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Strength—toughness Balance of the Japanese Sword and Changes in Carbon Content
and as Quenched Hardness of HAGANE Steel with Cyclic Folding Forging

Naohiko SAsaxKl, Tanetada HORIL, Mikio FUIIWARA, Hideyuki SAITOH and Toshihei MISAWA

Synopsis : Micro-strucure, micro-hardness and micro-absorbed impact energy in the Japanese sword have been investigated to clarify excellent mechan-

ical properties of the Japanese sword. The Japanese sword specimen used in the present research has been made by using TSUKURIKOMI
process which combines four kinds of steels; HAGANE (edge), SHINGANE (core), MUNEGANE (back) and KAWAGANE (side) steels,
with different carbon contents. By this process, HASAKI (edge) side becomes high carbon steel and MUNE (back) side possesses low car-
bon steel. The cooling velocity in quenching of the Japanese sword is controlled by TSUCHIOKI treatment which coats the clay thinner in
the HASAKI side and thicker in the MUNE side. The HASAKI side is quickly cooled and the MUNE side is slowly cooled. The micro-struc-
ture in the HASAKI side shows martensite while the MUNE side shows the coexist structure of ferrite and pearlite. The HASAKI side has a
lower value while the MUNE side shows a higher value in the micro absorbed impact energies obtained with the 1.0 and 0.7 mm square
miniaturized specimens. It has been shown clearly that the TSUKURIKOMI and the TSUCHIOKI processes give the excellent gradated bal-
ance of strength-toughness to the Japanese sword.

The ORIKAESHI (folding) forging has an effect both on the carbon content and as quenched hardness in HAGANE steel. The most suit-
able times of ORIKAESHI cycles which adjust to the carbon content of 0.55-0.60 mass% and hardness of 800HV 1 have been determined to
be thirteen times. These times of ORIKAESHI cycles correspond to the optimum traditional cycles lying between twelve and fifteen times.
The present research from the viewpoint of the metallurgy sheds light on the empirical rule in the traditional Japanese sword processing.

Key words: Japanese sword; micro-impact test; Tsukurikomi process; Tsuchioki process; Orikaeshi forging; Tamahagane steel; strength-toughness bal-

ance.
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Material : [ TAMAHAGANE steel |

TAMAHESHI| and KOWARI (pressing into plate and breaking
into small pieces)

High carbon region @

Parts of the

Japanese sword : KAWAGANE | [HAGANE | |SHINGANE | |MUNEGANE
(side) (edge) (core) {back)
steel steel steel steel
( TSUMIWAKASHI (jorge-welding of the piled pieces) )
ORIKAESHI (folding) forging
Times of ORIKAESHI
(folding) cycle : 12~15 12~15 6~9 6~9
Carbon content
[mass%] : 0.6 0.6 0.3 0.3
( TSUKURIKOMI (combining each part) D)

(SUNOBE and HIZUKURI (elongating and forming by forging)

(TSUCHIOKI (clay coating) )

( Water quenching )

(__AITORI (tempering) )

Fig. 1. Flow chart of the Japanese sword processing.
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(a)ORIKAESH! forging

ORIKAESHI
cycle
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(b) TSUKURIKOMI process ; SHIHOUJIME method

KAWAGANE | SHINGANE | KAWAGANE

(c)TSUCHIOKI process

Slow cooled
part

R

Border part—}
Quenched

part  y

Fig. 2. Illustration of the Japanese sword making process-
es of ORIKAESHI forging (a), TSUKURIKOMI
(b) and TSUCHIOKI (¢).
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Fig. 3. Cutting of miniaturized impact specimens from a
Japanese sword.
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Fig. 4. Macro (a) and micro (b) structures of the respective
numbered area in (a) on a cross section of the
Japanese sword.
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Fig. 5. Distribution of micro-Vickers hardness on a cross
section of the Japanese sword. The symboles [~IV
in the figure correspond to the position I~IV in
Fig. 4.
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Fig. 6. Load-displacement curves of micro-impact test on
the position I~IV shown in Fig. 4.
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Fig. 7. Absorbed impact energy (a) and impact value (b)
on a cross section of the Japanese sword. The sym-
boles I~1IV in the figure correspond to the position
I~IV in Fig. 4.
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Fig. 8. Fractograph after micro impact test on the position
I~IV shown in Fig. 4.
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Fig. 9. Change of brittle fracture appearance on a cross
section of Japanese sword in micro-impact test.
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Fig. 10. Optical micrograph (a) and SEM and EPMA mi-
crographs (b) of inclusions in the Japanese sword
at area II1 in Fig. 4.
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Fig. 11. Effects of the times of ORIKAESHI cycle on the

carbon content in HAGANE steel (a) and as
quenched Vickers hardness (b).
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