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ABSTRACT: New methods to visualize polymer morphologies in three-dimension (3D) in polymer science are re-

viewed. Here we concentrate on one of such 3D imaging technique, transmission electron microtomography (TEMT),

and introduce some experimental studies using this novel technique. They are block copolymer morphologies during

order-order transition between the two different morphologies and block copolymer thin film morphology also during

morphological change due to confinement. Direct visualization of 3D structure of silica particle/rubber composite and

related morphological analyses are shown. Subsequently, as a very hot topic of the 3D imaging, we show for the first

time to characterize the morphological change in a silica particle/rubber composite upon stretching. It was found that

the aggregates of silica particles were broken down upon stretching and many voids were generated near and between

the silica particles. Local stress upon stretching inside the composite was inferred from the image intensity of the 3D

reconstructed image. The local stress was found not only near the silica particles but also near the top of the voids. The

observations indicated that the local stress increases the modulus, causing voids to form along the stretching direction.

The thickness of the specimen after the stretching was also estimated from the 3D volume data, which turned out to be

non-uniform and thinner than what is expected from the affine deformation. These experimental findings indicate that

the rubber composite does not obey the assumption of the affine deformation at the nano-scale.

[doi:10.1295/polymj.PJ2006259]
KEY WORDS Transmission Electron Microtomography / Three-dimensional Imaging / Order-
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Polymer materials are ubiquitous in our daily life.
Such materials often consist of more than one species
of polymers and thus become multi-component sys-
tems, such as in polymer blends,1,2 block copolymers,3

and fillers/polymer composites.4 The multi-compo-
nent systems often show phase-separated structures
due to immiscibility of constituents. Studies to charac-
terize such morphologies inside the materials have
been growing intensively over the past few decades.
Academic interest in complex fluids (to which poly-
meric systems belong) as well as the ceaseless indus-
trial need for developing new materials motivates
such studies.
In academia, pattern formation and self-assembling

processes of multi-component polymer systems are
one of the most fascinating research themes in non-
linear, non-equilibrium phenomena.1 Likewise, nano-
meter-scale periodic structures formed in block co-
polymers in their equilibrium state are interesting

because their self-assembly is driven by the subtle bal-
ance between the entropic block chain conformation
and enthalpic interaction between the constituents.3

In industry, phase-separated polymer systems provide
an important route to achieve superior physical prop-
erties. Hence, the structure-property relationship in
multi-component polymeric materials is of significant
importance, basic studies on which eventually render
new designs of polymer materials satisfying the di-
verse requirements of industry.
Filler/polymer composites are another key class of

polymer materials. Incorporation of a few percent of
clay minerals into a polymer matrix in many cases
synergistically increases the modulus, gas barrier
properties, heat distortion temperature, etc. It is also
well known that the improvement of such properties
strongly depends on structures of fillers inside the
polymer matrix.5 As typical fillers, carbon black
(CB), silica particles, clay mineral are often used. As
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many different types of polymers can be used as the
matrix, rubber is one of the most common polymers
in industrial use. For example, the CB/rubber compo-
sites are often used as composite-type materials that
are made of polymers, fillers, cross-linking agents,
and other additives. While filler particles are known
to alter the mechanical properties of rubber materials,
the mechanism by which the alterations occur is still a
subject of debate.6 Today, extensive efforts are being
made to unravel the mechanism of rubber reinforce-
ment by fillers and the fracture process of rubber vul-
canizates. A complete fundamental understanding of
this complex mechanism remains a significant scien-
tific challenge.7–14

THREE-DIMENSIONAL (3D) IMAGING

In order to establish the structure-mechanical prop-
erties relationship, one needs proper methods to char-
acterize the morphologies. Up to now, morphological
studies of the polymeric materials have been carried
out by various microscopic and scattering methods.
Optical microscopes, transmission electron micro-
scopes (TEM), scanning electron microscopes
(SEM) and atomic force microscopes (AFM) are com-
mercially available and widely used. The biggest ad-
vantage to use such microscopes is that they offer in-
tuitive real-space representation of the morphologies.
However, when it comes to ‘‘measurements’’, espe-
cially in a quantitative way, the microscopes may give
only limited pieces of structural information with infe-
rior statistical accuracy to scattering methods. Scatter-
ing techniques give statistically-averaged structural
information over the scattering volume which can be
several orders of magnitude larger than the volume
probed by the microscopes. Moreover, the scattering
methods do not directly provide intuitive insight into
the morphologies. The scattering methods often re-
quire knowledge of the morphologies beforehand to
obtain the structural parameters: The two methods
are complementary.
In some cases, however, identification of complex

structures by the above microscopes is inconclusive
and therofore the interpretation of scattering data be-
comes quite difficult. One of the reasons is that the
microscopes used so far take two-dimensional (2D)
(transmitted or surface) images of three-dimensional
(3D) objects. The more complicated the morphologies
are, the less convincing the 2D images usually be-
come. It is thus requisite to develop microscopes that
are capable of visualizing 3D morphologies in 3D. A
couple of different types of 3D microscopes have been
developed.15 They are laser scanning confocal micros-
copy (LSCM),16–27 X-ray tomography,28–30 and trans-
mission electron microtomography (TEMT).15,31–54

The spatial resolution of LSCM and X-ray tomogra-
phy is on the order of a micrometer, while that of
TEMT approaches 1 nm or less.44,52 We also empha-
size that 3D microscopy should be accompanied by
digital image analyses that extract useful and new
structural information from the 3D volume data.55–58

Among those 3D imaging techniques, with rapid
advances in ‘‘nanotechnology’’, there is a growing
need for quantitative structural analysis at the nano-
meter scale. In TEMT, a series of projections at differ-
ent tilt angles are obtained, which are subsequently
used to calculate tomograms on the basis of computer-
ized tomography (CT). In the coarse of the ‘‘recon-
struction’’, precise alignment of projections to a tilt
axis is required in order to obtain high-resolution 3D
data. This alignment should be the foundation for
the subsequent data analysis to extract various kinds
of structural information. Another critical issue asso-
ciated with TEMT is what is called the ‘‘missing
wedge’’ problem: Image quality of tomograms is con-
siderably deteriorated due to the limitation of the
tilting angle up to �60�70� in the transmission
electron microscope. Kawase et al. recently demon-
strated a protocol to perform complete rotation, i.e.,
�90�, of their ZrO2/polymer nanocomposite, by
which they achieved truly quantitative TEMT for the
first time.52,59 The detailed theoretical backgrounds
as well as experimental results are described in a sep-
arate review article.15

SOME APPLICATIONS USING TEMT

3D Morphological Studies of Block Copolymers
TEMT has been used to characterize 3D structures

in a wide range of materials.15,39 As described above,
block copolymers self-assemble into various periodic
nano-scale structures (‘‘microphase-separated struc-
tures’’) and hence their 3D morphologies are subjects
for many scientific studies. In 1988, Spontak and cow-
orkers32 used TEMT to observe cylindrical morpholo-
gies of block copolymer for the first time. Later, a
complex morphology, Gyroid, has been extensively
studied using TEMT.35,37 Complicated 3D ‘‘maze’’
was beautifully imaged (see, for example, Figure 1
in ref 37), from which some structural features, e.g.
volumetric fraction of one of the constituents, inter-
facial curvatures,55,56 topology,60 connectivity of do-
mains57,58 etc. were measured.
The grain boundary of microphase-separated struc-

ture is another important aspects of block copolymer
morphologies. The grain boundary morphology of la-
mellar structure where two lamellae intersect orthog-
onally was examined by TEMT (see Figure 5 in refer-
ence 44). It was found that the lamellae microdomains
were continuous through the boundary region and the
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boundary morphology had characteristics of the sad-
dle-like hyperbolic surface, called the Scherk’s first
surface. This experimental result demonstrates that
the minimization of the surface area, i.e., the minimi-
zation of the surface energy, is the dominant cause of
the structural formation.44 Another intriguing boun-
dary structure was found between the Gyroid and
hexagonally-perforated lamellar (HPL) morphologies
during the order-order transition.61 Figure 1(a) shows
a 3D image of the boundary between these two mor-
phologies where every other HPL layers were beauti-
fully connect to one of the two non-intersecting
Gyroid networks. Moreover, as clearly shown in
Figure 1(b), nature of epitaxy can be found: f1�111g,
f20�22g and f121g planes were at the boundary with
the f121g plane being parallel to the HPL layers.
TEMT is also useful to investigate microphase-sep-

arated structures of block copolymer thin films.
Figure 2 demonstrates order-order transition induced
by the confinement (finite thickness of the film) where
the cylindrical morphology transformed into spherical
morphology upon annealing.62 Note that the equilibri-
um structure of this block copolymer in the bulk state
is cylindrical morphology. The stability of either cyl-
inders or spheres in the block copolymer thin film was
simulated on the basis of the Self Consistent Field
Theory, which is in excellent agreement with the ex-
perimental results.62

3D Morphological Studies of Composite Materials
Figure 3 shows a 3D structure of a rubber compo-

site consisting of silica particles in rubbery matrix.
Figure 3(a) and 3(b) display a TEM micrograph and
corresponding TEMT image, respectively. The TEMT
image contains richer structural information than the
2D TEM image. Using a Monte-Carlo simulation, spa-
tial position of each silica particle was resolved63,64

and displayed in Figure 3(c). Note that this protocol
is necessary to evaluate 3D spatial distribution, e.g.,
the spatial correlation function of fillers, especially
when individual fillers are too small to be clearly vi-
sualized but only regions of the fillers are obtained.
The simulated silica particles can be further used to
measure the persistent length of fillers as demonstrat-
ed in Figure 3(d).65 Needless to say, the persistent
length of fillers should be an important measure to un-
derstand electrical property of semi-conductive mate-
rials, e.g., CB/rubber composites. Besides these struc-
tural parameters, distribution and orientation of filler
particles45 have been discussed. We note here that
most of this structural information can never be ob-
tained from other existing experimental techniques.15

Although TEMT is receiving significant attention in
polymer science, the 3D imaging of strain under an
external field, e.g., strain, has never been carried out.

3D Morphologies of Filler/Rubber Composite Upon
Stretching
In order to establish the structure-property (me-

chanical property) relationship, complete understand-
ing of the phenomena occurring under strain66 is cru-
cial. Such studies will provide new insight on the
nano-scale structures in rubber that cannot be obtained
by observing rubber in the static condition. We report
here, as a first attempt, the analytical results of the 3D

Figure 1. (a) 3D morphology of Poly(styrene-block-isoprene)

(SI) block copolymer during order-order transition (OOT) from

hexagonally-perforated lamellar (HPL) structure (right) to Gyroid

structure (left).62 The Gyroid structure has Ia�33d symmetry. The

number-averaged molecular weight and polydispersity index are

Mn ¼ 37;000 and Mw=Mn ¼ 1:01. The volume fraction of poly-

isoprene is 0.62. Blue and red microdomains consist of polysty-

rene and continuous through the boundary. Non-intersecting PS

microdomains independently and periodically connect to the

HPL layers. Scale bar is 100 nm. (b) Orthogonal views of the

3D reconstruction of SI block copolymer during OOT. Z-axis is

parallel to the optical axis of the microscope and also the depth

direction of the sample. As shown in each cross-section, the PS

microdomain (white domain) of the Gyroid exhibits characteristic

crystallographic planes, demonstrating that the OOT is epitaxial.

The insets in the cross-sections show characteristic patterns of

Gyroid viewed from certain crystallographic planes indicated by

the miller numbers.
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morphological change in stretched rubber. By the 3D
observation of stretched rubber specifically the obser-
vation of the local stresses and voids inside the
stretched rubber, we can determine these mechanisms
in rubber composite.
Figure 4(a) shows the 3D image of silica particles

in cured rubber before stretching. Some silica particles
tend to form aggregates, however they do not aggre-

gate to the extent observed in carbon black particles
(e.g., N220). This is because the bonding force be-
tween the silica particles is not as large as that be-
tween carbon black particles. There are no appreciable
voids or cracks in the specimen prior to stretching.
Figure 4(b) shows the 3D image of the silica parti-

cles in cured rubber after 100% stretching (extension
ratio � ¼ 2). Note that the 3D images shown in

Figure 2. 3D morphologies of Poly(styrene-block-isoprene) (SI) block copolymer thin film.62 The number-averaged molecular weight

and polydispersity index are Mn ¼ 51;000 and Mw=Mn ¼ 1:06, respectively. The volume fraction of polyisoprene is 0.22. A specimen film

was prepared by spin-coating from toluene solutions with 2.6wt% onto the mica substrate. Microphase-separated structures of (a) as-spun

film and annealed at 120 �C for (b) 2880 minutes (48 h), (c) 9000 minutes (150 h) under vacuum. Polyisoprene phase is shown Box size:

300� 300� 70 nm.

Figure 3. (a) TEM micrograph of silica particle/rubber composite.64,65 An emulsion-type styrene-butadiene rubber (SBR1502, Zeon

Corp. (Japan)) was used as matrix rubber. Mixture of SBR and silica particles with small amount of additives, i.e., sulfer, N-(benzo[d]thia-

zol-2-ylthio)-2-methylpropan-2-amine (TBBS), Si266 (Bis (triethoxysilylpropyl) disulfide) was compounded in an 8-inch open roll mixer.

The mixing was continued for approximately 5min. The compounded mixtures were then thermally treated at 170 �C for 10min in a hot

press for vulcanization. The volume content of silica (Seahoster KE-P1, diameter 100 nm) was 20%. The 3D picture obtained from TEMT

is shown in part (b) (box size: 1:32 mm� 1:32 mm� 411 nm). Silica particles with same color belong to same aggregate. Spheres with di-

ameter of 100 nm were embedded by a monte-carlo simulation as shown in part (c), in which transparent blue and solid yellow spheres

correspond, respectively, to experimentally-visualized silica particles and simulated particles. Persistent length in each aggregate was es-

timated and is shown in part (d) by solid line. TEM and TEMT pictures were taken on a JEOL JEM-2200FS.
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Figure 4(a) and (b) were taken using different cryo-
microtomed sections and thus they do not represent
the same field of view. The distance between the silica
particles increased as the specimen was stretched.
Most of the silica aggregates were broken down upon
stretching, while some remained. This suggests that
the bonding force between some silica particles was
stronger than the stress induced by 100% elongation.
Many voids were generated near and between the
silica particles. The voids tended to be generated be-
tween two silica particles and connect them. They
formed lines along the stretching direction; these
voids are 90–2000 nm long and 40–800 nm wide.
Moreover, we found that fine rubber polymer existed
in some voids: these polymers are 70–440 nm long
and 5–70 nm wide. Since these polymers strands ap-
pear to ‘‘bridge’’ the voids, we hereafter refer to them
as ‘‘polymer bridges.’’ These polymer bridges are sim-
ilar to fibrils found in crazing. It is very likely that the
polymer bridges were made up of stretched and as-
sembled polymer chain, which implies that, although
nearly all the polymer chains on both sides of the
polymer bridge were broken down, these assembled
polymer chains did not snap and remained in the void
space. Figure 4(c) shows the magnified 3D images of
the stretched rubber. The voids that connect the silica
particles and the polymer bridges are clearly visible.

Figure 4(d) shows the 2D TEM image of the speci-
men. Here, we cannot distinguish between the silica
particles on the rubber surface and those inside the
rubber matrix. Although the 2D projection does not
provide any information along the depth of the sec-
tion, we did find areas that appeared to be a little pale,
especially near the silica particles, in the rubber ma-
trix. We hereafter call these areas ‘‘half-bright zones’’.
The half-bright zones appeared to be located along the
stretching direction, some of which are indicated by
dashed circles in Figure 4(d). The brightness of the
TEM image roughly corresponds to the density of
the specimen. Therefore, the thickness of a half-bright
zone may be thinner than that of the gray zone. This
observation indicates that the rubber elongation in
the half-bright zone is larger than that of the gray zone
and that local stress occurs at the half-bright zone
upon stretching.
Figure 5(a) and (b) show the horizontal cross-sec-

tional images (XY plane) before and after stretching,
respectively. Note that the electron beam was irradiat-
ed along the Z-axis, the axis along the thickness of the
specimen. These cross-sectional images can be ac-
quired by slicing an arbitrary plane of the 3D image.
There exist many voids, polymer bridges, and half-
bright zones showing the local stress upon stretching
(Figure 5(b)).

Figure 4. TEMT 3D reconstructed image of (a) unstretched and (b) stretched states of silica particle/rubber composite as used in

Figure 3. White spheres in part (a) to (c) are silica particles. Extension ratio is 2. Stretched direction is shown by the white arrow in part

(b). Magnified view of the 3D reconstruction is shown in part (c). After stretching, many voids are observable, in which ‘‘polymer bridges’’

are discernible (indicated by circles in part (b) and (c)). TEM micrograph corresponding to the volume shown in part (b) is shown in part

(d). For observation under stretching, the specimen was set on the copper grid and stretched uniaxially.7,68–71
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Comparing Figure 4(d) (2D image) and Figure 5(b)
(3D XY plane), we can see that the contrast of the XY
plane is greater than that of the 2D image. We find
that there are more half-bright zones in the XY digital
slice. They tend to align along the stretching direction,
indicating that the local stress also occurs near the top
of the voids.67 The local stress near the top of voids
must be the point from which void propagation origi-
nates. Figure 5(c) and (d) show the magnified images
of the local stress. TEM images include all the infor-
mation along the depth showing average image bright-
ness of the specimen. On the contrary, the TEMT
digital slice can provide an arbitrary cross-sectional
image that provides information regarding the limited
thin section (in this study, the thickness is 5.2 nm).
Thus, we can acquire a high-contrast image using
the cross-sectional TEMT image.
The thickness of each specimen was measured from

the 3D reconstruction in the following way. We ran-
domly selected 10 points in the XY plane. For each
point, uppermost and bottommost edges of the speci-
men were found by scanning XY digital slices along
the Z direction. The sample thickness was determined
by averaging these 10 thicknesses. The thicknesses
before and after stretching were approximately 400–
460 (424) nm and 70–240 (182) nm, respectively
(numbers in the parentheses are average values). It
was found that the thickness of the specimen decreas-
es and the variation of thickness increases upon
stretching. If the specimen obeyed affine deformation,
the thickness should be in the range from 400�

ffiffiffi

2
p

¼

280 nm to 460�
ffiffiffi

2
p

¼ 330 nm. Thus, it is evident
that the thickness deformation of rubber composite
does not conform to affine deformation. This result
might be caused by the local stress and void genera-
tion in the specimen.
Figure 6(a), (b), and (c) show the schematic repre-

sentation of the vertical cross section before and
after stretching. Location of these cross sections are
indicated in Figure 5(a) and (b) by solid lines. These
figures clearly demonstrated that the thickness of the
specimen decreased with stretching, while the varia-
tion of thickness increased with stretching. The fine
rubber polymer (polymer bridge) was also observed.
The thickness of the polymer bridge was approximate-
ly 70 nm, which is approximately one-sixth of the
thickness before stretching. This result indicates that
the polymer chains are highly strained at the polymer
bridges.
Let us now consider the fracture process of the rub-

ber materials containing inorganic particles upon
stretching. The local stress, which increased modulus
and hardness, first occurred at the interface of the par-
ticles and rubber polymer. Upon further stretching, the
detachment between the particle surface and polymer
took place. Nanovoids were generated at the interface
between the particles and rubber. The local stress near
the top of the voids caused the voids to grow. The
voids grew and became larger with stretching, and
finally connected between two particles. This is the
fracture process of stretched rubber containing inor-
ganic particles. The results obtained from this study

Figure 5. Digitally-sliced cross-sectional image of TEMT 3D reconstructed images of silica/rubber composite. (a) unstretched and

(b) stretched states. Thickness of the digitally-sliced cross-section is 5.2 nm. Black spheres in the cross sections represent silica particles.

In part (b), white arrow is a stretching direction. Many voids are observable. Part (c) and (d) show magnified view of rectangles in part (b).

As indicated by circles, there are half-bright zones that may be characteristic to the local stress upon stretching.66
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suggest the fundamental mechanism of reinforcement
and fracture of the rubber composite.
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