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1. Introduction
Nirayama reverberatoryufnace is located in lzunokuni
city, the 1zu Peninsula, Shizuolrefecture. As shown in

Fig. 1, they are composed of four furnaces in total: two

pairs of twin towers, 15.6 rim height" Though the existing

reverbeatory furnace is also in Yamaguchi Prefecture,

Ni r ay a nhe @y exissing one which waactually
used tomelt cast iron in the world. Being one tfe

constituentSiptreopeotfti &apardod:

Revolution: KyushtelYyamaguchi and relatl Ar & was,
decided to be the
Heritage registration in 2015, on Septembeth,12013.

Every year one site is selected in the aim of promoting

domestic cultural properties fondlusion on the World
Heritage list.
This application aims to gister as one of the group of

fiHeritages of Industrial Modernization in Kyushu area and 7

Yamaguchi & ot Nirayamabs indi
compased of 8 areas, 11 sites, and@28peties, including
the castle townin Hagi city, Shuseikan in Kagoshincity,
Nirayama reverberatoryfnace in Izaokuni city, Hashino

blast furnace in Kamaishi city, Mie Tsu Naval Training

Centerin Saga city, Hashima Coal Mine afover House
in Nagasaki city, Miike Coal Mine in Arao city andhDta

gover nmel
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v Fig. 1 Nirayama reverberatory furnace and 24

pounder

city and Yahata Steel Works in Kitakyushu city. Some
people judge the value of a reverberatory furnace by its
capability to melt cast iron, but we think otherwise. The
purpose of the application is to hand down to posterity one

of the important assets humanhistory which contributed
t ospréad of industiamoder ni zati on t

ICOMOS, an advisory body of UNESCO, advised them to
inscribe these sites on the World Heritage List on May 4th,

2015. On July 5, 2015, World Heritage list regidiom
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Fig. 2 Cupola (*1) and casting workshop

of "Sites of Japan's Meiji Industrial Revolution'
including Nirayamaeverberatory furnaceas decided.
What is important for th
cooperation in its preservation and enhanced interest in
Under these circumstancase had activities to raise public
interest. We produced miniature cannons by a cup
furnace and hosted aovkshop for kids to make accessorie
by casting on February 24t2013, when Symposium for
Regigration of Nirayama reverberatory furnace was hel

*1 Cupola: a furnace to obtain molten cast iron that dd
not get chilled, using combustion heat of coke. Nagas
el rroengwosrtkrsagt i pB itsh el ofciaffhe ti

itorinciple inmeltingis the same as that of a blast furnaca.

Japanese @inal furnacekoshiki is also the same in
blgprinciple but he only difference is its fuektoal and
5 charcoalinstead of cokeThe furnace is named after ar

earthen vessekoshiki used to be a tool to steam ricg
0. whose shape resembles to that of the fuenadthough

As shown in Fig. 2, thanks to the cooperation of Mr. Muratakoshikitends to be confused withtara, they are not the

the president of Naniwa Roki, we could show cugsilde
castingin the open. Since then abou® #hildren have

same and have different shafatara is a furnace to
maketamahagangspecial steel to process into Japane

participaté in the workshop every year.
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It was 20years ago, around July in 1997, when | first got peope's first encounter with iron was realized by meteorite.
involved with the reverberatory furnace. There was aln Egypt, an iron necklace made from meteorite around
concern that it was inappropriate for Nirayama to exhibit a3000 B.C. was foundlhus, the first processing method of

cement cannon, frofrof. Madono, an authority in casting,
andProf Nakae,my former teacher of Waseda University
In March the next year, we KimurehGzo$o Co., Ltd cast

a 24 pounderand donated it to lzunokuni city. It was

metals was forgingBeating, that is, forging gradually
pushes out dust and impuritiescluded in metal. Carbon
also get eliminated into outside. Human beings have
eliminated impurities from metal with hammering,

around 2004 when | began in earnest to investigate thicontrolled carbon contents, and made tools and weapons for

furnace with all my fanty. Of my children, so young 3
years ago, my eldest son and daughteve becme
members of societywhile my second son andecond
daughterhave gravn up to go to universityFig. 3). Prof

a long time. Come to think of it, Japanese sword is the most
advancedorging product in the world.

The casting technology by pouring molten metal into a
mdd and solidifying started in600 B.C. at Mesopotamia.

Nakae, who afforded me the opportunity to produce thelt was approximately 5600 years ago. Pouring molten

cannon,

currently serves as the chief investigationbronze into a mold is considered as the beginfiitigs the

committee member of National Museum of Nature andbeginning of Bronze civilization, that is, the beginning of
Science. Wh Firearms Historical Academy of Japan, he is casting.This meangasting has 5600 years history.
making a detailed survey of cast cannons from the closing The situation that people cast a door while genevind

days of Té&ugawa regime to Meiji era, based an
perspective ofasting engineering.

Here | unravel mysteries of producing nans with
Nirayama revdveratory firnace beyond time, weavingtn
this article the studies lgrof Nakae, an adviser of Kimura
Chuzosho Co., Ltd at present, and ours on the furnace.

with steppingbellows (*3)was described in an Egyptian
papyrus of about 1500 B.C. Fig. 4% Humans could get
higher temperature by thevention of bellows and the
Bronze Age reached the golden adg: the way, the
melting point of bronze is approximately 8@with Cu-
25%Sn. Considering pauag, it has a possibility that the
melting temperature had exceeded WO C.

*3 Bellows: A manual or treadle blower which is simply
structured. Bellows were used for furnaces small in size to
send air to the fuel.

(*2)

N ig. y’érﬁﬂlare and ingkiln

*2 Climbing kiln: the characteristic is that it consists of
sever& chambers built stepwise on a sloping land. It i
structured to send heat, smoke, and ash from the bottgm,
where firewood is burned, through chambers into th
kiln top. In Japan, it startetom Edo period (1610),
famous forearly Imari ware Even talay, it is burned at
about 120€01250°C. This temperature is 5000°C
higher tharthe melting temperature 1B5C of the high
carbon cast ironAround the climbing kiln at Nashimoto,
much alumina white clay is seen, and it is conceivable
that people burned fireloks made with the clay.
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2. What Isa Reverberatory Furnace?
2.1 History of Metal and Casting

Human beings hee first enounterel metals in 5000
6000 B.C. when people were processing
gold/silver/copper by hand beati?dt is thought that
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Fig. 4 Casting bronze doors (around 1500 B.C. in

Egypt)

Since iron is oxidized on earth, it cannot beduas iron
if not be deoxidizedt has been believed that in 1700 B.C.,
the Hittite empire first obtained much iron by deoxidizing
iron ore. People used a batipe furnace which
deoxidized iron sand by charcoal, and took out spongiform

naturalpure iron which gtered at the bottom of the furnace. ¥he

obtained ironware byeating andorging that iron. It was



written inanepic poem of Homen the eight centuryB.C. chill casting, it makes good sound like a wipgll. On the
that iron was highly expensive. Praba the price of iron  other hand, in the modeast iron which can be machined
was 510 times as high as that abld. Iron has a defect that shown in Fig.6, some flake graphite cosmeut, and its
it is easy to rust unlike gold and bronze. Therefore, onlyability to absorb sound vibration is high. If a wind bell is
few historical relics of iron are left because they have rustednade with current machinable cast ir¢he sound would
and returned to soil. The technology of producing iron hashardly come out. Thenoderncast iron is used for base
spreadthroughout Europe because Hittite emsplost at  materials of machining tool or industrial equipment, with
Trojan War,famous forthe Trojan horse and Achilles, in  taking advantag of vibration absorbing quality.
about 1200 B.C. In China, they produced whiteart malleable cast iron
Strangely, the iron productioryldorging has continued (shown in Fig.7) in about 47@.C. by heating this cast iron
until the fourteeth century, but casting, a method in which (shown in Fig.5) in about 90a1000°C oxidized iron for
molten metal is poed into a mold, has not been stft threeday$). Thecelebrated swords which belong® Cao
until after the fourtegh century. Ao, it is thought that CaoandZhuge Liangn the era othe Three Kingdomare
saber becamea European weapon, considering the assumed to be made by heat treatigya@nd forging this
difference in history of how to produce iron. malleable cast ironto adjust the amount of carbon.
The casting technology of pouring molten iron instead of According toa book on industrial technologpublished in
bronze into a mold, was developed in Chinathe early = 1637, Heavenly Creatiog wrought iron was created
seventh centuryB.C® China is thought to have had a alrealy during Han dynasty around the secondhithird
technology to generate considerably high temperature witrcenturyB.C. as shown in Fig. 8. Their wrought irontlee
bellowsin bronze production. Apparently this technology same as that later made throughdgling process using a
allowed them to make various tools by melting the iron reverberatory furnace which Henry Cort invented in4l78
which had high cadin composition (generally, it is called In China, from this drawingusing bellows and a blast
cast iron when its carbon content is more than 2.1%). Whildurnace like koshiki enabled toobtain molen iron of a
the melting temperature édw-carboniron composition is  consicerably high temperaturdlistorically, the whitbeart
1538 and high, that ohigh-carboncast iron is 1153 malleable cast iron (iron close to modateel which has no
and low. Thislow-carbon iron enabled iropasting for its ~ graphite in Fig.7) was invented by R&imurin Francein
excellent flovability. The composition of the casting iron of 1772 Also, blackeart makable cast iron (shown in Fig)
around fourth centuryB.C was C2.54.3%, Si0.10.2%,  Wwas produced by Boyden in America in263 Even today,
Mn0.01-0.2%, P0.10.5%, S0.010.1%® The Si content malleable cast iron is infrequently used, but the amount of
was higher tha Japanese cast irolegs tharD.1%), so itis  production has decreased, because sidargraphitecast
possible to assume that thbgve gotten high temperature. iron (shown in Fig.10) was invented by Morrogm 1948.
However Si even in the composition of this cast iron wasBy the way, some of the parts requiring excellent

alsolow. It became a hard and brittieaterial thais called €l ongati on of Brunatods engine
chil*4yand di dnoét have gr aphi tdesignated a World Heritage in 2014, are turned out to be
This chilled cast iron is hard and brittle, so it the ~ malleable caston from my investigation.
biggest disadvantage that it cannot be machined. It is The Chinese iron history changed from bronze to chill
difficult to machine the chilled cast iron even with present casting, tomalleable cast iron made by heat treatmand
machines. The microstructure thiehard and brittle chilled  then to wrought iron
cast iron is shown in Fich. As there idittle graphite in this
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Flg. 5 Mlcrostructure of old Fig. 6 Microstructure of Flg 7 Mlcrostructure of white heart

chill casting which is hard modern machinable cast iron malleable cast iron same as that of

and brittle (*4) steel which made from chill
casting.”



*4 Chill casting: Originally, chill has the meaning
of cooling or cooling down. In a casting procesgs,
the speed for molten metal to cool down|is
controlled by putting pieces of metal called
chillers outside of a mold, and if the speed is [too
high, it would be a chill casting with no graphite,
and be a defeise. From this experience, as the
parts which were put chillers to often formed chiill,
N so those parts became called chill. Anyhow,
AN unless casting includes some Sihagh carbon, it
would become easily chilled cast iron. CH
casting is too hard to maicke.
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2 ": *5 Heat treatmentA process to achieve a desired

= = & property by heating and cooling iron, steel, gnd
nonferrous metals at below the melting pdifit
. For example, as mentioned above, Réaumur
Mj \/\«Xf - developed a method to turn chill casting into steel

Fig. 8 Refining furnace of cast iron and wrought iron? like iron by heat treatment.
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Fig. 9 Microstructure of Fig. 10 Modern spheroidal Fig. 11 Microstructure of steel
blackheart malleable cast iron graphite cast iron S25C
made of heat-treated chill
casting.?

This brittle characteristic of chilled cast iron seems to beappeared, cast iron became machinableHerfitst time. It
a cause that iron casting technology had not beerenabled to produce steam engines, and led to the Industrial
introduced to Europe untihe fourteenth century. Therefore, Revolution. In such meaning, cast iron was the mother of
from the seveth century BC. to the eighteeth century of  the Industrial Revolution, and is an important material to
the Industrial Reolution in Europe, cast iron was hard and support industry nowadays.
brittle. Also, in Japan, chilled cast iron was used mainly
until the end of the Edo period before blast fursasere
introduced. No wonder for forged iron madeHammering
was valued in Europe and Japan, as it has a good viscosity,
gets hardened by quenching, and is made by hammering.
Meanwhile in China, people produced malleable cast iron
by heat treatment to chilled cast iron, and they had gotten
materials like &el (shown in Fig. 11). From Heavenly
Creations they seem to have made wrought iron usiorg s
of blast furnaces witbellows

Increasing slicon (Si) content changedt a s t iro
property largely. Iron Bridge was buitt England in 1779, ; , ; ;
when high gicon and norchilled cast iron wa developed graphite cast iron, in 1799 (Wor | d8s Cul deu

. . . in Coalbrookdale, UK)
(Fig. 12). In England, Deby the secod achieved producing ) )
cast iron with a blast furnace, and high silicon cast iron In summary, there were fodypes of cast iron: (lijon to
began to be produced. Because sufilled cast iron  forge (2) hard and brittle chillcasting (3) the hard and
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Fig. 12 The Iron Bridge made from non-chilled flake



brittle chill castingsoftened by heat treatmerand (4)a

without chil, while malleable cast irowas not fit forlarge

kind of iron called wrought iron which requires high and thickcastings. Theébest daysof castingare from the

temperature to creats Clina succeegd usingbellows

invention of a blast furnace till that of a converter. A

When seeing metal history in terms of reduction of oxide,reverberatory furnace was invented by Thomad George

you may find some interesting things. Fi# shows the

Cranage in 1766, behind successadflast furnace. It is a

graph of the relationship of stability and temperature oftechnology to ramelt pig iron(*6), which was madevith a

oxides.

Fig. 13 Relationship of temperature and stability of
oxides

Seeing the Figl3, all materials beome unstablevith
increasing temperaturbecause the atowibration becomes

blast furnacen advancgby burning coal in a reverberatory
furnace. This invention made it possible to gegé amount

of molten cast irorindependeny of a blast furnace. Note
that it is not in 1766 when a reverberatory furnace itself was
invented, but it was already in use to melt copper and lead
in low temperatre. After that, in 1772, Réamurinvented
whiteheart malleabl cast iron rhoderniron similar to steel),
which is madéy heaitreatingchill casting In 1784, Henry
Cort developd a method to reduce amount of carlto
producesteel (vrought iror) by puddling molten metal in a
reverberatory furnaceddling proces). The wought iron

is a kindof steel which contains-0.23% of carbon. The
process isas follows. first put iron oxde into a
reverberatory furnace amaduce amount of carbon through
reaction between the molten pig iron and iron oxide (FeO
CY Fe+COy). Then puddl e makba i
steel ball, which is later forged into steel. eféfore
reverberatorfurnace wrought iron had a fault thE@-20%
inclusion remains inside due to the si@g$. Through this
processabout 20(kg of steel(wrought iron) is created at a
time The Eiffel Tower built in 1889 for Universal
Exposition was made of this wrought iroits iron frames
weigh 000 t which gives ushe impressiomf a big project.

By the way, the Tokyo Tower @ighs €900 t{ and the

large. It is the same as changing from ice to water and t%kylree %,000 t only above the ground part. In Chires
steam with increasing temperature. However, only Carbor}nentioned abovewrought iron was magl during Han

monoxide (CO gas) becas stable with tempature rise
apart from this law of the universie.is the special material

Dynasty, from the third century to the sedocentury BC.,
through puddlingprocess In the literature it is often

which becomes more stable if the temperature gets higheﬂescribedsimplyasiron was produawith a reverberatory

Thanks to existence of carbon monoxide,
civilization was born andbuilt up by reducing oxidized
met al . topperéas an texarkpée, in Fig3. Copper
oxide is reduced to coppevhen it is put among charcoal
(carbon) whose temperature is kept over °Chmabout as
hot as a bonfire. We could kndvom Fig. 13that the lower
the reducing temperature,ithe older histoy metal has. |
described previously that production of admilled casting

humangmacethrough puddiing process need to emphasiziaie

meaningful change as followthe furnacevas useda) to
melt copper or lead which has low melting temperature in
the early period (b) to remelt pig iron which was madeyb

a blast furnace in the middle perjodnd (c)to produce
wrought iron withpuddling process€2uddling processwvas a
way to produce another kind, wrought ir@rable 1)

needs silicon, that Si became possible to get from silica

stone (including much Si It was after AD. 170Q when
the furnace capable to reach hightian 1600C was

developed. Thinking this way, we can say that human

civilization has fought against temperature.

2.2 Historical Pcsition of a Reverberatory Furnace
As mentioned adve, it was in 1735 when Darby secb
enablel to make machinable higsilicon cast iron using a

blast furnace in Britain. His machinable cast iron became
the most significant material for a steam engine. The engine
worked as a device to blow strong wind into a blast furnace,
generating high temperature inside. The point of his
invention is that it enabt to producenachinablecastings
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