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Analysis of inner structure in high-strength biodegradable fibers
by X-ray microtomography using synchrotron radiation
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Abstract

The observation of the inner structure of materials without pretreatment or damage is a very useful analytical method in the field of materials
science as well as in medicine and biology. We have carried out a three-dimensional (3D) analysis of biodegradable polyester bacterial-poly[(R)-
3-hydroxybutyrate-co-(R)-3-hydroxyvalerate] (P(3HB-co-3HV)) fibers with high tensile strength (1.07 GPa) using X-ray microtomography with
synchrotron radiation. The inner structure of the fibers was visualized at a spatial resolution of 1 mm. There are many fine voids for one-step-
drawn P(3HB-co-3HV) fibers after isothermal crystallization from the result of X-ray microtomography. This revealed that the clear streak re-
flection along the equator in small-angle X-ray scattering is caused by these fine voids. The recalculated tensile strength of one-step-drawn
P(3HB-co-3HV) fibers after isothermal crystallization is suggested to be 2.02 GPa, taking the cross-section area with 52.7% (polymer region)
into consideration. These fine voids in fibers seemed to be generated by the volume changes due to the contraction of polymer chains during
isothermal crystallization.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Fibers of poly[(R)-3-hydroxybutyrate] (P(3HB)) and its co-
polymers have attracted much attention as biodegradable poly-
ester fibers for use as fishing lines and surgical sutures [1].
P(3HB) and its copolymers are synthesized by a variety of bac-
teria from renewable carbon sources and degraded to water and
carbon dioxide by bacteria in soil, seawater, and river water
[1e3]. Recently, we succeeded in producing high-strength poly-
[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyvalerate] (P(3HB-co-
3HV)) fibers with a tensile strength at break of 1.1 GPa. These
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were processed by one-step-drawing after isothermal crystalli-
zation in ice water near the glass transition temperature to pre-
vent rapid crystallization and to enable the formation of small
crystal nuclei [4].

Fig. 1 shows scanning electron micrographs and the two-
dimensional small-angle X-ray scattering (SAXS) patterns of
one-step-drawn P(3HB-co-3HV) fibers after isothermal crys-
tallization in ice water or without isothermal crystallization
[4]. While the two sets of fibers have similar morphologies
(Fig. 1(a) and (a0)), their SAXS patterns are completely differ-
ent. The SAXS pattern of a one-step-drawn fiber without
isothermal crystallization (Fig. 1(b)) yields clear two-spot re-
flections along the meridian, suggesting that there are lamellar
crystals of systematic long period along the fiber axis. On the
other hand, it is difficult to detect any spot reflection along the
meridian in the SAXS patterns of one-step-drawn fibers after
isothermal crystallization (Fig. 1(b0)). Streak scattering can
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Fig. 1. SEM and SAXS patterns of 10 times one-step-drawn P(3HB-co-3HV) fibers: (a, b) without isothermal crystallization, and (a0, b0) after isothermal crystal-

lization [4]. The arrows indicate the drawing direction.
be clearly seen along the equator perpendicular to the drawing
direction. In the past, this streak scattering along the equator
was noted in highly oriented fibers and was considered to be
due to voids in the fibers or the interface of the fiber. However,
until now, there has been no direct evidence for relation be-
tween the streak scattering and the presence of voids. There-
fore, we made an attempt to analyze inner structure of
P(3HB-co-3HV) fibers by using X-ray microtomography
method as the interesting approach to understand the inner
structure of polymer materials without damage and necessity
of pretreatment.

In addition to its traditional use in medical diagnosis, X-ray
tomography has recently begun to be employed for evaluating
materials and for non-destructive testing. X-ray tomography is
a useful technique for analyzing the inner structure of mate-
rials [5], since transmitted images can be obtained and used
to reconstruct cross-sectional images. Furthermore, three-
dimensional (3D) images can be obtained by superimposing
the cross-sectional images. Generally, the data obtained from
X-ray measurements give the spatial distribution of the
X-ray linear absorption coefficient. This is a function of the
density of material and of the mass absorption coefficient
determined by irradiated X-ray energy. In other words, the
transmitted images of a material depend on factors such as
X-ray intensity, elementary composition, density, or quantity
of material. Differences between transmitted quantities (the
so-called X-ray light absorption coefficient) reveal informa-
tion on the inner structure of a material. However, when
X-rays pass through materials beam, hardening occurs together
with changes of spectra and of the transmitted intensity of
the X-rays, even if the material is uniform. It is therefore nec-
essary to employ monochromatic X-rays of sufficiently high
intensity in order to prevent beam hardening and to perform
quantitative analyses.

Synchrotron radiation is very effective in producing high
X-ray intensity. Since spatial resolution increases with X-ray
intensity, synchrotron radiation of high intensity yields mea-
surements at high resolution. X-ray measurements using syn-
chrotron radiation have proved useful for characterizing the
dynamic behavior of polymer morphology, crystal transitions,
structures during deformation and thermal treatment, and for
drawing [6e8]. Recently, phase contrast tomography using
synchrotron radiation of 10 mm has been employed for 3D
analyses using differences of the refractive distribution coeffi-
cient in polymer/polymer blends such as the polystyrene/
poly(methyl methacrylate) system [9]. For instance of
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investigation on fibers, X-ray tomography was also used to
visualize floc concentration for the pulp and nylon fiber sus-
pension [10], and silicon carbide (SiC) fiber bundles in SiC
matrix/Nicalon fiber composites [11]. The highest spatial res-
olution of X-ray tomography achieved in three-dimensions
was about 1 mm, using Fresnel Zone Plate optics [12]. There-
fore, X-ray microtomography measurements using synchro-
tron radiation are considered to be a very useful method for
characterizing the inner structure of fibers. In this study, we
set out to analyze the inner structure of one-step-drawn
P(3HB-co-3HV) fibers by X-ray microtomography at the
SPring-8 synchrotron radiation facility.

2. Experimental section

2.1. Sample preparation

Poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyvalerate] (P(3-
HB-co-3HV)) was supplied by Monsanto Co., Japan. The Mw

and polydispersity of P(3HB-co-3HV) were 1.0� 106 and 2.8,
respectively. The composition of the 3HV unit determined by
1H nuclear magnetic resonance (1H NMR) in CDCl3
was 7.7%.

Melt-spinning of P(3HB-co-3HV) was carried out using
a laboratory-size extruder (IMC-1149, Imoto Machinery,
Japan). P(3HB-co-3HV) was extruded at 170 �C, which is
higher than the melting temperature. The molten polymer
was taken up by rolling and directly quenched in an ice water
bath to obtain amorphous fibers. The drawing procedures were
as described previously [4]. These involved (a) one-step-
drawing using a stretching machine at room temperature with-
out isothermal crystallization, and (b) one-step-drawing using
a stretching machine at room temperature after isothermal
crystallization for a constant period in an ice water bath at
near the glass transition temperature. The effect of isothermal
crystallization is to prevent rapid crystallization and initiate
the growth of small crystal nuclei. All fibers were annealed
at 60 �C in a hot oven under constant tension for 30 min to
increase their crystallinity.

2.2. Analytical procedures

The high resolution X-ray microtomography system was
developed using beamline BL47XU with a wavelength of
0.15497 nm at 8 keV in the SPring-8 synchrotron radiation
facility in Japan. The system consists of high precision stages
using a light source, a double crystal monochromator, and
a high spatial resolution X-ray image detector (CCD-based
image detector (Hamamatsu Photonics, Japan K. K., C4880-
41S)) with exposure times of 300 ms (Fig. 2). Samples were
fixed on a rotation rod, which was placed in the X-ray
beam. For 3D analysis of P(3HB-co-3HV) fibers measure-
ments were made perpendicular to the fiber axis, and samples
were rotated in steps of 0.2� angles. The effective pixel size
was 0.2 mm, and the format of the CCD camera was
2000� 1312 in 2� 2 binning mode. The number of bits per
pixel was 12. Convolution back projection, as the mathemati-
cally equivalent method with filtered back projection, which
Fig. 2. (a, b) Photographs of the X-ray microtomography measurement system using beamline BL47XU with a wavelength of 0.15497 nm at 8 keV at the SPring-8

synchrotron radiation facility in Japan. (b) Magnified image of the boxed area in (a). (c) Illustration of the measuring system. The exposure time and the rotation

angle were 300 ms and 0.2�, respectively.
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Fig. 3. Reconstructed images of 10 times one-step-drawn P(3HB-co-3HV) fibers: (a, a0) cross-sections perpendicular to the drawing direction, (b, b0) cross-sections

parallel to the drawing direction, and (c, c0) stereoscopic models. Left and right rows represent one-step-drawn fibers without and after isothermal crystallization,

respectively.
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was programmed by Dr. K. Uesugi, was used for tomographic
reconstruction. Three-dimensional reconstruction software
(Studio PON, Forge version 2.0) was used to superimpose
the X-ray tomography cross-sectional images, and image ana-
lysis software (Media Cybernetics, Inc., Image Pro Plus ver-
sion 4.0) was used to calculate cross-sectional areas and
sizes of voids.

Scanning electron micrograph (SEM) images of the surface
of samples were taken with a JEOL JSM-6330F microscope
after the samples were coated with gold using a SC-701 quick
coater (SANYU DENSHI, Japan). The two-dimensional (2D)
SAXS experiments were carried out using beamline BL45XU
with a wavelength of 0.09 nm at the SPring-8 synchrotron
radiation facility. A monofilament was set up perpendicular
to the X-ray beam and parallel to the detector, and diffraction
patterns were recorded with a charge-coupled-device (CCD)
camera (C7300-10-12NR, Hamamatsu Photonics) with expo-
sure times of 76e1058 ms. The pixel size of the CCD camera
was 125� 125 mm, and there were 12 bits per pixel. The
camera length for SAXS measurements was 2200 mm.

3. Results and discussion

One-step-drawn P(3HB-co-3HV) fibers were placed on
a rod perpendicular to the fiber axis in order to rotate and
expose the fibers to the X-ray beam as shown in Fig. 2. The
transmitted images obtained were restructured to cross-
sectional images and stereoscopic models were constructed
by superimposing these images. Fig. 3 shows the X-ray micro-
tomography cross-sectional images and stereoscopic model for
one-step-drawn P(3HB-co-3HV) fibers (100e120 mm diame-
ter) with and without isothermal crystallization. The cross-
sectional images perpendicular and parallel to the drawing
direction of the one-step-drawn fiber without isothermal crys-
tallization are uniform throughout the fiber (Fig. 3(aec)).
However, after isothermal crystallization, the one-step-drawn
fiber has many fine voids of cohesive elliptic shape in the
drawing direction (Fig. 3(a0ec0)). Thus, we have visualized
the 3D inner structure of high-strength fibers. The results
show that the streak scattering in the SAXS pattern shown
in Fig. 1(b0) is due to the presence of many fine voids through-
out the fiber.

The size and distribution of voids in the one-step-drawn
P(3HB-co-3HV) fibers after isothermal crystallization were
analyzed by image analysis software. The distribution of
void diameters in cross-sections perpendicular to the drawing
direction is shown in Fig. 4. Most void diameters were 1.0e
1.6 mm and the average was 2.3� 1.5 mm.

Cross-sectional area versus load stress is an important
parameter for evaluating the tensile strength of materials. To
assess the mechanical properties of a uniaxial structure with
many fine voids such as the one-step-drawn P(3HB-co-3HV)
fiber after isothermal crystallization (Fig. 3(c0)) one needs to
know its true cross-sectional area. We therefore derived the
cross-sectional areas of the oriented fiber from the cross-
sectional images perpendicular to the drawing direction using
image analytical software. The calculated tensile strengths
derived from the recalculated cross-sections for one-step-
drawn P(3HB-co-3HV) fibers with and without isothermal
crystallization are summarized in Table 1. The recalculated
cross-sectional area determined by X-ray microtomography
analysis was the same as the apparent cross-sectional area
for the one-step-drawn P(3HB-co-3HV) fiber without isothermal
crystallization and agreed with previous results [4]. However,
the recalculated cross-sectional area of the one-step-drawn
P(3HB-co-3HV) fiber after isothermal crystallization was
52.7% of the apparent cross-sectional area. Therefore, the
tensile strength determined by recalculation of the cross-
sectional area for the latter fiber is considered to be
2020 MPa. This calculated value indicates that the physical
properties of P(3HB-co-3HV) fibers are highly suitable for
use as biodegradable materials. The fact that it has been
impossible to obtain high-strength fibers of the theoretically
obtainable strength until now is probably due to the presence
of the fine voids in the highly oriented fibers.

To understand the formation mechanism of voids, we
performed the 3D observation of non-drawn fibers by using
X-ray microtomography measurement. Fig. 5 shows the
X-ray cross-section images for non-drawn P(3HB-co-3HV)
fibers without and after isothermal crystallization. There is
no fine void except the large voids in non-drawn fiber without
isothermal crystallization (Fig. 5(a and b)). These large voids
are suggested to form by the entry of air or water during fiber
preparation such as melt-spinning. However, there are fine
globular voids in addition to large voids in non-drawn fibers
after isothermal crystallization as shown in the circles of
Fig. 5(a0). The cross-section along the line of I0 in Fig. 5(a0)

Fig. 4. Distribution of void diameters perpendicular to the drawing direction

derived from the cross-sectional images (Fig. 3(a0)) by image analysis software

in a 10 times one-step-drawn P(3HB-co-3HV) fiber after isothermal

crystallization.
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Table 1

Apparent and calculated cross-sectional areas, and tensile strengths of 10 times one-step-drawn P(3HB-co-3HV) fibers with and without isothermal crystallization

near the glass transition temperature

Isothermal crystallization

time (h)

Apparent cross-section Tensile strength (MPa)a Calculated cross-section Calculated tensile

strength (MPa)b

Area (mm2) Ratio (%) Area (mm2) Ratio (%)

0 1.21� 104 100 90 1.21� 104 99.9 90

24 1.29� 104 100 1065 0.68� 104 52.7 2020

a Obtained from the apparent cross-sectional areas in Ref. [4].
b Recalculated from measured cross-sectional areas (1065/0.527¼ 2020 MPa).
displays the three-dimensional distribution of fine voids
throughout the fiber (Fig. 5(b0)). The diameter of non-drawn
fiber after isothermal crystallization indicated no remarkable
decrease due to isothermal crystallization. The generation of
many fine voids in one-step-drawn P(3HB-co-3HV) fibers af-
ter isothermal crystallization probably results from partially
contraction of the polymer chains and the entry of water dur-
ing isothermal crystallization before drawing, or from thermal
shrinkage of the polymer chains and outflow of water during
annealing after drawing. The morphology of the 3D structure
with many fine cohesive elongated voids in one-step-drawn
fibers, and tomographic image in non-drawn fibers after
isothermal crystallization supports the latter explanation. In
other words, fine voids develop by the partial shrinkage of
polymer chains during crystallization process at glass transi-
tion temperature with no significant change in diameter of fi-
bers. Therefore, a mechanism for generating many fine voids
in one-step-drawn P(3HB-co-3HV) fibers after isothermal
crystallization is proposed as follows; the large voids are
formed by the entry of air or water when melt-spinning, on
Fig. 5. Reconstructed images of non-drawn P(3HB-co-3HV) fibers: (a, a0) cross-sections perpendicular to the drawing direction, (b, b0) cross-sections parallel to the

drawing direction at each position along the line of I, I0, respectively. Left and right rows represent non-drawn fibers without and after isothermal crystallization,

respectively. The circles indicate fine voids generated by the contraction of polymer chains during isothermal crystallization.
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Fig. 6. Schematic display for generating fine voids and two crystal conformations in high-strength P(3HB-co-3HV) fibers by one-step-drawing after isothermal

crystallization. The vertical arrows indicate the drawing direction. This figure was obtained by the addition to Fig. 8 in Ref. [4].
the other hand, the fine voids are generated by the contraction
of polymer chains during isothermal crystallization before
drawing (see Fig. 6).

X-ray microtomographic measurement of polymer fibers
with voids is a unique produce for the evaluation and analysis
of their inner structure without causing damage and excluding
the need for pretreatment. Furthermore, this method for bio-
degradable polymers should prove helpful for investigating
mechanisms of enzymatic degradation as well as for detecting
defects such as cracking and crazing.

4. Conclusions

We have applied X-ray microtomography with synchrotron
radiation to the 3D observation of high tensile strength fibers
of bacterial-P(3HB-co-3HV). The inner structure for uniaxial
oriented fibers was analyzed by X-ray microtomography mea-
surement at a spatial resolution of 1 mm. There are many fine
voids with diameter of 1.0e1.6 mm from the result of X-ray
microtomography cross-section images for one-step-drawn
P(3HB-co-3HV) fibers after isothermal crystallization. This
revealed that the clear streak reflection along the equator in
small-angle X-ray scattering is caused by these fine voids.
The one-step-drawn P(3HB-co-3HV) fibers after isothermal
crystallization is suggested to have a potential with high ten-
sile strength of 2.0 GPa from recalculation of cross-section
area perpendicular to the drawing direction. The fine voids
are supposed to generate by the contraction of polymer chains
during isothermal crystallization.
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