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Abstract Tatara, a traditional steel-making system developed in Japan, and the Japanese sword are briefly
introduced from a technological point of view, followed by some comments on scientific aspects. Attention is
paid to the comparison with methods developed in foreign countries. The quenching process being operated in
the final stage of sword making is focused on, and results of a computer simulation by acode COSMAP based on
metallo-thermo-mechanics are presented to know how the temperature, metallic structure and stress/distortion
vary in the process.

1 Introduction

So many monographs on the Japanese sword have been published in English [1-3] from the viewpoint of
typical traditional crafts of arts. The sword is also interesting from the aspect of modern science and technol-
ogy [4-7], since the way of making the Japanese sword is really consistent with science, like other surviving
traditional products.

Most Japanese swords are made of characteristic and traditional Japanese steel, so-called tamahagane,
but not of modern steel, produced by tatara system by use of iron sand. The author has so enjoyed to devote
himself to accumulate information on the science of the Japanese sword-making and the fatara [8-23] and
carried out some computer simulation in the course of quenching of the sword [24-35].

In the first part of this article, the author tries to show how to overview the swords by internet followed by
the material and forging process of the Japanese sword with some comments. A special emphasis is placed on
the computer simulation of quenching or hardening applied in the final stage of the manufacturing of the sword
in the framework of continuum metallo-thermo-mechanics [36—46], representing the modes of the bending
and the formation of the blade simulated mainly by a developed computer code “COSMAP” [47-50]. See
http://homepage3.nifty.com/npo-mtm/, http://www.ideamap.co.jp.htm.

2 How to overview the Tatara and Japanese sword?

Over a million websites will be found for the keyword “sword”, and almost half a million sites for “Japanese
sword” in English and other language as well as in Japanese. The site and related links of Dr. L.A. Jones, http://
www.vikingsword.com/noframes.html as well as http://www.myarmoury.com/home.html, are so brilliant and
interesting, and we can obtain so many kinds of information. The site of Mr. Manabe, a sword master, http://
www.eonet.ne.jp/~sumihira/, is interesting. Many kinds of movies are visible on the related site of http://jp.
youtube.com/watch?v=RODwAWut3b8&NR=1.
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There are many museums exhibiting swords. Readers are recommended to visit the Wallace Collection,
London, http://www.the-wallace-collection.org.uk/, to see a lot of western medieval swords. The Society
for Preservation of Japanese Art Swords and The Japanese Sword Museum, http://www(09.u-page.so-net.ne.
jp/rj8/nbthk-tk/, in Tokyo is one of the specialized museums of swords, and Wakou Museum, http://www.
miraclewave.or.jp/yasugicity/alwakou.html, and Oku-izumo Tatara and Sword Museum, http://www.town.
okuizumo.shimane.jp/tourist/guide/guide010/post-113.html, in Shimane. Bizen Osafune Japanese Sword
Museum, http://www.city.setouchi.lg.jp/~osa-token/english/index.htm, as well as the site of Hitachi Metals,
http://www.hitachi-metals.co.jp/e/index.html, provides information on fatara, the Japanese iron- and steel-
making system.

As for the Japanese swords, Tawara, a professor of Japanese Sword Research Laboratory, the University
of Tokyo, accomplished a monumental work in the framework of metallurgy [4]. Tawara measured the distri-
bution of carbon density, precipitation and hardness in the cross-section of the swords in relation to the pattern
of blade and sori representing the mode of deformation during quenching. Successive scientific works were
made by Bain [5], Suzuki [6], Williams [10], Park [11], Sasaki [13], Shimura [14], Yamasue [17] and others.

Very few works on the sword are made, however, from a mechanical engineering aspect. Ishikawa—Yamada
[15,16] discussed the mechanism of cutting objects from the theory of cutting, and the dynamics on sword-
treating technique is analyzed by Daimaruya [18]. Stress and deformation analysis after quenching by the finite
element method was carried out by Fujiwara—Hanabusa [8,9] and the present authors [24—35].

3 Tamahagane and the Tatara system

Due to the strength viewpoint, most surveying swords as weapons are made of steels, while copper and bronze
swords were used for some purposes of decoration. As is well known, it is said that steels first appeared in
Hittite at 23rd century B.C. The technology to produce steel from iron ore was transported to Europe, Asia
and other areas in the world. The traditional steel in Japan, on the other hand, normally comes from iron sand
processed in a special way, called tatara system (see Fig. 1). A popular Japanese animation movie “MONO-
NOKE-HIME” or “PRINCESS-MONONOKE?” treated the struggle of a human being who cut trees used for
the fuel of tatara against the guardian god of the forest.

The Iron and Steel Institute of Japan constructed an experimental system of fatara in 1969 in Sugaya,
Shimane Prefecture, and accumulated interesting data of steel-making technology. Due to the lack of steel for
the sword, The Society for Preservation of Japanese Art Swords or the Nippon Bijutsu Token Hozon Kyokai
started to organize the fatara system in Torigami, Shimane Prefecture, in the cooperation with Hitachi Metals,
Ltd. in 1977 and provides several tons of steel every year.

Iron sand with 2-5% content of iron mined from mountains, which includes the best quality of iron sand
in Japan, is concentrated to the degree of 50-60% by a magnet system, while the mineral dressing method by
gravity classification in a flowing river, kanna nagashi, is no more popular due to water pollution problems.
Such enriched iron sand called masa satetsu contains 8% of pure iron Fe and iron oxide Fe;O3 with a very
small amount of impurities such as 0.026% P and 0.002% S being injurious for carbon steels. Here, alumina
Al O3 is so rare to be beneficial for low temperature refinement to be stated later.

Fig. 1 Old painting of tatara, traditional steel making system
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Fig. 2 Cross section of a fatara furnace

The enriched iron sand is supplied alternatively to the furnace with charcoal by hand. Figure 2 illustrates
the cross-sectional view of the furnace under operation with a drainage mechanism constructed to three meters
under the ground. The only difference of the system from the classical one in the figure is that electric motors
are used for intermittent air blasts instead of manpowered bellows.

Continuous burning is operated for 70 h under the direction of a murage or chief foreman. The temperature
in the furnace is around 1,200-1,500°C, lower than the melting point of the steel, which follows from the
reduction process of the partly molten state occurring between iron oxide Fe,O3 and silica SiO; contained
in the clay of furnace. During the process, the initial thickness of 200-400 mm of the furnace is reduced
to 50-100 mm. After taking out the slag from the bottom of the furnace followed by destroying the whole
system, an ingot of blister steel called kera in sponge state with dimension of 2.7 m in length, 1 m in width and
200-300 mm in thickness with a weight of 2-2.5 tons containing steel of 1.5—1.8 tons is obtained. Necessary
amount of iron sand and charcoal are respectively 8 and 13 tons. (It is amazing that a kera costs hundred
thousand dollars, over hundred times as expensive as modern steel!)

Steel produced on both sides of the kera, where enough deoxidization is accomplished by air blast from
kirokan (special wooden pipes) is called tamahagane or noble steel, which is spelled as mother of metal
in Japanese characters. Other parts of the block with different chemical composition are also used for the
sword-making.

The chemical composition of the best part of the steel is 1.0-1.4% C, 0.02-0.03% P, 0.006% S and 0.003—
0.004% Ti, being very rare of sulfur and phosphorus even compared with industrial carbon steel. The steel
is cooled by the cold environment since the operation is carried out in the mid-winter and sheared into small
pieces, and distributed to over 300 professional sword masters in Japan.

4 Manufacturing of a Japanese sword

The successive process of making a sword in a smith shop is illustrated in Fig. 3. The smith makes a flat plate
with a handle termed as tekoita, on which the small pieces of broken flat pieces are piled up covered by a
special Japanese paper dampened by water containing clay and ash of rice straws to prevent oxidation on the
surface of steel by insulating air. The pieces of the steel with different carbon contents are heated in the forge
in the carburizing or decarburizing environment, termed jigane-oroshi. This process is carried out in the forge
burnt by charcoal with the blast air from fuigo (blower). Decarburization occurs in the part close to the blower,
while CO, gas accelerates the sintering on the upper parts.

A block of steel heated up to 850-900°C is now forged and welded on the anvil by hammers sometimes
operated by two or three people. Figures 4a and b respectively illustrate the forging process of a Japanese
and western manner, which are principally similar. In the case of a Japanese sword, on the other hand, the
sword smith folds the block about ten to fifteen rounds called orikaeshi to result in laminated materials with
approximately 1,000 (= 219) to 30,000(~ 2!3) layers called hada, or skin, appearing as weld pattern on the
surface of the sword. The characteristic pattern of the hada, representing laminated layers depending on the
way of smiths is visible on the surface of the sword, some of which are depicted in Fig. 5. A similar weld
pattern but created by twist welding is also seen in western swords as seen in Fig. 6. The pattern is observed
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Fig. 3 Illustration of the manufacturing process of a Japanese sword

even in the western sword by Maeder [51] as seen in Fig. 7 if polished by a special Japanese technique, called
togi.

Such bonding of layers during the repeated orikaesi and welding process is enhanced by the mechanism
of so-called mechanical alloying, for which a very clean surface of the layers is necessary. This is achieved by
dispersing impurities such as oxides and so on with sparks by hammering. The weight of the block decreases
during the process to 700-1,000 g in the final shape of the Japanese sword being almost one half of the initial
weight.
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Fig. 5 Hada, weld patterns by forging with hamon, boundary of blade. a Itame-hada; b Masame-hada; ¢ Ayasugi-hada

A bar of shingane (core steel) with low carbon content is covered by kawagane or hagane (skin steel) with
high carbon for which the tamahagane steel is normally used (see the cross-sectional views in Fig. 3). This
process is called tsukurikomi, a similarity can also be seen in European swords. This combination of two or
three kinds of different steels with different carbon content induces the characteristic property of the sword
with a sharp blade with enough ductility as a whole to absorb the bending moment during the cutting operation
of obstacles. Such a combination of different kinds of steel results in the nonuniform distribution of carbon in
the cross-section.

After rough shaping and grinding by the smith himself, the sword is transferred to the final process of
yakiire (quenching or hardening), which is the main topic of numerical simulation in the following sections.

Before quenching or hardening, a kind of clay, yakiba-tsuchi, mixed with charcoal powder and so on is
coated on the surface of the blade to control the heat transfer intensity in Fig. 8 to be discussed in the next
section. The most interesting situation is that the coated clay is thick on the ridge (mune) while thin on the
edge part (hasaki), which leads to an increase in the cooling rate of the edge part and so to deepen hardened
depth. This clay-coating technique is employed for most blades of knives as well as swords, but is probably
unique in Japan.



” T. Inoue

Fig. 7 Weld pattern in German sword

Thickness
of clay

Fig. 8 Clay coating technique

Finally, the quenching operation of the sword heated up to 800-850°C into water is carried out. The max-
imum temperature of the heated sword and cooling water depend on the schools of smiths and the material
properties as well as the dimension of the sword.
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Fig. 9 Typical patterns of hamon. a Gonome-midare; b Choji-midare; ¢ Gyaku choji-midare

During the quenching process, a white hard part with martensite structure is induced near the edge, while
the other shining part remains pearlite and ferrite structure. The border of the parts is called hamon. Here, the
wavy or zigzag pattern of the hamon is realized by cutting the clay with a spatula. This results in the variation
of hamon, some of which are represented in Fig. 9.

5 Brief summary of metallo-thermo-mechanics and the developed CAE system “COSMAP”

In the course of quenching of the sword, or machine parts in general, incorporated with phase transforma-
tion, fields of metallic structure, temperature and stress/strain (deformation) are coupled to each other as
schematically illustrated in the diagram of Fig. 10 [36].

The author has investigated the mechanics relevant to describing such three coupled fields for the last
30 years, being termed as metallo-thermo-mechanics, and recently tries to develop the data base MATEQ
of many kinds of materials [52,53] necessary for the analysis. Each field is to be described by the coupled
fundamental equations as follows [36-50,54-57]:

5.1 Mechanical constitutive equation

In most cases of phase transformation in solids occurring in the process of quenching, several constituents are
induced to compose a material point so as to assume that the material point is a mixture of N kinds of phases.
Denoting the volume fraction of the /th constituent as &;, the physical and mechanical properties x of the
material are assumed to be a linear combination of the properties x; of the constituents as

N
X = 121 x1&1r = L xi&r, with X7 =1, (D
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Fig. 10 Coupling among metallic structures, temperature and mechanical fields in the course of the heat-treating process

where ¥ ?’:1 = ¥ is the summation for suffix / from 1 to N. All material parameters appearing in the following
are defined in the manner of Eq. (1).

To obtain an explicit expression for the elastic strain, the Gibbs free energy G is assumed to be determined
by that of constituent G in the form of Eq. (1) as

G (Gij, T, 8,[; aij, K, 51) = %§/Gy(0i5, T, 85 Qjj, K). 2

Here, the back stress «;; in the yield function F and the inelastic hardening parameter « are regarded as internal
variables. When G is divided into the elastic and inelastic parts as

Gr (04, Tl aijo i 61) = G5 (03, T) + G (T el i) 3)

we can derive the elastic strain by expanding the elastic part G¢ around the natural state, 0;; = O and T = Tp,
in terms of the representation theorem for an isotropic function:

T
e 14+ vy 1%
g =% E &r)oij — EE—IEI Sijork +6ij | Las&rdT +6;;XB1(Er — &10), 4

To

where E, vy, oy and By correspond to Young’s modulus, Poisson’s ratio, thermal expansion coefficient and
linear dilatation of the /th constituent, respectively.
The evolution equation for unified plastic strain 811; including thermo-mechanical and transformation plastic

parts is summarized to obtain the total strain rate with hardening modulus of the /th phase 1/ G [54-56],

N
811; = Zslsfl]
=1
N N
a oF; . oF; . JoFy . 0F;
=6/ | (—Leou+—&T) + —1 2 5
; I (3Ukl Erou 3T & ) &r NZ::l 0, ¢y b, (5)

Here, a yield function for the /th phase Fy is assumed to be affected by the growing new Jth phase with volume
fraction ¢;:

FIZF](UI‘]’T’EflijlvgJ)3 (12172""51\7;]:1527"'7M)‘ (6)
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5.2 Heat conduction equation

Applying the Legendre transformation to the Gibbs free energy function (Eq. 2), the energy balance equation
is reduced to the equation of heat conduction such that

2

; kaT ) NIS+T88?j' n aH-i+ oH N )
cT — —Gijj — & — o$ —ojj&: )= py,
Y 9x; 0%, ,0171 181 a1 i Pag;j ij Pas ij€ij 194
where s denotes a set of scalar, vector or tensor internal variables with corresponding product o, and H and y
are respectively enthalpy density and heat generation. Then, the latent heat /; due to the increase of the /th
phase is

_0H

B
The fifth term on the left-hand side of Eq. (7) denotes the heat generation by inelastic dissipation, which is

significant when compared with the elastic work represented by the fourth term, and the third term arises from

the latent heat through phase changes. Hence, it can be seen that Eq. (7) corresponds to the ordinal equation
of heat conduction, provided that these terms are neglected.

Iy ®)

5.3 Kinetics of phase transformation

During phase transformation, a given volume of material is assumed to be composed of several kinds of con-
stituent with the volume fraction &; as expressed in Eq. (1). We choose three kinds of volume fraction: austenite
&4, pearlite £p and martensite &)y, and other structures induced by precipitation by recovery effect, say during
the annealing process. When austenite is cooled in equilibrium, bainite, ferrite and carbide are produced in
addition to pearlite, but for brevity all these structures resulting from a diffusion type of transformation are
called pearlite. The nucleation and growth of pearlite in an austenite structure are phenomenologically gov-
erned by the mechanism for a diffusion process, and Johnson and Mehl [58] proposed a formula for volume
fraction £p as

Ep=1—exp(=Ve), (€))
where V. means the extended volume of the pearlite given by
t
4 3
Ve = gnR (t — 1)’ ndr. (10)
0

Here, R is the moving rate of the radius of the pearlite particle. Bearing in mind that the value of R is generally
a function of stress as well as of temperature, Eq. (10) may be reduced to

t
Vez/f(T,a,-j) (t —7)°dr. (11)
0

The function f (7, 0) can be determined by fitting the temperature—time transformation (TTT) diagram or
continuous-cooling transformation (CCT) diagram without stress, and f (T, 0;;) may be given by the start-time
or finish-time data for pearlite transformation with an applied stress.

The empirical relationship for the austenite—martensite transformation is also obtainable by modifying the
kinetic theory of Magee [59]. Assume that the growth of a martensite structure is a linear function of the
increase in the difference AG in free energy between austenite and martensite as

déy = —v(1 - &m) P d(AG). (12)

Regarding the Gibbs free energy G as a function of temperature and stress, we can obtain the form of &y,
by integrating Eq. (12) as

Em=1—explo1 (Ms —T) + ¢ (035)]. (13)
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The function ¢; (o,- J-) is identified by the data subjected to applied stress.

Based on the metallo-thermo-mechanical theory, the authors developed a finite element CAE code
‘HEARTS’ for heat treatment [38,39] almost twenty years ago, which is now completely reproduced to
‘COSMAP’ [46—49]. The motivation of the author to devote himself to develop the codes rather comes from
the hearty dream to simulate the coupled metallo-thermo-mechanical behavior of the Japanese sword during
quenching.

6 Identification of heat transfer characteristics depending on clay pasting

Before quenching the Japanese sword into water, the yakiba-tsuchi clay is coated on the surface as shown in
Fig. 8 to control the cooling condition of the surface of the steel. This kind of process to accelerate the cooling
rate had been known by the sword smith since the method of manufacturing Japanese swords was established
in the fifth or sixth century and is also applied to harden the blade of knives and other cutting tools. As far as
the author knows, this kind of technique is specially developed in Japan.

Since the temperature distribution is to be calculated in the body of the sword, it is necessary to identify
the relative heat transfer coefficient on the metal surface as the function of the thickness of the clay. Series
of experiments based on Japan Industrial Standard, JIS-K2242, were made to measure the cooling curve of a
cylinder made of silver coated by the clay with different thickness. A thermocouple is mounted on the surface.
The cylinder is heated up to 800°C by a reflection type electric furnace and cooled in water.

Obtained cooling curves are demonstrated in Fig. 11a with the thickness of the pasted clay as parameter
[24]. It is so interesting that the curves for thick clay (r = 0.7-0.8 and 0.75-0.9 mm) show typical mode with
moderate cooling rate due to film boiling followed by severe cooling stage by nuclear boiling, the shape of
which are similar to the case without the clay. When the thickness is small (f = 0.1-0.15 and 0.2-0.3 mm),
on the other hand, no film boiling stage is observed, which means that the cylinder is cooled severely from
the beginning. This is also confirmed by the observation of bubble nucleation by VTR. Inverse calculation is
carried out by perturbation method to identify the heat transfer coefficient on the surface of the cylinder shown
in Fig. 11b.

It is a paradox to be noted from Fig. 11b that the coefficient in the case with thin clay gives a higher value
than the one without clay during 800-400°C, which is most important temperature range for quenching. (The
mechanism of such a paradox is discussed by Kikuchi [60].) This data will be employed as the boundary
condition when solving the coupled heat conduction equation [7].

7 Simulated results of the quenching process

Results of the simulation of a sword during the quenching process are briefly summarized in this section mainly
by the code COSMAP. The data of the material are employed from the database MATEQ, and use is made of
the heat transfer coefficient depicted in Fig. 11b.
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7.1 Sword treated and the condition of simulation

The sword treated here is 500 mm in length with 7 mm in maximum width, which is a model of the author’s
classical sword made in the Houki region. A three-dimensional finite element mesh division of the sword is
represented in Fig. 12, where the division is made for a half part in the width direction due to symmetry; and
Fig. 12a and b, respectively, denotes the whole region and the enlarged part near the kissaki or tip. The total
number of elements is 3,904 and that of the nodes is 5,205. This model is supposed to consist of two regions,
core steel with 0.2% carbon content and skin steel with 0.65%C, to which different material data are applied.

To differentiate the relative heat transfer coefficient depending on the thickness of the yakibatsuchi clay,
the surface of the sword is divided into two layers with different values as are evaluated by use of the cooling
curves, also depending on temperature as depicted in Fig. 11b.

The sword is uniformly heated up to 850°C, at which temperature the whole region is changed into an
austenitic structure, and the sword is quenched into water of 40°C.

7.2 Effect of the thickness of the pasted clay on the formation of hamon

To know the effect of the thickness of the clay on the induced hamon and the hardenability, simulation of
quenching by use of different conditions of heat transfer coefficient, actually depending on the way of pasting
of the clay, is carried out [24-35]. The red part of Fig. 13 represents the martensite-rich area while blue is the
pearlite. Figure 13a is the simulated result when pasting thick clay on the entire region of the sword, which

(a) With thick clay

(b) With thin clay

(c) With thick clay on ridge and thin on edge

N T .
0.0 1.0

Volume fraction

Fig. 13 Formation of hamon depending on the way of pasting clay
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causes only a thin blade to be induced. Contrary to this, the whole region is covered by martensite when pasting
thin clay as seen in Fig. 13b. The former sword might be ductile, but too soft on the edge for cutting, and the
latter is too brittle. Figure 13c represents the proper distribution of martensite, with thick clay on the ridge and
thin on the edge. It is surprising that old sword smiths knew such a way to control the clay thickness to obtain
the proper distribution of hamon.

7.3 Variation of temperature, metallic structures and induced stress with association of deformation

The color in Fig. 14a demonstrates the temperature distribution of the surface of the sword with successive
time from the beginning of quenching, and the mode of deformation is also depicted in the figure. Here, the
clay is supposed to be pasted in the manner of Fig. 13c; thick on the ridge and thin on the edge.

The edge part of the sword with thin thickness shrinks due to thermal contraction by severe cooling, which
leads to downward bending termed as gyaku-sori or reverse bending at # = 1 s. As seen in Fig. 14c, martensite
starts to induce in the part, and volumetric dilatation causes the upward bending at 2 s, termed as sori. The
second gyaku-sori is again observed at time ¢ = 1.5 s since the ridge is converted from austenite to pearlite to
cause the volumetric dilatation as represented in Fig. 14d. In the successive stage of cooling, the hot ridge side
shrinks gradually because of thermal contraction, and finally, the normal bent shape can be obtained. Thus,
simulated deformation gives good agreement with the actual bending mode of sori.

The pattern of stress distribution along the longitudinal direction is also depicted in Fig. 14b. In the mean
time of the quenching operation, very high tensile stress occurs, which sometimes may lead to cracking or
fracture of the sword. Residual stress in the final stage is in tension on the ridge while in compression on the
edge, which is beneficial for reducing the bending stress during a cutting operation. The data of simulated
residual stresses after complete cooling are compared with measured data by X-ray diffraction technique, and
satisfactory coincidence is obtained [24,25].

(a 20 400 800 °C (b) Longitudil’lal -1300 1] 1300 MPa
Temperature NN Ny NN stress - .

T —
L0 S —
15— —_———

4.0

| — ' ————

0.0 05 10
EE = .

(c) Martensite fraction (d) Pearlite fraction

Fig. 14 Simulated results of variation of temperature, stress and phase distribution with distortion
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8 Concluding remarks

The procedure of preparing the traditional Japanese steel, ramahagane, by the tatara system, and the method
of manufacturing the Japanese sword are summarized from the scientific point of view. Here, the author’s
opinion related to the steel and sword-making process in foreign countries is stated.

As an example of the application of the simulation of quenching processes, a Japanese sword is focused,
and the change in temperature, metallic structure and stress/deformation are calculated. The results reveal to
represent real situations. The discussion from the viewpoints of metallurgy and mechanics are carried out in
each section of preparing Japanese steel and manufacturing the sword, especially on the effect of pasted clay.

In conclusion, it is noted that the technology surviving for over thousand years is really consistent with
modern science and technology. This means, on the other hand, that only technology based on scientific
rationality can be successively transferred to the future.
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