratory X-ray source using a collimator,
and the exposure time for data acquisition was several
hours. Since then, X-ray focusing optics, which are
described in the following section, and synchrotron
X-ray radiation sources with a high brilliance (high
parallelism and high flux) have been continuously de-
veloped. With these new apparatuses, we can obtain
an X-ray microbeam with a high parallelism and a
high flux, which is suitable for observing a scattering
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pattern in a mm-scale local region within several sec-
onds. Currently, there exist several beamlines for mi-
crobeam X-ray scattering experiments in ESRF,28,29

APS,30 SPring-8,31 BESSY II,32,33 and PF.34,35

Microbeam X-ray scattering techniques are classi-
fied into a time-resolved local X-ray scattering meth-
od and a scanning X-ray scattering method. The
former is the method for observing the time variation
of a local structure by pinpointing a fixed area with a
microbeam X-ray. The latter is the method for observ-
ing scattering patterns at various areas by scanning a
sample with an X-ray microbeam. Typical applica-
tions of these techniques to polymer science are sum-
marized in Figure 1.
In this review, we first introduce the X-ray optics

for microbeam generation and then the recent repre-
sentative applications of microbeam X-ray scattering
to polymeric material characterization. In the applica-
tion section, we introduce the crystallization (in 3.1),
inhomogeneous crystalline morphology (in 3.2), and
deformation of a crystalline polymer (in 3.3), the
order of which is analogous to a life cycle of poly-
meric materials. In addition, we introduce the rare
application of microbeam X-ray scattering to a micro-
phase separated noncrystalline block copolymer sys-
tem in 3.4.

X-RAY OPTICS FOR GENERATING
MICROBEAM X-RAY

To perform microbeam X-ray diffraction/scattering
experiments, especially microbeam SAXS, a highly
collimated microsized X-ray beam with a high flux
is required. Because the product of spatial and angular
divergences is kept in a constant flux (Liuville’s theo-
rem), we cannot obtain a microbeam from a macro-
beam without changing the angular divergence and
its intensity. Therefore, a synchrotron X-ray radiation

source with an extremely high brilliance and efficient
focusing optics are required.
There exist various optical systems for generating

an X-ray microbeam (As for the review of focusing
optics, see ref 36). Typical optical systems are shown
in Figure 2. They are mainly classified into focusing
and pinhole optics. As for the focusing optics, the fol-
lowing optical instruments are often used: (a) glass
capillary, which selects the beam with a divergence
angle smaller than the critical angle of inner glass sur-
face, (b) a Kirkpatrick-Baez (K-B) focusing mirror
system,37 which consists of two bent mirrors inde-
pendently focusing in the horizontal and vertical di-
rections, (c) a refractive lens,38 which is based on
the fact that the reflactive index of a material for
X-rays is less than 1, (d) an X-ray zone plate,39 which
selects X-rays with phases that interfere with each
other by concentrically shaped patterning, (e) a Bragg-
Fresnel lens,40 which utilizes the confocal property of
ellipsoid, (f) an X-ray waveguide,41 which generates
standing wave. A glass capillary has a good property
in that the shape of X-ray beam is almost kept con-
stant through microbeam generation. A K-B focusing
mirror, a refractive lens, an X-ray zone plate, a Bragg-
Fresnel lens, and an X-ray waveguide are the state-
of-art focusing optics, each of which has an ability
to generate a submicrobeam or a nanobeam when it
is used with an X-ray source of high brilliance such
as a third generation synchrotron source. Most instru-
ments are used in combination with a downstream
small aperture, which blocks the parasitic scattering
from upstream focusing optical systems.
As for the pinhole optical system, a microbeam is

generated using micropinholes with diameters of
several micrometers. Microbeam experiments using
a micropinhole system require the preparation of pin-
holes with very clear edges and, more critically, the
use of an X-ray source with an extremely high brilli-
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Figure 1. Application of microbeam XRD to polymer characterization.
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ance, such as a pink beam beamline without a mono-
chromator.42 Furthermore, it should be noted that the
size of the microbeam generated with a micropinhole
is increased by Fraunhofer diffraction when the dis-
tance from the micropinhole increases.
There are several methods available to determine

the beam position of a generated micobeam. One of
the examples is a method to use crossed thin wires.
The position of a microbeam is identified by moving
a thin metal wire with several mm diameter across
the X-ray microbeam while monitoring the transmit-
ted X-ray intensity with an ionization chamber: the
transmitted intensity becomes minimum when the po-
sitions of microbeam and the crossed wires complete-
ly coincide with each other, In the method with cross
wire, one can also monitor the scattering pattern with
SAXS detector instead of transmission. If a microbe-
am hits a wire, strong streak pattern appears due to
the reflection at the surface of the wire. In this case,
the position where the strong crossed streak scattering
pattern appears will be equivalent with that where
the transmitted intensity is minimized. Another meth-
od to locate the position of a microbeam is to use
X-ray sensitive paper, the color of which is changed
as a response to X-ray with a high spatial resolution.

APPLICATIONS OF MICROBEAM SMALL-
AND WIDE-ANGLE X-RAY SCATTERING

Crystallization Process
Polymer spherulites, such as banding,27,43,44 inter-

penetrating,45,46 and cross-hatched spherulites,47 have
complex structures. Even in a simple polymer spheru-
lite, primary and secondary crystallized lamellae co-
exist within a single spherulite.48,49 For understanding

the formation mechanism of such complex morpholo-
gies, the observation of the crystallization behavior at
a growth front of a spherulite is a very effective meth-
od.50–52 In addition to crystallization in static fields,
polymer crystallization during processes, such as in-
jection,53 inflation54 and spinning,55 is also very im-
portant and widely studied because such external
force fields strongly affect the formation of crystalline
morphologies such as a shish-kebab structure.56,57

Furthermore, when the processed materials them-
selves are very small58 or spatially heterogeneous,59

the structural information obtained during crystalliza-
tion at a local position is essential for understanding
their formation mechanism in detail.
In such systems, a microbeam X-ray scattering

method is suitable for observing crystallization proc-
esses at a local position.50–52,58,59 In this section, three
applications of a microbeam to polymer crystallization
are introduced. The first two applications are related to
spherulite growth and the third application to the crys-
tallization of the strongest natural fiber, spider silk.

Growth of Spherulite. A polymer blend system
that has two kinds of lamella within a spherulite, poly-
("-caprolactone) (PCL)/polyvinylbutyral (PVB), is
known as a blend system that forms a very large band-
ing spherulite with a high twisting order.60 PVB mole-
cules, which can interact with PCL through hydrogen
bonding, strongly disturb the crystallization of PCL
and the crystal nucleation frequency is depressed by
two orders of magnitude.60 The other interesting char-
acteristic is the coexistence of two types of lamella
having different long periods within a spherulite.
The information on the formation sequence of two
lamellae allows us to interpret the origin of the two
kinds of lamella. An X-ray microbeam of 4� 5mm2,

(a) glass capillary (b) K-B mirror (c) refractive lens

(d) zone plate (e) Bragg-Fresnel lens (f) X-ray waveguide

horizontal

vertical

(g) pinhole

Figure 2. Schematic views of X-ray optics for X-ray microbeam generation.
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which was generated with K-B mirror optics, was ini-
tially fixed at the outside vicinity of the growth front
of spherulites. As the spherulite grew, the growth
front of spherulite crossed the microbeam, and the
time evolution of local crystallization was observed
with two-dimensional SAXS.51 A change in SAXS
profiles during crystallization at the fixed position is
shown in Figure 3. The growth rate was determined
to be 8.1mm/min with a polarized optical microscope.
The interval of data acquisition and the exposure time
was 50 s and 16 s, respectively. At t ¼ 100 s, scatter-
ing from the crystal started to be observed, which sug-
gests that the growth front of spherulite crossed the X-
ray microbeam at 50 s < t < 100 s. From Figure 3, we
can clearly observe the primary formation of lamellae
with a larger long period, followed by the formation
of lamellae with a shorter long period, which is simi-
lar to that of PCL lamellae without PVB. As previous-
ly reported,60 the shoulder at a smaller scattering vec-
tor (see the arrow in Figure 3) in the scattering profile
clearly remains until the end of crystallization, show-
ing that both the larger and shorter components of la-
mellae coexist at the end of crystallization. From this
result, the authors suggested that the primary forma-
tion of lamellae with a larger long period is strongly
affected by the existence of PVB molecules, which
is eventually excluded from PCL crystallites. The
strong interaction between PCL and PVB influences
the formation of larger lamellae long period.
The second application is the observation of inter-

penetrating spherulite formation. The growth of poly-
mer spherulite typically stops by impingement be-
tween neighboring spherulites. Recently, interpene-
tration in a miscible crystalline/crystalline polymer
blend system, where the lamella of ‘polymer A’ pen-
etrates the as-formed spherulite of ‘polymer B’,45,46

has been discovered. However, its degree of penetra-
tion (interfibril or interlamella region) had not yet

been clarified. Nozue et al. investigated an inter-
penetrating behavior in a poly(butylene succinate)
(PBSU)/poly(vinyl chloride-co-vinylidene chloride)
(P(VDC-VC)) blend by simultaneous microbeam
SAXS-WAXS measurement.52 They pinpointed
P(VDC-VC) spherulite, which was formed earlier,
with an X-ray microbeam (� ¼ 1:0 Å, the beam size
� 10 mm diameter) generated with pinhole optics
and observed the penetration process of subsequently
growing PBSU spherulite into P(VDC-VC). A change
in a polarized optical microscopy (POM) image
during interpenetration is shown in Figure 4 and the
corresponding SAXS-WAXS patterns are shown in
Figure 5. The white filled circle in Figure 4 shows
the position where the X-ray microbeam was irradiat-
ed. From Figure 5, one can clearly observe a drastic
change in central scattering intensity (s < 0:04 Å�1),
which mainly originates from the fibril structure of
P(VDC-VC). Initially, central scattering largely in-
creases and then decreases when the weak peak of
the long period at around 0.045 Å�1 and the WAXS
peak of the PBSU crystal appear. This fact indicates
that the penetration of PBSU with stacked lamellae
occurred in the interfibril region.

Crystallization of Spider Silk Fiber. It is well
known that spider silk fiber is one of the strongest fi-
bers found in nature and its formation mechanism is
very interesting because it is the best model for a
strong fiber design. However, spider silk fiber has a
diameter of several micrometers and it is necessary
to perform microbeam X-ray diffraction measurement
for the direct observation of the crystallization behav-
ior. Riekel et al. performed very unique in situ meas-
urements of spider silk crystallization.58,61,62 They
fixed the Nephila senigalensis spider using soft tape
and mylar bandages to a metal support and forced
it to silk by reeling the fiber with a spindle (see
Figure 6). They irradiated the spinning path at various
positions with a microbeam of 10 mm diameter, which
is generated with glass capillary optics, and observed
structure evolution during spinning.58 At 2.4mm from
the spinneret, oriented amorphous and crystal struc-
tures were observed, though their crystallinity was
very low. Interestingly, diffraction data acquired at
distances � 2:4mm from the spinneret showed that
the orientation degrees of the crystal structures remain
constant, while their crystallinity simply increases.
Furthermore, their observed changes in the degree of
orientation under various spindle drawing speeds
showed a higher degree of orientation than those ob-
served by Kevler when drawing speed is faster than
25mm/s. They concluded that not post-extrusion
draw down but the speed of drawing constrains the
molecular order, thus affecting the mechanical proper-
ties of fibers.

Figure 3. SAXS profiles of PCL/PVB during crystallization

with X-ray microbeam positioned immediately outside growth

front of the band spherulite. See the text about the arrow. (Reprint-

ed with permission from ref 51. Copyright (2003) Elsevier Ltd.).
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Inhomogeneous Crystalline Morphology
Polymer crystalline morphologies exhibit spatial in-

homogeneity on a micrometer scale, which are strong-
ly affected by various factors controlling crystalliza-
tion. In this section, we show microbeam X-ray
scattering applications to three representative crystal-
line morphologies with spatial inhomogeneity: band-
ing spherulite, a cylindritic structure and a lateral
structure in a fiber.

Twisting Lamella Structure in Banding Spherulite.
Banding spherulite has a concentric ring morphology,
as observed under POM which is formed by the twist-
ing of crystalline lamellae with birefringence. It has
been investigated over the past 40 years and its de-
tailed twisting mechanism has been the center of de-
bates until now. As is described in Introduction, the
first microbeam WAXS experiment was applied to
the banding spherulite of polyethylene in 1955.27 Re-
cently, it has been understood that the origin of lamel-
la twisting varies from polymer to polymer. For exam-
ple, in polymers with a growth front tilting toward the
growth direction, lamella twisting seems to be due to
the torque produced by the density difference on the
growth front of lamellae owing to the tilting of the
c-axis.44,63 In the case of polymers with chiral struc-
tures, it is considered that the chirality of the main
chain is the origin of lamella twisting and that it is
strongly related to the handedness of lamella twist-
ing.64,65 Furthermore, lamella twisting has also been

Figure 4. Change in microscope image of PBSU/P(VDC-VC) = 60/40 during isothermal crystallization at 95 �C. The circle

indicated by the arrow in each image shows the position of the X-ray microbeam (Reprinted with permission from ref 52. Copyright

(2004) Elsevier Ltd.).

Å

Figure 5. Time development of microbeam SAXS (A) and

WAXS (B) during interpenetration (Reprinted with permission

from ref 52. Copyright (2004) Elsevier Ltd.). SAXS and WAXS

profiles are vertically shifted for clarity.
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found in some crystalline/amorphous polymer blend
systems that have neither chirality nor c-axis tilting
in a crystal. In this section, we focus on the twisting
manner in crystalline/amorphous polymer blend sys-
tem.
Nozue et al. performed microbeam scanning

SAXS/WAXS measurements for the detailed structur-
al analysis of banding spherulite in a PCL/PVB
blend.51,66 This blend is one of the most ideal systems
because the order of twisting is extraordinarily high
and the period of twisting is sufficiently large to per-
form a microbeam scanning experiment. They scan-
ned isothermally crystallized banding spherulite along
the radial direction with a microbeam generated with
K-B optics (the beam size was 4� 5 mm2) and ob-
served the difference between banding structures
formed at different isothermal crystallization temper-
atures.51 They calculated the azimuthal distribution
of 110 reflection intensity in each scanned image.
On the left side of Figure 7, a variation in the azimu-
thal distribution of the 110 reflection during scanning
is shown, and a clear difference in twisting manner is
observed between banding spherulites isothermally
crystallized at 35 and 41 �C. To interpret the differ-
ence in azimuthal distribution change, they calculated
the azimuthal distribution change in various twisting
manners by assuming that the reciprocal lattice point

corresponding to the 110 reflection has a Gaussian
distribution. The calculated results are shown on the
right side of Figure 7 together with the twisting modes
used for calculation. By comparing the experimental
and calculated azimuthal distributions, one can clearly
observe that the banding spherulite crystallized at
37 �C twists uniformly, whereas that crystallized at
41 �C twists in a stepwise manner. They considered
that stepwise twisting is strongly related to the rhyth-
mic growth of the previously reported banding spher-
ulite.67 Furthermore, another interesting characteristic
was found in this banding spherulite. It is known that
some banding spherulites including PCL/PVB have
radial lines from the center of the spherulite. To clar-
ify the origin of these radial lines, the banding struc-
tures on the left and right sides of the radial lines were
scanned with a microbeam and the periodic changes in
the azimuthal distribution of the 110 reflection were
compared66 (see Figure 8). The obtained results clear-
ly show the inverse relationship of periodic patterns,
indicating the inverse relationship of twisting handed-
nesses. Thus, it is considered that a radial line indi-
cates the boundary between different handednesses.
In addition to PCL/PVB, Gazzano et al. investigated
the twisting of poly(L-lactic acid) (PLLA) and its
blend with atactic poly(3-hydroxybutyrate) (aPHB)
by microbeam WAXS.68 They also focused on the in-

Figure 6. (A) Experimental setup for in situ X-ray diffraction during forced silking. The spider is fixed using soft tape and Mylar ban-

dages to a metal support. The path of the thread from the spinneret to the motorized reel is schematically indicated. Distance indications (to

the spigot exit) correspond to points where X-ray diffraction data were recorded. (B) SEM image of draw down of N. edulis spider silk at

drawing speed of 20mm/s. (C) Diffraction pattern obtained at 23:5� 0:5 �C. Miller’s indices indicated for selected reflections (Reprinted

with permission from ref 58. Copyright (2000) American Chemical Society).
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duction of twisting by adding an amorphous polymer.
They excluded the possibility of any twisting with a
large pitch in PLLA spherulite without blending
aPHB and concluded that the twisting structure is
purely induced by aPHB addition.
Cylindritic Morphology of iPP �-Phase. Recent

tremendous research studies about polymer compo-
sites include fiber-reinforced polymeric materials. In
such systems, not only the strength of a fiber but also
the control of a matrix polymer morphology is very
important for improving the reinforcement effect. In

iPP, a �-phase crystal is known as a polymorph that
improves mechanical properties.69 It is also known
that a �-phase is induced by the thermal gradient,70

�-nucleating agent71 and shear force.72 As for the
shear-induced oriented �-phase formation at the inter-
face between iPP and the fiber, it was unclear whether
the �-phase grows directly from the sheared interface
(transcrystalline structure) or from an oriented �-
phase (cylindritic structure). To clarify the origin of
�-phase formation, Torre et al. prepared an oriented
�-phase morphology and performed a microbeam

(A)

(B)

(C)

(D)

(E)

Figure 7. (left) WAXS intensity contour maps with X-ray microbeam scanning PCL/PVB spherulite isothermally crystallized at 35 �C

(A) and 41 �C (B). (center, C and D) Simulated intensity contour map of 110 reflection azimuthal distribution along the radial direction. (C)

Continuous twisting model and (D) step-like twisting model shown in (E). Definition of the azimuthal angle is shown in Figure 8 (Reprint-

ed with permission from ref 51. Copyright (2003) Elsevier Ltd.).
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WAXS experiment.73 They sandwiched a fiber, Vectra
A950 167TEX, which is a thermotropic main-chain
liquid crystal polymer, between iPP films, heated it
to 210 �C and held it for 5min. Then, they decreased
the temperature, pulled the fiber out at 140 �C and iso-
thermally crystallized it at 135 �C. In Figure 9, the
POM image of the oriented crystalline structure,
which grows normal to the pull-out direction of
Vectra, is shown. They scanned the sample with a
microbeam (the beam size was 3mm diameter) normal
to the pull-out direction and obtained a WAXS pattern
at each position as shown in the upper side of
Figure 10. The contour map of the corresponding
circularly averaged microbeam WAXS profiles is
shown on the lower side of Figure 10. The result
shown in Figure 10 indicates that iPP at the region
nearest the sheared iPP/Vectra interface has a highly
oriented �-phase, while a �-phase grows from the ori-
ented �-phase, indicating a cylindritic structure.
Fibrous Structure. Microbeam X-ray scattering is

most often applied to fiber structural analysis.74–87 On

Figure 9. Crystalline superstructure formed by a Vectra A950

fiber (diameter: 23 mm) on an iPP matrix during isothermal crys-

tallization at 135 �C. The fiber was previously pulled at 140 �C

(Reprinted with permission from ref 73. Copyright (2006) Amer-

ican Chemical Society).

Figure 10. (upper) WAXS patterns of iPP matrix crystallized under isothermal conditions at 135 �C in which a Vectra fiber was pulled

out at 140 �C. The sample was mapped from one side of the transcrystalline region to the other side with steps of 5 mm. (a) diffraction

corresponding to spherulite of a-crystalline form, (b) pattern showing reflections for b-cylindritic structure and (c) WAXS pattern recorded

at the region that the fiber occupied. (lower) Integrated intensities of X-ray diffraction patterns at different 2� angles for diffraction collected

across sample covering large distance (d mm) from one side of fiber to other side. The sample is an iPP matrix isothemally crystallized at

135 �C, in which a Vectra fiber was pulled out at 140 �C. The positions corresponding to the upper diffractograms are indicated as 3a, 3b,

and 3c (Reprinted with permission from ref 73. Copyright (2006) American Chemical Society).
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the basis of simple suppositions, such as that on cylin-
drical symmetry, many researchers analyzed skin-core
morphologies in a fiber. The most advanced applica-
tion of X-ray microbeam to fiber analyses is a dif-
fraction study using a sub-micrometer-sized X-ray
beam.84,85 An X-ray waveguide apparatus enables us
to obtain highly focused X-ray ‘submicrobeams’ of
0.1mm in one direction (see Figure 11). Davies et al.
performed submicrobeam WAXS to obtain the de-
tailed structural information of an inner structure in
a poly(p-phenylenebenzobisoxazole) (PBO) fiber,84

which is known as the superfiber with an extremely
high strength and an extremely high elasticity. They
scanned two samples, the as-spun PBO (PBO AS)
and the high-modulus PBO (PBO HM) prepared by
heat treatment, with submicrobeam across the fibers
at 0.2 mm intervals and calculated the integrated inten-
sity of a 005 layer line at each position,84 which re-
lates to crystallinity and orientation of crystals. From
the patterns of integrated intensity across the fibers
(see Figure 12), they simulated the detailed inner
structure by Monte Carlo simulation based on three-
phase model (skin, intermediate, and core region) with
a simple supposition. They concluded that PBO AS
has a thick outer skin layer with an amorphous struc-
ture and a symmetrical core region, which is located at
the geometrical center of the fiber, whereas PBO HM
has a very thin skin layer and a large disordered asym-
metric core region, which is largely shifted from the
geometrical center of the fiber. This large difference
in inner structure between samples before and after
heat treatment provides a clue to the structure-proper-
ty relationship in fibers.
Next, we introduce the application of microbeam

SAXS to the structural analysis of human hair.86

Human hair shows various fiber shapes and it is com-
monly accepted that the degree of curliness of hair

fibers are roughly classified on the basis of the ethnic
origins of the hair fibers in three major ethnic groups:
African hair is strongly curled, Caucasian hair is mod-
erately wavy and Asian hair is comparatively straight.
The origin of curliness attracts attention from the cos-
metic viewpoint. It is widely known that the surface of
human hair is covered with thin cells and its inner part
is mainly filled with cortical cells, which are com-
posed of the intermediate filaments surrounded by
matrix proteins.88 In the case of Merino wool, which
is strongly curled, it was found that the fiber crimp
is associated with the distribution of cortical cells,
the so-called orthocortex and paracortex.89 Kajiura
et al. revealed the relationship between the curliness
and inner structural morphology of human hair by
microbeam SAXS.86 They scanned single hair fibers
with an X-ray microbeam generated with K-B mirror
optics (the beam size was 6 mm diameter) and found
that the arrangement of the intermediate filaments
varies between the inner and outer sides of the curva-
ture (Figure 13). They concluded that the macroscopic
curliness of the hair fibers originates from the inhomo-
geneous distribution of two types of cortex from the
analogy with Merino wool regardless of ethnic origin.

Structural Change Due to Deformation
To design polymeric materials with the required

properties based on the structure-property relation-
ship, it is essential to understand the pathway of stress
transfer in deformation processes. Microbeam X-ray
scattering is a powerful and unique tool for addressing
issue because it can directly probe local structural de-
formation.90–95 Furthermore, if one can perform in situ
microbeam X-ray scattering measurement at a fixed
position during deformation, further information on
structural changes90,92 will be obtained. However, it

Figure 11. Schematic representation of waveguide beam pro-

file superimposed to scale upon SEM micrograph of PBO HM

fiber (Reprinted with permission from ref 84. Copyright (2005)

American Chemical Society).

Figure 12. Across-fiber integrated intensity of 005 layer line

of single PBO AS and HM fibers, and idealized scattering curve

based on homogeneous cylindrical fiber (Reprinted with permis-

sion from ref 84. Copyright (2005) American Chemical Society).
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should be noted that well-designed sample accessories
that apply a specific external force to a sample and
monitor an exact X-ray beam position on the sample
without interfering with the X-ray beam are necessary
for in situ measurement. In this section, some ad-
vanced applications of microbeam X-ray scattering
to the characterization of deformed materials are in-
troduced.

Elongation. The first application is in situ micro-
beam SAXS-WAXS simultaneous measurement dur-
ing the deformation of an iPP spherulite. iPP is one
of the most widely used polyolefins for film applica-
tions. The most common process used for iPP film
production is the tenter process, where an iPP sheet
is stretched below its melting point by sequential biax-
ial drawing. Therefore, the understanding of the iPP
spherulite deformation mechanism during drawing is
very important for designing polypropylene materials
with a high processability.
Nozue et al. observed microbeam SAXS-WAXS

changes in an iPP spherulite at a fixed position during
deformation using a drawing machine with a posi-
tion-adjusting function independent of drawing. In
Figure 14, the sets of POM-mSAXS-WAXS data si-
multaneously acquired before and after hot drawing
are shown. They irradiated the dot region of POM
image with a microbeam generated with pinhole
optics (the beam size was 5mm diameter) and ob-
tained mSAXS-WAXS data. The mSAXS pattern ob-
tained before drawing clearly shows the four-leaf
clover pattern originating from the cross-hatched
structure, whereas only two disordered spots are ob-
served in the mSAXS pattern after drawing. Highly
anisotropic mWAXS patterns are also largely different
before and after drawing. With respect to mSAXS
changes during hot drawing, they calculated the se-
quences of long periods and full-widths at half-maxi-
mum (fwhm) of the scattering peak from the sector
averaged SAXS profile originating from the parent

Figure 13. Typical SAXS patterns of human hairs for three

ethnic groups and Merino wool ((Reprinted with permission from

ref 86. Copyright (2006) Elsevier Ltd.)). (a) Curly African hair.

(b) Moderately curly Caucasian hair. (c) Nearly straight Asian

hair. (d) Merino wool with higher crimp than curly human hair.

Short arrows indicate the major intensity maxima along the equa-

tor, which are attributed to the lateral packing between intermedi-

ate filaments (around 9.0 nm). Clear differences in these intensity

maxima are found between the inner and the outer side of the cur-

vature for the hairs. These differences reflect the existence of lat-

erally heterogeneous intermediate filaments.

110

130

040

drawing

drawing direction

daughter lamella

standing parent lamella

200 µm

Figure 14. Typical data sets of POM (left), SAXS (center),

and WAXS (right) before and after hot drawing. In the POM im-

age, the position of the microbeam is shown by a dot (Reprodu-

ceed with permission from ref 90. Copyright (2007) American

Chemical Society).
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and daughter lamellae, and obtained the information
on the relationship between the change in long periods
and the disordering of the stacking structure. With
respect to mWAXS changes, they calculated the se-
quences of the fwhm and azimuthal distribution of
each reflection and estimated the ordered crystal size
and the degree of crystal orientation rearrangement.
By these analyses, they identified the sequence of
stress transfer inside the cross-hatched structure dur-
ing hot drawing and constructed the detailed deforma-
tion model, as shown in Figure 15. Initially, the long
period of the parent lamella simply increases, whereas
no disordering of the stacking structure occurs, indi-
cating that the stretching of the amorphous region be-
tween lamella crystals occurs before the disordering
of the stacking structure. Next, the disordering of the
lamella stacking structure and the decrease in the or-
dered crystal size of the parent lamella occur, whereas
the crystal size of the daughter lamella does not de-
crease. Interestingly, the ordered crystal of the daugh-
ter lamella is initially smaller than that of the parent la-
mella and its size remains constant during drawing
until a drastic rearrangement starts. Finally, a marked
rearrangement of the crystal orientation occurs. They
also performed the same experiment using polypropy-
lene randomly copolymerized with butene (bPP) and
observed a different deformation behavior from iPP.
The next application is related to the evaluation of

stress transfer to the interface of matrix polymer and
fiber in composites. In fiber-reinforced polymeric
materials, the strength of interaction at the matrix
polymer-fiber interface and the manner of stress trans-

fer are examples of the most essential factors that con-
trol the mechanical strength.
Young et al. performed a scanning microbeam

WAXS experiment using epoxy resin matrix poly-
mer/PBO single fiber composite with two different
specimen geometries, namely an epoxy resin test
piece including a single PBO fiber inside the piece
and a single fiber covered with epoxy resin micro-
droplets91 (see Figure 16). Here, we introduce an
interesting result for a microdroplet geometry. They
measured the crystal lattice constant of the fiber after
drawing and determined the crystal strain "c and stress
� from the difference between the lattice constant in
a deformed region (cs) and that in a undeformed
region (c0) by the following formula using

"c ¼
c� � c0

c0

Ec ¼
�

"c
;

a*

(a) (b) (c)

(a) (b) (c)

(d)

drawing direction

Figure 15. Deformation model of (upper) perpendicular and (lower) parallel lamellae in iPP: (a) initial state, (upper (b)) elongation of

amorphous chain at first stage, (upper (c)) disordering of parent lamella crystal along a-axis and rotation of daughter lamellae at second

stage, (lower (b)) disordering of crystal aloing a-axis, (lower (c)) rotation of parent lamellae followed by rotation of daughter lamellae, and

(d) fragmentation at final stage (Reproduced with permission from ref 90. Copyright (2007) American Chemical Society).

Figure 16. Schematic diagram of experimental setup for

microdroplet specimen (Reprinted with permission from ref 91.

Copyright (2004) American Chemical Society).
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where Ec is the crystal modulus. They scanned the
drawn fiber sample in 20 mm steps along fiber with mi-
crobeam generated with K-B mirror optics (the beam
size was 5mm diameter), measured the lattice constant
from a 004 reflection and obtained the spatial distribu-
tion of the stress applied to the PBO fiber. They found
that the stress applied to the fiber decreases in the re-
gion where the epoxy resin microdroplets cover the
fiber because the stress is equally distributed over
the entire system, consisting of the epoxy and fiber.
Then, they compared the degree of reduction in the
stress applied to the fiber with the relative amount
of epoxy resin that covers the fiber. The relative
amount of epoxy resin matrix was obtained from the
integrated scattering intensity of the amorphous epoxy
resin. In Figure 17, the comparison between the
amount of epoxy resin and the stress applied to the
fiber at each position is shown. At a low stress, their
patterns completely agree with each other, indicating
that epoxy resin covering the fiber absorbs the stress
in proportion to the volume of epoxy. However, at
a high stress, they showed a clear discrepancy. This

strongly indicates that the stress applied to the system
cannot equally be absorbed in the system, destroying
the interface between the epoxy resin and the PBO
fiber and increasing the stress applied to the fiber.

Indentation. The next application is related to
structural deformation by microindentation on a poly-
mer fiber.92,93 Indentation is a test method for pushing
a sample using an indenter with a sharp head of a hard
material, such as a square-based diamond pyramid,
which is used to measure the hardness of materials.
As for the stress transfer analyses inside materials,
the spatial distribution of the deformed structure itself
after indentation provides abundant information on
the manner of stress transfer in materials, and in situ
measurement during indentation provides supplemen-
tary information about elastic recovery to the final de-
formed structure formation. These pieces of informa-
tion are essential for understanding the origin of the
hardness of materials.
Gourrier et al. performed microbeam WAXS to

observe the deformed structures of various polymer
fibers during and after microindentation.92 They de-
veloped the customized microindentation apparatus
allowing one to adjust the position of a specimen pre-
cisely and to observe the specimen under an optical
microscope. Here, we introduce the application of mi-
croindentation to Nylon66 and ultrahigh molecular
weight polyethylene (UHMW-PE) fibers. First, they
scanned samples after microindentation with a micro-
beam generated with the combination of focusing mir-
ror and collimator (the beam size was 5 mm diameter)
at 5 mm intervals. In Nylon66 after indentation, the de-
gree of crystal orientation determined in the region
immediately below the region of indenter tip penetra-
tion, which is analyzed from the azimuthal distribu-
tion of WAXS, is lower than that in the region without
deformation, whereas crystallinity is the same be-
tween these regions. This indicates the local perturba-
tion of crystal orientation by plastic deformation. In
UHMW-PE, the deformation distribution is complex
(see Figure 18). As for the degree of crystal orienta-
tion, the region 5 mm away from the indenter tip-poly-
mer interface shows a low degree of crystal orienta-
tion, which is similar to that of Nylon66. Further-
more, the polymorph of PE which is an orthorhombic
phase before indentation, was partially transformed to
a monoclinic phase. In the region 10 mm away from
the indenter tip-polymer interface, the monoclinic
phase appeared. Interestingly, at a further region
(> 10 mm), a split of orthorhombic crystal orientation
was observed instead of a monoclinic phase. It is
known that a force larger than the critical value is nec-
essary for the phase transition to a monoclinic phase.96

Therefore, this result indicates that an external force
beyond the critical value was applied in the region

Figure 17. Superimposed plots of intensity of resin scattering

multiplied by (�1) and axial fiber stress at same position along

fiber for specimen at loads of (a) 15.1 g and (b) 27.7 g (Reprinted

with permission from ref 91. Copyright (2004) American Chemi-

cal Society).
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10 mm away from the indenter tip-polymer interface.
It should also be noted that the crystal in the region
nearest the tip-polymer interface shows no monoclinic
phase but the slight broadening of the crystal orienta-
tion by plastic deformation, indicating that the stress
is not well applied in this region. This might be due
to the skin-core inner structure of the polymer fiber,
though it is not discussed in the paper. Furthermore,
they performed in situ microbeam WAXS during in-
dentation. They fixed the position of a microbeam be-
low the center of the fiber, located far from the indenter
and observed a structural change during indentation. In
this experiment, they clearly observed the splitting of a
diffraction spot during indentation and its recovery to a
single spot pattern when it was released, though its azi-
muthal distribution after indentation was broader than
the original azimuthal distribution.

Microphase Separated Morphology
Among the applications of microbeam X-ray scat-

tering, its application to an amorphous polymer sys-
tem is very rare. However, interesting applications
have recently been reported in the characterization
of highly ordered microphase separated morphology
in block polymers.97–99

Matsushita and coworkers have synthesized ABC
star block copolymers with precisely controlled chain
lengths by anionic polymerization and characterized
their morphologies by TEM and microbeam SAXS.97

They synthesized polyisoprene(I)-polysthyrene(S)-
poly(2-vinyl pyridine)(P) star block copolymers. They
systematically changed the length of the P chain and
obtained an ISP star polymer with a chain volume

ratio of I:S:P = 1:1:x (x ¼ 0:7, 1.2, 1.9), which is
coded as I1:0S1:0Px. Furthermore, a polymer sample
with x ¼ 1:3 was also prepared by blending two sam-
ples, i.e., I1:0S1:0P1:2 and I1:0S1:0P1:9, at a weight ratio
of 0.85/0.15. These four samples showed typical Ar-
chimedean tiling patterns100 and corresponding micro-
beam SAXS patterns were observed with microbeam
generated with pinhole optics (the beam size was
5 mm� 5mm), as shown in Figure 19. A clear corre-
spondence between the results of TEM and microbe-
am SAXS guarantees that the structures observed by
TEM are statistically most probable in the micro-
beam-irradiated area. This clearly shows that the most
critical problem in TEM observation, i.e., the lack
of statistical accuracy, is completely resolved by
microbeam SAXS experiment. It should also be noted
that the good coincidence between the results of TEM
and microbeam SAXS is realized because the beam
size is comparable to the grain size.
They also performed other experiments by control-

ling the chain length and blending an ABC terpolymer
with homopolymers, and found new tiling patterns
that do not correspond to Archimedean tiling, which
is statistically evidenced by microbeam SAXS.98

PERSPECTIVES

As is described in the above, a microbeam X-ray
scattering technique can be widely applied to the char-
acterization of polymeric materials having spatial in-
homogeneity. In the near future, more experimental
results are expected to be obtained by microbeam
X-ray scattering. We suggest the following advanced

Fiber axis

Figure 18. (A) Equatorial pattern of single UHMW-PE fiber. (B) Composite image of indented zone in UHMW-PE limited to

1100=2000 and 001m reflections. Mesh increments are 10� 5 mm. (C) Azimuthal profile of a selected frame, which can be fitted by three

Gaussian functions corresponding to central domain and two satellite domains. The azimuthal width (fwhm) of the domains is indicated

(Reprinted with permission from ref 92. Copyright (2002) American Chemical Society).
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experiments related to the application of microbeam
X-ray scattering introduced in this review: 1) the
time-resolved mSAXS-WAXS measurement of a local
crystallization behavior at various positions in banding
spherulite having a discontinuous twisting structure,
which enables us to elucidate the relationship between
rhythmic growth and discontinuous twisting, 2) time-
resolved mSAXS-WAXS measurement for verifying
melt recrystallization during drawing, which has been
controversial until now,101,102 and 3) time-resolved and
scanning mSAXS-WAXS measurements for investi-
gating stress transfer in fibrous materials with a skin-
core morphology during uniaxial drawing, which is di-
rectly related to the mechanical strength in fibers.
In addition to the microbeam X-ray scattering tech-

niques shown in this review, it is worth mentioning
that microbeam grazing-incidence SAXS (GI-SAXS)
is a powerful tool for analyzing surface structures
having spatial inhomogeneity,103,104 and that X-ray
photon correlation spectroscopy (XPCS) is a unique
method for analyzing the slow dynamics of nanostruc-
tures such as block copolymers and filled rub-
bers.105,106

Finally, we would refer to the present situation of
synchrotron radiation beamlines for microbeam X-
ray scattering in Japan. There exist beamlines used
for microbeam SAXS/WAXS experiments. However,
there is no beamline dedicated for microbeam SAXS-
WAXS in SPring-8, whereas other third-generation
synchrotron sources, such as ESRF, APS and BESSY
II, have beamlines dedicated for microbeam SAXS-
WAXS. This situation limits microbeam SAXS/
WAXS research activities in polymer science in Japan
considerably when compared with those in other
countries. This should be improved urgently in order
to advance and widen synchrotron radiation research
in polymer science and technology.
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82. L. Kreplak, C. Mérigoux, F. Briki, D. Flot, and J. Doucet,

Biochim. Biophys. Acta., 1547, 268 (2001).
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