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Abstract. Energy-resolved neutron imaging using a pulsed neutron source is capable of
visualizing crystallographic information over a large area of a sample by analyzing positiondependent Bragg-edge transmission spectra. We applied this method to a Japanese sword, signed
by Sukemasa, to elucidate position dependent crystallographic characteristics, including but not
limited to: degree of hardening, crystallite size, degree of preferred orientation. By comparing
the degree of hardening to that of a contemporary short Japanese sword (dagger), the Sukemasa
showed relatively small changes in the position of Bragg-edge (110) and its broadening. No
coarse grain was found within the detector resolution (ca. 1 mm), and the crystallite size of the
blade area was analyzed to be almost uniform and less than 1 µm. We thus recognize in a
comprehensive manner that the Sukemasa sword was manufactured with great care.
Introduction
Japanese swords are very attractive not only as a work of art but also from a metallurgical point
of view. There were several famous traditional styles (Gokaden for instance) of Japanese swordmaking in the Koto (old sword) age; A.D. 987–1596. Detailed manufacturing techniques, such as
methods of obtaining raw materials [1], an iterative hammering process and the method for
combining different steels [2] in the Koto age, are not clear, since they were handed down
secretly within each school and have been lost over time. Various kinds of Japanese swords were
sliced thickly and the cut surface were studied by conventional methods, such as microscopy and
chemical analysis, EPMA, and so on [3]. This analytical approach was possible in the past, but at
the present time when Japanese vintage swords have become valuable, it is indispensable to
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establish non-destructive analysis methods to identify some peculiar characteristics related to the
sword making procedure. Neutron experiments are a powerful tool to study metallic cultural
heritage objects due to their high penetrating power and capability to give micro-structural
properties [4,5]. Bragg-edge transmission (BET) imaging, in particular, gives real-space
distributions of bulk information in the Japanese sword [6]. In this work, we investigated
crystallographic information of a Japanese sword made by Sukemasa in Izumi province
(southern part of Osaka prefecture; out of Gokaden) in the first quarter of the 16th century.
Experimental
The Japanese sword Sukemasa (Fig. 1(a); 790 mm in total length and 15 mm in curvature) and a
contemporary dagger (300 mm blade length divided into three 100 mm pieces) were used in the
present investigation.
The time-of-flight (TOF) neutron transmission imaging experiment was performed at BL22
RADEN [7] in MLF J-PARC with a proton beam power of 150 kW. The downstream sample
position with a pinhole optical geometry was used as shown in Fig. 1(b). Two-dimensional TOF
BET spectra between 0.5 and 6.5 Å were obtained by use of a gas electron multiplier (GEM)
detector [8] with a 0.8 × 0.8 mm2 pixel resolution and a 10 × 10 cm2 detection area. Three
different areas of the sword were measured, as indicated in Fig. 1(a). The BET imaging
measurement time was about 8 hours for each sample position and 6 hours without the sample
for the detector calibration.

Fig. 1 (a) A picture of the Sukemasa. Three measured areas are indicated by the dashed red
boxes. (b) A schematic view and a picture of the BET measurement at RADEN.
Data analysis
Wavelength-range contrast imaging
The wavelength dependent neutron transmission
spectrum of a crystalline sample is expressed as
follows:
𝑇𝑇(𝜆) = exp�− ∑𝑝 𝜎tot,𝑝 (𝜆)𝜌𝑝 𝑡𝑝 �,

(1)

where σtot,p(λ) is the neutron total cross section, ρp is
the density, and tp is the thickness of the crystalline
phase p. Here, we tentatively define Trcold and Trthermal
where the former and latter are the wavelength
selective transmission averaged over the wavelengths
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Fig. 2 The wavelength-range
contrast image of the tip and middle
of the contemporary dagger.
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of 4.1–6.4 and 0.5–2.3 Å, respectively. A wavelength-range contrast image is obtained by the
ratio, Ln(Trcold)/Ln(Trthermal), where the dependence on ρptp is canceled. Therefore, the image
represents the division of the wavelength-range dependent σtot,p, i.e. σcold/σthermal.
Fig. 2 shows the wavelength-range contrast image of the contemporary dagger. Figs. 3(a),
3(b) and 3(c) show the wavelength-range contrast images of the tang, middle and tip areas of the
Sukemasa, respectively. The quenching boundary of the Sukemasa shows a lower contrast than
the contemporary dagger. The magnetic and/or small angle scattering could affect this particular
contrast seen in the contemporary dagger, but this is still under investigation.

Fig. 3 The wavelength-range contrast images of (a) the tang, (b) middle and (c) tip areas of the
Sukemasa. Note that a small circle in the tang area is the Mekugi (fastening pin) hole.
Single edge and full pattern analysis using the RITS code
All BET spectra were analyzed by a Rietveld-like analysis code, RITS [9]. A single-edge
analysis was performed to obtain the lattice (110) plane spacing d110 and the broadening of the
edge width w110, whereas a Rietveld-type analysis was performed to obtain the projected atomic
number density, crystallite size and preferred orientation parameter. For all analyses, a singlephase body-centered-cubic structure was assumed.
Fig. 4(a) exemplifies the
Rietveld-type fitting pattern
for a BET spectrum where
wavelengths between 2.0
and 4.5 Å were used. Fig.
4(b) exemplifies the single
edge fitting pattern for a
(110) Bragg-edge in the
BET
spectrum
for
wavelengths between ca.
Fig. 4 Examples of (a) Rietveld-type analysis for a full BET
3.8 and 4.3 Å. To obtain
spectrum with 100-μs time channels and (b) single-edge
enough data statistics for
analysis for the Bragg-edge (110) with 20-μs time channels.
the analysis, BET spectra
The vertical dashed lines in (a) indicate the range for the
for a 2 × 2 pixel (1.6 × 1.6
single-edge analysis.
mm2) area were summed
into a single BET spectrum,
and the pixel area was
stepped at 1 pixel (0.8 mm)
intervals in the x- and ydirections.
Result and discussion
Single-edge analysis
One of the essential
processes
for
the

Fig. 5 Distribution of the lattice d-spacing (a) and
broadening of the edge width (b) of the (110) plane across
the middle area of the Sukemasa and the contemporary
dagger.
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fabrication of a Japanese sword is the unique quenching method with an intentional temperature
gradient, which produces a hard martensite phase and soft pearlite - ferrite phase along the
cutting-edge and the back side of the blade, respectively [10]. As the quenching technique should
be different in age and tradition, the martensite characteristics; such as the lattice d-spacing and
broadening of the edge width, would be different in the Sukemasa and the contemporary dagger.
Single-edge analysis is useful to elucidate these characteristics because of its simple calculation
method [11].
Figs. 5(a) and 5(b) show a d110 and w110 distribution around the center of the middle area of
the Sukemasa and the contemporary dagger. To obtain high-statistics data for this analysis, BET
spectra for a 50 × 1 pixel (40 × 0.8 mm2) area were summed into a single BET spectrum, and
stepped at 1 pixel intervals from the edge side to the back side. The d110 and w110 of the quenched
area of the contemporary dagger is obviously larger than the Sukemasa, but the ratio between the
hardened and unhardened regions, however, is rather similar; about 1:2. Interestingly, the
variation in d110 of the back-side region is nearly the same for each sword. This may be because
the carbon content of the material and the firing temperature in the manufacturing process were
similar for each of these swords [12]. The verification of this last supposition, however, would
require the use of additional, destructive testing methods, which is not possible for the
Sukemasa.
Figs. 6 (a-c) and Figs. 7 (a-c) show 2D maps of the lattice spacing d110 (Å) and the edge
broadening w110 (Å), respectively, of the Sukemasa. As shown in Fig. 5(a), the increase in d110 is
rather small in the hardened area of the Sukemasa, so that the martensite phase distributions are
somewhat vague as shown in Figs. 6 (a-c). However, the martensite phase distributions are
clearly seen in Figs. 7 (a-c) and appear roughly correlated with the contrast of Figs. 3 (a-c).

Fig. 6 2D maps of the lattice (110) plane spacing d110 (Å) of the Sukemasa.

Fig. 7 2D maps of the edge broadening w110 (Å) of the Sukemasa.
Full-pattern analysis
In the Japanese sword-making process, the hammering process is repeated several times to
remove impurities and ensure uniformity of the blade material. On the other hand, the tang area
generally undergoes less processing and different heat treatments compared to the blade area. As
shown in Figs. 8 (a-c), the projected density of the sword changes very smoothly, without any
wavy/steep fluctuations or voids. In contrast, the tang area exhibits somewhat sudden changes in
the crystallite size and preferred orientation parameter as shown in Fig. 9(a) and Fig. 10(a),
respectively.
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Figs. 9 (a-c) show maps of the crystallite size of the Sukemasa. Sabine’s primary extinction
function was used to fit the transmission spectra in the RITS code, where the crystallite size can
be evaluated by the extinction parameter, s [13]. The crystallite size in the tip and middle areas is
small and almost uniform, in contrast to the tang area, which suggests that the hammering and
the quenching processes for the blade area were carried out with great care.
Figs. 10 (a-c) show maps of the preferred-orientation parameter, r. The RITS code
incorporates a form for the preferred-orientation correction using the March-Dollase (MD)
formulation for a cylindrically symmetric distribution [13]. An MD coefficient r provides the
degree of the preferred orientation, namely r = 1 for a random textured sample and r < 1 (<hkl>
parallel to the incident beam) or r > 1 (<hkl> perpendicular to the incident beam) for a textured
sample, where <hkl> represents the preferred-orientation vector. For the present measurement,
the preferred orientation <110> for ferrite/martensite gave better fitting results than those using
other major orientations like <100> or <111>. However, it gave poor fitting results in regions
with r > 2. We tried to fit using other <hkl> close to <110> and found the preferred orientation
<750> gave good overall fitting results over the whole range of r found in the sample. The maps
indicate that the <750> vector is perpendicular to the incident beam in the present sample setting.
The preferred-orientation parameter in most of the blade area, except for the hardened edge, is
not so large (1< r < 1.8) and the position dependence is small compared with the tang area.

Fig. 8 2D maps of the projected density ρt (1022cm-2) of the Sukemasa. The projected densities
for the red area in (a) exceed the maximum scale of the current plots.

Fig. 9 2D maps of the crystallite size s (µm) of the Sukemasa.

Fig. 10 2D maps of the preferred-orientation parameter r of the Sukemasa. The values of r in the
red areas of (a) exceed the maximum scale of the current plots.
Summary
Crystallographic information of an antique Japanese sword made by Sukemasa was studied using
an energy-resolved neutron imaging method. We found the following.
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(1) The wavelength-range contrast images showed increased contrast in the quenching area and
its boundary. These contrast images correlate well to the edge-broadening maps rather than
the lattice-plane-spacing maps of the Sukemasa.
(2) From an observed increase of the lattice plane spacing and broadening of the edge width, we
confirmed that the martensite phase is concentrated in the hardened cutting edge.
(3) Crystallite size seems to be small and almost uniform on the tip and middle areas. On the
other hand, the tang area is clearly coarser than the other areas.
(4) The preferred orientation of the tang area seems to be the most anisotropic and the preferred
orientation of the hardened edge seems to be somewhat stronger than the rest of the blade.
Together with the evaluation using neutron tomography [14], we will further investigate the
detailed information on the micro-structural properties of the Japanese sword Sukemasa.
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