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1. Introduction  

Nirayama reverberatory furnace is located in Izunokuni 

city, the Izu Peninsula, Shizuoka Prefecture. As shown in 

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

pairs of twin towers, 15.6 m in height.1) Though the existing 

reverberatory furnace is also in Yamaguchi Prefecture, 
Nirayamaôs is the only existing one which was actually 

used to melt cast iron in the world. Being one of the 

constituent properties of ñSites of Japanôs Meiji Industrial 

Revolution: Kyushu-Yamaguchi and related Areas,ò it was 

decided to be the governmentôs recommendee for the World 

Heritage registration in 2015, on September 17th, 2013. 

Every year one site is selected in the aim of promoting 

domestic cultural properties for inclusion on the World 

Heritage List.  

This application aims to register as one of the group of 

ñHeritages of Industrial Modernization in Kyushu area and 
Yamaguchi,ò not Nirayamaôs individually. The group is 

composed of 8 areas, 11 sites, and 23 properties, including 

the castle town in Hagi city, Shuseikan in Kagoshima city, 

Nirayama reverberatory furnace in Izunokuni city, Hashino 

blast furnace in Kamaishi city, Mie Tsu Naval Training 

Center in Saga city, Hashima Coal Mine and Glover House 

in Nagasaki city, Miike Coal Mine in Arao city and Omuta 

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 in human history which contributed 
to ñspread of industrial modernization throughout Asia.ò 

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 registration 

of "Sites of Japan's Meiji Industrial Revolution" 

including Nirayama reverberatory furnace was decided.  

What is important for the registration is local residentsô 

cooperation in its preservation and enhanced interest in it. 

Under these circumstances, we had activities to raise public 

interest. We produced miniature cannons by a cupola 

furnace and hosted a workshop for kids to make accessories 
by casting on February 24th, 2013, when Symposium for 

Registration of Nirayama reverberatory furnace was held. 

As shown in Fig. 2, thanks to the cooperation of Mr. Murata, 

the president of Naniwa Roki, we could show cupola-style 

casting in the open. Since then about 40 children have 

participated in the workshop every year. 

 

 
*1 Cupola: a furnace to obtain molten cast iron that does 

not get chilled, using combustion heat of coke. Nagasaki 

Ironworksô is the first cupola built in Japan. The 

principle in melting is the same as that of a blast furnace. 

Japanese original furnace koshiki is also the same in 

principle but the only difference is its fuel--coal and 
charcoal instead of coke. The furnace is named after an 

earthen vessel, koshiki, used to be a tool to steam rice, 

whose shape resembles to that of the furnace. Although 

koshiki tends to be confused with tatara, they are not the 

same and have different shape. Tatara is a furnace to 

make tamahagane, special steel to process into Japanese 

swords. 

 
Fig. 1  Nirayama reverberatory furnace and 24 
pounder 

 
Fig. 2  Cupola (*1) and casting workshop 
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It was 20 years ago, around July in 1997, when I first got 

involved with the reverberatory furnace. There was a 

concern that it was inappropriate for Nirayama to exhibit a 

cement cannon, from Prof. Madono, an authority in casting, 

and Prof. Nakae, my former teacher of Waseda University. 

In March the next year, we Kimura Chuzosho Co., Ltd cast 

a 24 pounder and donated it to Izunokuni city. It was 

around 2004 when I began in earnest to investigate the 

furnace with all my family. Of my children, so young 13 
years ago, my eldest son and daughter have become 

members of society while my second son and second 

daughter have grown up to go to university (Fig. 3). Prof. 

Nakae, who afforded me the opportunity to produce the 

cannon, currently serves as the chief investigation 

committee member of National Museum of Nature and 

Science. With Firearms Historical Academy of Japan, he is 

making a detailed survey of cast cannons from the closing 

days of Tokugawa regime to Meiji era, based on a 

perspective of casting engineering. 

Here I unravel mysteries of producing cannons with 

Nirayama reverberatory furnace beyond time, weaving into 
this article the studies by Prof. Nakae, an adviser of Kimura 

Chuzosho Co., Ltd at present, and ours on the furnace. 

 
*2 Climbing kiln: the characteristic is that it consists of 

several chambers built stepwise on a sloping land. It is 

structured to send heat, smoke, and ash from the bottom, 

where firewood is burned, through chambers into the 

kiln top. In Japan, it started from Edo period (1610), 

famous for early Imari ware. Even today, it is burned at 

about 1200-1250°C. This temperature is 50-100°C 

higher than the melting temperature 1153°C of the high-

carbon cast iron. Around the climbing kiln at Nashimoto, 

much alumina white clay is seen, and it is conceivable 

that people burned firebricks made with the clay.  
 

 
2. What Is a Reverberatory Furnace? 

2.1 History of Metal and Casting  

Human beings have first encountered metals in 5000-

6000 B.C. when people were processing natural 

gold/silver/copper by hand beating.2) It is thought that 

people's first encounter with iron was realized by meteorite. 

In Egypt, an iron necklace made from meteorite around 

3000 B.C. was found. Thus, the first processing method of 

metals was forging. Beating, that is, forging gradually 

pushes out dust and impurities included in metal. Carbon 

also get eliminated into outside. Human beings have 

eliminated impurities from metal with hammering, 

controlled carbon contents, and made tools and weapons for 

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

The casting technology by pouring molten metal into a 

mold and solidifying started in 3600 B.C. at Mesopotamia. 

It was approximately 5600 years ago. Pouring molten 

bronze into a mold is considered as the beginning.3) It is the 

beginning of Bronze civilization, that is, the beginning of 

casting. This means casting has 5600 years history.  

The situation that people cast a door while sending wind 

with stepping bellows (*3)was described in an Egyptian 

papyrus of about 1500 B.C. in Fig. 4.4) Humans could get 

higher temperature by the invention of bellows, and the 

Bronze Age reached the golden age. By the way, the 
melting point of bronze is approximately 800°C with Cu-

25%Sn. Considering pouring, it has a possibility that the 

melting temperature had exceeded 900-1000°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.  

 

 
Since iron is oxidized on earth, it cannot be used as iron 

if not be deoxidized. It has been believed that in 1700 B.C., 

the Hittite empire first obtained much iron by deoxidizing 

iron ore. People used a batch-type furnace which 

deoxidized iron sand by charcoal, and took out spongiform 

pure iron which gathered at the bottom of the furnace. They 

obtained ironware by heating and forging that iron. It was 

 Fig. 3  My children and climbing kiln (*2) 
 

  
Fig. 4  Casting bronze doors (around 1500 B.C. in 
Egypt) 
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written in an epic poem of Homer in the eighth century B.C. 

that iron was highly expensive. Probably, the price of iron 

was 5-10 times as high as that of gold. Iron has a defect that 

it is easy to rust unlike gold and bronze. Therefore, only 

few historical relics of iron are left because they have rusted 

and returned to soil. The technology of producing iron has 

spread throughout Europe because Hittite empire lost at 

Trojan War, famous for the Trojan horse and Achilles, in 

about 1200 B.C. 
Strangely, the iron production by forging has continued 

until the fourteenth century, but casting, a method in which 

molten metal is poured into a mold, has not been started 

until after the fourteenth century. Also, it is thought that 

saber became a European weapon, considering the 

difference in history of how to produce iron. 

The casting technology of pouring molten iron instead of 

bronze into a mold, was developed in China in the early 

seventh century B.C.5) China is thought to have had a 

technology to generate considerably high temperature with 

bellows in bronze production. Apparently this technology 

allowed them to make various tools by melting the iron 
which had high carbon composition (generally, it is called 

cast iron when its carbon content is more than 2.1%). While 

the melting temperature of low-carbon iron composition is 

1536ϴ and high, that of high-carbon cast iron is 1153°C 

and low. This low-carbon iron enabled iron casting for its 

excellent flowability. The composition of the casting iron of 

around fourth century B.C was C2.5-4.3%, Si0.1-0.2%, 

Mn0.01-0.2%, P0.1-0.5%, S0.01-0.1%.3)  The Si content 

was higher than Japanese cast iron (less than 0.1%), so it is 

possible to assume that they have gotten high temperature. 

However Si even in the composition of this cast iron was 

also low.  It became a hard and brittle material that is called 
chill (*4) and didnôt have graphite. 

This chilled cast iron is hard and brittle, so it has the 

biggest disadvantage that it cannot be machined. It is 

difficult to machine the chilled cast iron even with present 

machines. The microstructure of the hard and brittle chilled 

cast iron is shown in Fig. 5. As there is little graphite in this 

chill casting, it makes good sound like a wind-bell. On the 

other hand, in the modern cast iron which can be machined 

shown in Fig. 6, some flake graphite comes out, and its 

ability to absorb sound vibration is high. If a wind bell is 

made with current machinable cast iron, the sound would 

hardly come out.  The modern cast iron is used for base 

materials of machining tool or industrial equipment, with 

taking advantage of vibration absorbing quality. 

In China, they produced whiteheart malleable cast iron 
(shown in Fig. 7) in about 470 B.C. by heating this cast iron 

(shown in Fig. 5) in about 900-1000°C oxidized iron for 

three days6). The celebrated swords which belonged to Cao 

Cao and Zhuge Liang in the era of the Three Kingdoms are 

assumed to be made by heat treatment(*5)and forging this 

malleable cast iron to adjust the amount of carbon. 

According to a book on industrial technology published in 

1637, Heavenly Creations, wrought iron was created 

already during Han dynasty around the second to the third 

century B.C. as shown in Fig. 8. Their wrought iron is the 

same as that later made through puddling process using a 

reverberatory furnace which Henry Cort invented in 1784.7) 
In China, from this drawing, using bellows and a blast 

furnace like koshiki enabled to obtain molten iron of a 

considerably high temperature. Historically, the whiteheart 

malleable cast iron (iron close to modern steel which has no 

graphite in Fig. 7) was invented by Réaumur in France in 

1772. Also, blackheart malleable cast iron (shown in Fig. 9) 

was produced by Boyden in America in 1826.8) Even today, 

malleable cast iron is infrequently used, but the amount of 

production has decreased, because spheroidal graphite cast 

iron (shown in Fig. 10) was invented by Morrogh in 1948. 

By the way, some of the parts requiring excellent 
elongation of Brunatôs engine used in Tomioka Silk Mill, 

designated a World Heritage in 2014, are turned out to be 

malleable cast iron from my investigation. 
The Chinese iron history changed from bronze to chill 

casting, to malleable cast iron made by heat treatment, and 

then to wrought iron. 

 

 

 

 

 

 
 

Graphite  

Graphite  

 

Fig. 5  Microstructure of old 
chill casting which is hard 
and brittle (*4) 

 

Fig. 6  Microstructure of 
modern machinable cast iron 

Fig. 7  Microstructure of white heart 
malleable cast iron same as that of 
steel which made from chill 
casting.7) 
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*4 Chill casting: Originally, chill has the meaning 
of cooling or cooling down. In a casting process, 

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 defective. From this experience, as the 

parts which were put chillers to often formed chill, 

so those parts became called chill. Anyhow, 

unless casting includes some Si or high carbon, it 

would become easily chilled cast iron. Chill 
casting is too hard to machine. 
 

*5 Heat treatment: A process to achieve a desired 
property by heating and cooling iron, steel, and 

non-ferrous metals at below the melting point.23) 

For example, as mentioned above, Réaumur 

developed a method to turn chill casting into steel-

like iron by heat treatment. 
 

 

 
 

This brittle characteristic of chilled cast iron seems to be 

a cause that iron casting technology had not been 

introduced to Europe until the fourteenth century. Therefore, 

from the seventh century B.C. to the eighteenth century of 

the Industrial Revolution in Europe, cast iron was hard and 

brittle. Also, in Japan, chilled cast iron was used mainly 

until the end of the Edo period before blast furnaces were 

introduced. No wonder for forged iron made by hammering 

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 steel (shown in Fig. 11). From Heavenly 

Creations, they seem to have made wrought iron using sort 

of blast furnaces with bellows. 

Increasing silicon (Si) content changed cast ironôs 

property largely. Iron Bridge was built in England in 1779, 

when high silicon and non-chilled cast iron was developed 

(Fig. 12). In England, Darby the second achieved producing 

cast iron with a blast furnace, and high silicon cast iron 
began to be produced. Because non-chilled cast iron 

appeared, cast iron became machinable for the first time. It 

enabled to produce steam engines, and led to the Industrial 

Revolution.  In such meaning, cast iron was the mother of 

the Industrial Revolution, and is an important material to 

support industry nowadays.  

 
In summary, there were four types of cast iron: (1) iron to 

forge, (2) hard and brittle chill casting, (3) the hard and 

 
Fig. 12  The Iron Bridge made from non-chilled flake 
graphite cast iron, in 1799 (Worldôs Cultural Heritage 
in Coalbrookdale, UK) 

Graphite  

Fig. 9  Microstructure of 
blackheart malleable cast iron 
made of heat-treated chill 
casting.9) 

Fig. 10  Modern spheroidal 
graphite cast iron 

Fig. 11  Microstructure of steel 

S25C  

Graphite 

 
Fig. 8  Refining furnace of cast iron and wrought iron7) 
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brittle chill casting softened by heat treatment, and (4) a 

kind of iron called wrought iron which requires high 

temperature to create as China succeeded using bellows. 

When seeing metal history in terms of reduction of oxide, 

you may find some interesting things. Fig. 13 shows the 

graph of the relationship of stability and temperature of 

oxides. 

 
 

Seeing the Fig. 13, all materials become unstable with 

increasing temperature, because the atom vibration becomes 

large.  It is the same as changing from ice to water and to 

steam with increasing temperature. However, only carbon 

monoxide (CO gas) becomes stable with temperature rise 

apart from this law of the universe. It is the special material 

which becomes more stable if the temperature gets higher. 

Thanks to existence of carbon monoxide, human 

civilization was born and built up by reducing oxidized 
metal. Letôs take copper as an example, in Fig. 13. Copper 

oxide is reduced to copper when it is put among charcoal 

(carbon) whose temperature is kept over 155°C, about as 

hot as a bonfire. We could know from Fig. 13 that the lower 

the reducing temperature is, the older history metal has. I 

described previously that production of non-chilled casting 

needs silicon, that Si became possible to get from silica 

stone (including much SiO2). It was after A.D. 1700, when 

the furnace capable to reach higher than 1600°C was 

developed. Thinking this way, we can say that human 

civilization has fought against temperature. 
 

2.2 Historical Position of a Reverberatory Furnace 

     As mentioned above, it was in 1735 when Darby second 

enabled to make machinable high-silicon 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 enabled to produce machinable castings 

without chill, while malleable cast iron was not fit for large 

and thick castings. The best days of casting are from the 

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

reverberatory furnace was invented by Thomas and George 

Cranage in 1766, behind success of a blast furnace. It is a 

technology to re-melt pig iron (*6), which was made with a 

blast furnace in advance, by burning coal in a reverberatory 

furnace. This invention made it possible to get large amount 

of molten cast iron independently 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 temperature. After that, in 1772, Réaumur invented 

whiteheart malleable cast iron (modern iron similar to steel), 

which is made by heat-treating chill casting. In 1784, Henry 

Cort developed a method to reduce amount of carbon to 

produce steel (wrought iron) by puddling molten metal in a 

reverberatory furnace (puddling process). The wrought iron 

is a kind of steel which contains 0-0.25% of carbon. The 

process is as follows: first put iron oxide into a 

reverberatory furnace and reduce amount of carbon through 

reaction between the molten pig iron and iron oxide (FeO + 
C Ÿ Fe + CO ŷ). Then puddle the iron with rods to make a 

steel ball, which is later forged into steel. Therefore 

reverberatory-furnace wrought iron had a fault that 10-20% 

inclusion remains inside due to the slags(*7). Through this 

process, about 200 kg of steel (wrought iron) is created at a 

time. The Eiffel Tower, built in 1889 for Universal 

Exposition, was made of this wrought iron. Its iron frames 

weigh 7000 t, which gives us the impression of a big project. 

By the way, the Tokyo Tower weighs 4000 t, and the 

Skytree 36,000 t only above the ground part. In China, as 

mentioned above, wrought iron was made during Han 
Dynasty, from the third century to the second century B.C., 

through puddling process. In the literature it is often 

described simply as iron was produced with a reverberatory 

furnace through puddling process. I need to emphasize the 

meaningful change as follows: the furnace was used (a) to 

melt copper or lead which has low melting temperature in 

the early period, (b) to re-melt pig iron which was made by 

a blast furnace in the middle period, and (c) to produce 

wrought iron with puddling process. Puddling process was a 

way to produce another kind, wrought iron (Table 1). 

     
 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 13  Relationship of temperature and stability of 
oxides 


