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ABSTRACT

The discovery of fire and its controlled use in Pyrotechnology has been
an important landmark in the progress of human civilization and materials
technology. The paper discusses the knowledge of the ancient pyrometallurgical
process of iron production, the smelting furnace design, construction
and its operation used by Munda and Agaria tribes. It also discusses
thermo-chemistry and the physico-chemical processes those go on inside
the ancient 1iron smelting furnace and the principles of 1its process
control. The wrought iron produced by the bloomery furnace contained a
maximum of @.4% C which was carburised to produce case carburised, .and
laminated steel. Another type of steel produced in the country since
400 BC was known as ‘ukku’ in the southern language and it became world
famous by the name of Wootz steel. Two distinct processes viz., (i)
carburization of wrought iron and melting carried out inside a closed
refractory crucible, and the other (ii) process of manufacture of steel
by decarburization of white cast iron by 1its reaction with synthetic
slag have been described. Lastly the paper gives a brief description
of the ancient smithy craft used for producing some of the heaviest
forgings of the world like iron pillars at Delhi and Dhar, iren beams
of Konark and the iron guns of Bijapur and Tanjore. The forging and
heat treatment of Wootz steel containing ultra high carbon required
. special skill known only to the Indian blacksmiths, and latter learnt
by Syrians to produce world famous Damascus sword made of this ‘steel.
The surface finish known as Watering mark or Damask patter'n was the
hallmark of original Wootz steel sword.

Key words : Pyrotechrology, Bloomery iron, Wootz steel, Smithy craft,
Watering mark treatment.
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INTRODUCTION

The history of human civilization is a continuous endeavour to learn the use of
-natural resources and this quest for knowledge helped in the progress of material
science and techriology. In this effort the role of fire has been of prime importance.
The first humanacquaintance with fire might have been due to the natural
‘combustion of forest, through which, inspite of the devastating effect, man must
have learnt-about heat and light. The earliest reference to the domestication of
. fire could be traced.to millennia 9000 to 6000 BC, when its lithic and trophic uses
must have begun and man must have learnt to start fire with the help of flint stone
or fictional heat generated during vigorous rubbing of two pieces of dry wood.
Realizing the power of fire man began to worship it by performing havan and
making animal, sacrifices in the early Vedic period. Rg Veda begins with the
worship of ‘Fire God'. Prakash!™ has mentioned that the fire alter provided op-
portunity to learn its physical and chemical properties as well as its controlled use
for self protection, quarrying and shaping of flint and other stone tools, production
of fired bricks, glasses, cements and mortars as well as design of a variety of
furnaces used during pyrotechnology and pyrometallurgical processes. Wertime!?!
has mentioned ‘Biringuccio™™ as the shaper of soul of fire as well as mover of
the material body. He has been considered as the essential renaissance bridge
- between the earliest pyrotechnologists and the twentieth century fomenters of the
revolution of material science and engineering.
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Fig 1. Sanskrit text indicating the evofuribn of iron and other metals from Havankund men-
tioned in Yajurveda.
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Fire wood and charcoal were the two major energy sources used in the early
pyrometallurgical processes for shaping the native metals, preparing alloys and
extracting metals from their naturally occurring minerals. The ritcha quoted in Fig.
1 is from Yajurveda mentioning the prayer to Agni to bless with metals like Au,
Ag, Cu, Sn, Pb and Fe in association with minerals occurring in earth and the
vegetation i.e., wood providing heat and charcoal (C as reductant).-In Rgveda,
iron has been mentioned several times for its functional use in daily life. The ritcha
quoted from Rg Veda (Fig. 2) mentions the production of steel by the association
of iron with swan’s feather (probably used as carburizer) and the craftsman waiting

Jfor the wealthy buyer who could pay its high-price. The ancient Sanskrit texts of
the country are full of mention of variety of metals including iron and steel.

So far as the archaeological occurrence of iron and steel is concerned, a detailed
review has been published by Prakash and Tripathit*® et. al., and many others.
Fig. 3 shows the C' dating of iron objects found at various places in India.
According to this plot, the iron objects begin to appear during the late 2" m BC
and the development of its extraction process must have begun in the early 2™
m BC i.e., almost simultaneously with the appearance of iron extraction tech-
nology at Anatopai. Prakash®® has examined the possibility of the reduction of iron
oxide in havankund and proposed a hypothesis of the beginning of pyrometal-
lurgical process of iron making and its gradual transition to the .shaft smelting
furnace from the havankund . India was producing large quantity of iron-as well
as the world famous ‘Wootz' steel and was exporting them to the western countries
till the British Government enforced a ban to promote their own trade. As reported
by Bhardwa|™®, ancient iron industry was flourishing throughout the country till .
19" century. In 15" Century AD, iron worth rupees 50,000 to 70,000 was produced

in Assam only. The quality of iron was so good that in 1875 more than 50,000
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Fig. 2 : Sanskrit text from Rg Veda indicating production of steel and its high price.
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Fig. 3 : C'" dating 'of ancient iron objects found at a'rqhaeologfceli sites in India

tonnes were exported to the United Kingdom for the construction of the world
famous London Bridge. Elwin®™ recorded in detail about the ‘Agaria’ tribe and their
iron smelting process in India. It is reported that these ancient bloomery furnaces
generally had a production capacity of 2 to 10 kg per-heat and in some cases
larger furnaces such as ‘Kothis’ of Nagpur had production capacity of 40 kg, the
Malabar twin hearth furnaces described by Buchanan!" had- a capacity of 250
kg per heat. After the beginning of the industrialization and introduction of large
blast furnaces during 17™ century, it is presumed that the ancient process con-
tinued in the country till 1960, M.K. Ghosh and K.N.P. Rao!" of Tata Steel (then
Tata Iron & Steel Company) attempted to locate those iron craftsmen of Munda
and Asura tribes near Jamehdpur and at two places in Orissa, who could remem-
ber the production technology of ancient iron. These persons were successful in
operating three different furnaces, one each at Kamarjoda in Bihar and Jiragora
and Chiglabecha in Orissa. The operating practice and the logsheet of the raw
materials and' products were published by Ghose!". This was followed by the

" location of the remains of an ancient furnace at Loharpara in Bastar by Prakash

et. al". They could record the details of the furnace operation from a family of
Munda tribe. Latter Sharma!™! surveyed eastern Madhya Pradesh and located two
old men who remembered the ancient iron making process and after long per-
suation they constructed a furnace and operated it successfully at Bishunpur
under the project ‘Vikas Bharati’. Later on a detailed survey of the eastern Madhya
Pradesh and neighbouring area of Bihar and Uttar Pradesh was done to locate
‘Agarias’ and their furnaces. It was found that families of Agaria community still
continued their traditional iron making producing iron to.the tune of 100 kg per
day. A large number of furnaces were found to be operated at Wadruffnagar in
Madhya Pradesh. Misra and Chaube! have prepared a detailed report on the
living traditions of Agarias and their ancient craft. During the years 1993 to 1996
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several demonstration were organized by PPST, Institute of Gandhian Studies,
Varanasi, [IT (Bombay) and at Anna University, Chennai. These have provided

the author an opportunity to study and gain first hand knowledge regarding the .

operation of these iron smelting furnaces. Recently two major projects have been
taken up, one at the Indira Gandhi National Museum of Man in ccllabaration with
RRL at Bhopal and the second at the National Metallurgical Laboratery, Jamshedpur,
to study and improve the ancient practice that can be operated in remote areas
by the tribal folk and to make it an economically viable process.

THE ANCIENT IRON MAKING PRACTICE
AND PROCESS CONTROL -

The ancient process of iron making has been vividly described in the folk songs
of ‘Chokh Agaria’ from Lapha. One of these songs as translated by Joshil"¥! is
as follows: : .

She presses down the bellows with the strength of her heels.
He wields the heavy hammer with all his mlghr '
From the ground he gets stones. .
_ The fire burns fiercely as the bellows blow.
The little hammer clatters,-tinning tanang,
A shower of sparks flies into her breast,
He puts it in black
He pulls it out red
Standing he beats it
The chokh girl blows the bellows at the forge
Like a drum it sounds ‘Datur Thunda’
How happy | feel
The chokh boy beats with the hammer
The hammer whistles as he swings it round
And | feel very happy. -

As it appears from the above mentloned song the whole operation was a family
affair controlled by the headman and his wife and the technology was maintained
as a secret, passed on from generation to generation. The younger generation
participated in the activities and when by the age of 17 to 20 they were trained
in all the skills of the trade, they were permitted to marry and operate their own
furnace. The actual practice of iron making can be divided into the foilowing six
steps- )

1 = collection of raw material i.e. iron ore, wood and refractory clay

2 — construction of the furnace and the tuyere pipe. '

.3 — making and fixing the bellows.

4 — drying, firing and operating_ the furnace.

5 — removal of slag and handling of red hot sponge iron bloom.

6 ~ secondary refining of the bloom.
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The details of the above mentioned steps of the traditional iron making and its
process control have been already published by Prakash!"® and Mahmad!'l.
Hence, in this paper only some salient features are being highlighted.

Collectton of .aw materials

[nsprte of the: abuwdantfy avallable rich deposﬂs of hematrte in the country the
ancient iron-smelters preferred to use low grade-limonite or magnetite ore avail-
able in Assam and Karnataka. The magnetite ore was concentrated by panning
or launder washing.in the water stream. The ore was generally-calcined to remove
moisture and the associated organic matter and limonite lumps were broken into
small pieces (5mm) to improve its surface area and reducibility.

The charcoal used for heating the ore and generating the reducing gas (CO) was
. produced from a variety of wood depending upon their availability in the region,
and generally no basic flux was used to adjust the properties of the FeO rich
fayalite (2Fe0.Si0,) slag formed during smelting. The refractory clay and stiff mud
are required for making the furnace.

Construction of the furnace and the tuyere pipe

Elwin®, Joshil"®l, Chatterjee!®, Krishnan™ and Prakash®2!l have published
photographs and line diagrams of a variety of ancient furnaces constructed and
operated in different parts of the country. Fig. 4 shows a reconstructional drawing
of one of the oldest iron smelting furnaces found at Naikund dated back to 700
BC. It can be seen that this furnace was constructed using curved bricks made
of refractory clay (kaolin). Mahmad!'™ has classified these furnaces into two major
groups viz., (i) Fosse type and (ii) Aerial Type.

Fosse type

This type of furnace was constructed below the ground level either by digging
a small cylindrical pit or shaft as shown in Fig. 5 or a bowl type furnace was
constructed in one of the faces of a large square pit as shown in Fig. 6.

© Aerial Type . ‘

This type of fumace could be further classified into two categories /.e., furnaces ,
having their hearth and the slag pit constructed below the ground level and the
tapered circular shaft standing above it. Fig. 7 shows a drawing of this type of
furnace constructed at Jiragora. The internal details of the drawing shown in Fig.
8 was constructed completely above the ground level or on a raised platform. Fig.
9 shows the geometrical design of shaft furnace operated at Tendukaira near
Jabalpur to smelt weathered banded hematite quartzite ore. The constructional
details of this furnace have been described in detail by Mahmad!'™. Fig. 10 shows
a photograph of a 40kg furnace known as ‘Kothi’ operated in Nagpur area.
Although these furnaces look crude in appearance they were made with great
precision, their dimensions being fixed on the basis of the long experience of the
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Fig. 4 : The reconstructional sketch of the iron smelting furnace found at Naikund (700 BC).

Head smelter. Prakash?? has examined the design of these furnaces using the
empirical relations mentioned by Bashforthi®! with reference to the design of 1000
tonne/day modern blast furnace. The calculated data recorded in Table 1 show
that their design criteria like d/D ratio, H/D/2 ratio, stack angle and volume/kg of
iron were almost constant in all the furnaces except the.furnace inner volume
required per kg of iron. This shows that the ancient iron smelters had gained
experience regarding the physico-chemical changes taking place during the rise
in temperature of the raw material and the reduction of the ore. '

The furnaces were constructed using the breadth of man’s fingers ‘Angula’(~80mm)
as a unit of measurement. The other scales were ‘Bitta’ i.e., the distance between .
the tips of the little finger and the thumb in the expanded form {~240mm) and
‘Hasta’ i.e., the length of the fore arm (~475 to 500mm). In order to measure the

n 1963 at Chinglebecha in Orissa,




pre

4 5 7.. -
' J?'yl’ K r '

PR

Ferrous Metallurgy in Ancient India

b zmmﬂ

Fig. 6 : Line diagram of the bowl type furnace made in one of the faces of a pit below
ground fevel found at "Lohar Para’ in Bastar.

dimensions of the furnace, sticks of the desired length were cut and used as scale.
The centre of the circular mouth was determined by placing a stick across its
diameter and finding out the centre using a thread to trace the circumference.
The centre-of the hearth and the shaft taper were marked by dropping a small
green clay ball from the central point and the inner edge of the top opening. Thus
the verticality as well as increase in diameter at the tuyere level and hearth could
be easily measured and controlled. After the furnace-wall had partially dried, the
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Fig. 7 : Cross-sectional drawing of Jiragora furnace.
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Fig. 8 : Line diagram of the Bishunpur iron smelting furnace.

shrinkage cracks and fissures were repaired, the furnace dimensions were checked
and corrected, and a large opening was made in the furnace wall at the bottom
to prepare the hearth and to fix the tuyere pipe as well as to take out the sponge
iron bloom at the end of the furnace blow-in period. While the furnace was drying

Fig. 9 : Geometrically designed parts of a furnace constructed at Tendulkaira in M.P,
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Fig. 10 : Ancr:ent iron srﬁelting furnace from Nagpur region producl,‘fng 40 kg of iron per
heat and known as ‘Kothi'. '

a couple of tuyere pipes designed like a trumpet having about 25mm diameter
hole throughout the length (~250-300mm) and an enlarged diameter of 60 to
80mm at the other end, and a wall thickness of 12 to 15mm were prepared from
the same clay. These tuyere pipes were used in semi dried condition.

Making and- Fixing of the Bellows

Since the top of the bellows was made of the buffalo hide it had to be soaked
in water and bound tightly around the bellow body. The bamboo blow pipes were
also examined for any cracks etc. or its burnt out tip and necessary repairs were
done. At the same time, the furnace hearth was prepared by lining it with ‘Kodon’
paddy craft or charcoal powder mixed with clay and then one tuyere pipe was
put in position as shown in Fig. 8 and then the front wall opening was closed with
the help of charcoal-clay mixture. Now the blow pipes were adjusted in the larger
opening of the tuyere and the bellows (two) were fixed. The bellow assembly is
shown in Fig. 1i1.

Drying, firing and operation of the furnace o

After the dried furnace and the raw material were ready the furnace was charged
with-dried wood chips and then filled with charcoal upto the top. A ritual pooja
and havan were performed praying for the successful operation of the furnace
and then it was ignited using a little of the sacred fire from the havan. This was
introduced inside the furnace through the tuyere pipe. When the wood starts
burning, the bellows were operated slowly to build the fire inside the furnace. After
the yellow flame. appeared at the mouth of the furnace the blowing rate was
increased to raise the furnace temperature. As the charcoal got consumed, ore
was charged and the blowing was continued till a translucent blue flame appeared
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‘at the top. If this flarie was not coming out of the furnace due to any reason it
was kindled with the help of a burning wood. The appearance of the blue flame
indicated that the furnace has reached a temperature of >1000°C and the charcoal
is being burnt to generate CO gas. The operating rate of the bellows was controlled
to get this flame of specific height. above the mouth. At'this stage the furnace was
. charged with alternate layer of ore and charcoal in the ratio 1:2 and the air blowing
rate was adjusted and controlled to maintain steady condition. The temperature
inside the furnace was visually examined by peeping through the tuyere pipe and
after about one hour the first slag was tapped. The fluidity of the slag, its quantity
as well as colour on sclidification were indicators of the successful operation of
the furnace. Thie slag was either tapped penodlcally or contmuously throughout
the furnace operation.

When sufficient charges of ore had been made, it was followed by few blank
charges oi'charcoal only, and the air blowing rate was increased to consolidate
the reduced iron into a large porous lump and separate it from the FeO rich fayalite
(2Fe0.8i0,) slag. The measured temperature at-ihis stage was found to be
1500°C in front of the tuyere. When the charcoal has almost completely burnt,
air blowing was stopped. One heat took about 5 to 6 hours and at this stage
preparations were made to take out the hot iron sponge.’ ' '

‘Removal of slag and handling of sponge iron

In case of bowl furnaces, generally the slag was allowed to get collected and
solidified at the bottom of the furnace. In the case of other furnaces, it was tapped
out through the slag hole known.as ‘Hagan After the smelting period was over,
- the bellows along with blow pipes were removed and the temporary wall for closing
the front opening was removed and the partially melted tuyere was taken out with
the help of a tong and a wooden pole. It was placed on a large granite stone
anvil and hammered to consolidate and remove the moiten slag filled in the pores.

STRING
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. th 11 Line dfagram of the bellow assembly.
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Fig. 12 shows this being forged on an anvil. The furnace was allowed to cool and
it was reused after necessary repair and preparations.

Secondary refining of the iron bloom

This most important and exclusive Indian practice was carried out to remove the

slag trapped inside the iron block. For this, the iron bloom was reheated in a smithy
forge to almost white hot (>1250°C) condition and silica sand was sprinkled upon
it. This reacted with the remaining FeO and helped in forming fluid 2FeQ.SiO,
slag which flowed out of the iron block. The iron block was taken out of the furnace
and forged to increase its density. This process was repeated till the bloom was
converted into 12 to 15mm square/circular rod. This refined rod containing 0.2
to 0.4% SiO, almost free from the slag inclusion was cut into 150 to 180mm long
pieces and sold to the blacksmiths or ‘Lohars’ for reshaping them into useful
objects. Table 2, gives the chemical analysis of sponge iron, refined iron and slag
produced at Bishunpur. The microstructure of refined iron consisting of ferrite
grains, a little of pearlite and slag stringers is shown in Fig. 13.

The whole process of ancient iron production seems to be very simple but
successful operation of the furnace requires utmost care at every stage and a
little deviation from the traditional practice resultes into production of only: slag
and no metal. This fact has been confirmed by Avery4, who has mentioned that
in Europe, in the absence of the ancient operator, the reconstructed bloomery
furnace could not be kblown satisfactorily by even the experienced scientists and
archaeologists. He along with his team travelled to Buhaya (land of Haya tribe),
Tanzania in Africa to gain first .hand experience of the traditional practice of
operation of bloomery furnace. In order to understand the physico-chemical
conditions prevailing inside the furnace and appraisal of the ancient iron making
technology the process is being examined with the help of modern science and
technology. - =

THERMOCHEMISTRY AND TECHNOLOGY OF
ANCIENT IRON MAKING

From the point of view of thermo-chemical study, the whole smelting operation

could be divided into three main steps: The combustion of charcoal to CO-CO,

gases and the solid state reduction of iron oxide to iron in the furnace shatft. The .

direct reduction of FeO to Fe and formation of FeO rich fayalite (2Fe0.Si0,) slag
in the tuyere zone. The slag metal reaction controlling the ‘C’ and metalloid content
of the iron sponge. The reduction of re,O, to Fe being topo-chemical; it gets
reduced in the order Fe,O, — Fe,O, —» FeO — Fe irrespective of the chemical

reaction being carried out by solid ‘C’ (direct reduction reaction) or by CO gas .

(indirect reduction reaction). The optirmum thermochemical conditions required for
‘the reduction process could be determined from.the Fe-O-C equilibrium diagram
(Fig. 14) plotted as a funiction of CO/CO, ratio and temperature. From this diagram
it is obvious that as the temperature increases, the stability of CO gas also
increases with respact to CO, and beyond 1000°C only CO gas is found in the
gas generated at the tuyere level. Hence, the rate controlling step for the com-
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Fig. 12 : Forging andconsolidation of hot sponge bloom being carried out on an iron anvil,
a granite bleck used as an anvil is also seen in the picture.

bustion of carbon is .
¢o, + C—= 2C0 ' ()

The CO/CO, equilibrium line crosses the FeO-Fe phase boundary at point ‘P’
which represents the minimum conditions for the reduction of iron oxide to iron.

Table 2 — Chemical analysis of iron sponge,
refined iron and slag in percentage from Bishunpur

Constituent Sponge Iron Refined Iron Slag
Fe (T) 54.99 96.25 50.64
Fe (M) 2253 94.21 3.7-52.87
C - 0.16 0.21
Mn . = 0.057-0.043 -

P | - 0,02 - ==f
S 37.31 0.007-0.2 0.033
FeO 4.90 1.55-0.013 59.12
Fe,0, - 118 453
sio, = - 0.30 11.82
ALO, ; - 3.034 9.71
-Cao - _ Trace 7.84
MgO - Trace 1.92
P,O, - - 1.99
Alkali - - 0.765

65



B. Prakash

Based on the studies on reduction kinetics of iron oxide in CO/CO, gas mixture,
the optimum temperature required for fast reduction is between 900 to 1100°C,
shown as shaded area in the diagram. In this temperature range the CO/CO, ratio
is 80:20 i.e., 4:1. '

Hence the equilibrium reduction reactioh could be written as : :
Fe,0, + XCO— 2Fe -+ 3CO, + (X-3)CO N ()
where the CO/CO, ratio is 4. Thus the reaction feasible under equilibrium condition
Fe,O, + 15CO— oFe + 3CO, + 12C0 _—
using this reaction (ii) and the operation data for the Jiragora furnace collected
by Ghoshli' the material balance and heat balance were calculated as shown in
Tables 3 and 4. From the study of these tables the following observations could
be made: '

(@) The furnace was charged with a definite ore: charcoal ratio and the charge
balance was satisfactory for the production of low ‘C’ wrought iron.

(b) The fayalite — rich slag required addition of SiO, and Al,O, as fiux to produce
fluid slag of recorded composition and quantity.

(c) The heat balance indicates that the air supply by the foot operated bellows
was sufficient to generate theoretical adiabatic flame temperature of 1940°C.
This temperature calculated by Avery?¥ for the Buhaya furnace was 1800°C.
The measured temperature in front of the tuyere was found to be -1500°C
by Avery?4l as well as Prasad et. al®s], This temperature was found sufficient
to produce low ‘C’ wrought iron sponge and fluid FeO rich fayalite slag.

As the iron ore descends down to the shatt, it gets partially reduced to FeO and
Fe by the chemicai reaction with the hot CO rich gas as well as by the preheated
charcoal. In the bottom part of the shaft at 1100 to 1300°C, the following chemical
reactions take place. '

i e . = ) .
showing some pearlite and slag inclu-

iy

Fig. 13 : A typical microstructure of wr5
sions in a _mar’rix of ferrite.




‘Fig. 14 : F2-0-C equilibrium diagram showing the optimum cond.-'r:iOns for the bloomery
- . . furnace opeartion, indicated by hatched band. o

2

2Fe0 + C — 2Fe + CO, | (V)
and ‘ '
CO, + C - 2CO . )

The overail reaction being ‘
FeO + C — Fe + CO e (V)

Simultaneously FeO begins to react with SiO, and other gangue material present
"in the ore to form FeO — rich fayalite slag. FeO.SiO, phase diagram is shown in
Fig. 15 and it shows that FeO forms an eutectic phase with fayalite at 1175°C.
Hence, the slag will be fluid enough even at 1300°C fo drip through the solids
and react with the charcoal ash present in the tuyere zone before getting collected
at the bottom of the furnace. As the iron travels further downwards, it picks up
‘C’ to form Fe,C i.e., carburization of sponge iron takes place. This reaction can
be written as :

- 3Fe + C —» FeC e (Vi)

Fig. 16 shows schematically the conditions prevailing in the tuyere zone and the
hearth. As shown in this figure all the three phases viz solid, liquid and gas are
present in this zone and they react with each other. The air blown through the
tuyere gets preheated to 600°C as it passes through the red hot part of the tuyere
_pipe protruding inside the furnace. This hot air creates an oxidizing atmosphere
in front of the tuyere and burns charcoal to CO, and CO and also preheats the
N, content in the air. In this zone while the oxidizing atmosphere tends to stabilize .
FeO and promote the formation of slag the presence of the hot charcoal and CO
gas tend to produce a reducing atmosphere promoting the reduction of FeO to
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Fe and its carburization. Haba®®! has called these conditions the “opposing prin-
ciple in the bloomery furnace’. In this boundary zone a pseudo equilibrium is
attained between the oxidizing and the reducing reactions taking place under a
steady working condition. Considering the temperature of this zone being at least
1300°C and the Fe OBIFPO + Fe, O, content of the slag being about 10% the
oxygen pa‘tval pressura’ pO, will be of the ordersof 1 x 10‘0 to 102 atm.’ as
determined from the'IFeO-Fe, O, phase diagram shown'in Fig. 17: Nagatal® has
measured thé terhperature as Well as pO, in front of the tuyere in his experimental
‘Tatara’ furnace and in presence of the sfaq containing 75.8% FeO, the pO, has
been found to be 1 x 10°"" atm. at 1300°C and pO, of 1 x 10 tat 1100°C prevarlmg
25 cm above the tuyere level. Fig. 18 shows the temperature profile as measured

by Nagata®” in his furnace and the pQ, measured with the help of the solid-

electrolyte is shown in Fig. 19. If this pO (1 x 10" to 1 x 102 atm.) is plotted
on the oxide Ellingham diagram as shown in Fig. 20, then it can be seen that
this pO, is too high for the reduction of SiO, or MnO or MnO, inside the bloomery
furnace. This is the reason that the resulting iron contains very low Si or Mn
content and because of the use of charcoal the ‘S’ and ‘P’ contents are also low.
This zone begins below the tuyere and in this zone the reduced iron gets sintered
to form a spongy mass and travels downwards due to its own gravity till it reaches

.the bottom of the furnace. At the same time the liquid slag trickles down through

the porous iron to get collected below it. The slag formed in the bloomery furnace
has been found to contain more than 55% FeO as determined by Habal?%! and

~ Nagata®? and this FeO rich slag reacts with Fe,C present in the sponge iron and

thus decrease the 'C’ content of the bloomery iron. This reaction can be written
as: -

Fe,C + FeO — 4Fe + CO e (i)

Table 4 ; Heat b'alénce of ironmaking furnace at Jiragora (M.K. Ghosh)("!

Heat Input k Cal Heat Output ; : k Cal
Heat generated  81,011.5 Heat for heating ore to 1000°C 4,920.00
by combustion Heat for endothermic reduction 5,451.87
CO/CO,=4 Heat content of metal at 1200°C 1,385.00
| Total 81,011.5 Heat content of slag at 1200°C 6,300.00
Heat in outgoing gases 48,026.28+
Heat lost by conduction and 14,928.22
radiation by difference
% Radiation loss = 18.5% 81.011.5

Theoretical Flame temperature = 1.928°C
Blowing Rat : Air blown in 6 hrs. = 203 m?
* Air blowing rate = 564 litres/min.
No. of strokes for blower size
(280 mm dia., 100 mm. ht.) = 87/min.
Note : Maximum capacity of worker = 300 strokes/min.
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Bloomgren et. al.?®, have confirmed the role of FeO rich slag in controlling the
‘C’ content of the bloomery iron, and they have shown that the addition of CaO
as in .modern blast furnace decreases the FeO content of the slag resulting in
the increase in ‘C’ content of Fe and production of cast iron.

The success of the ancient iron production technology depended very much on
the selection of the raw material and the maintenance of the critical balance
between the reducing and oxidizing reactions in the ‘Boundary zone’. Based on
these considerations, Prakash®?%?" has emphasized the importance of the control
/of air blowing rate as the most important factor in overall process control and
based on the calculations of the material and heat balances, shown in Tables 3
and 4, he has predicted the operating rate of the bellows for the Jirogora furnace
as shown in Table 5. This predicted rate of operation of the bellows was verified
and found comparable during the operation of the Bishunpur furnace as reported
in the same table. The predicted changes in the air blowing rate was aiso verified
during the Agaria furnaces operated at Varanasi and Chennai. At these two places
the furnace was also operated successfully with the inferior grade of charcoal
.available in the local market. For this, the air blowing rate was modified based
on the desirable colour (blue) and height of the CO gas flame above the furnace -
mouth and also the observation of the slag properties. If the air blowing rate was
increased, then it invariably resulted in the increase of the furnace temperature
and production of molten white cast iron which came out along with the slag. It
was considered to be a bad omen, because in the ancient times this highly brittle
material could not be shaped by forging. It was a waste material till the processes
of cast iron casting and malleablization were developed in China and the process
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Fig. 15 : FeO-SiO, binary phase diagram.
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gasification of charcoal, direct reduction of iron ore to iron sponge and formation
of fluid 2Fe0.SiO, based slag.

of ‘Woetz’ steel production using the white cast iron was perfected in south India.
The chemical composition of some of the important iron objects of the country
and the iron produced by the Jabalpur and Bishunpur furnaces are given in the
Table 6.
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Fig. 17 : FeO-Fe,0, binary phase diagrams with pO, occur'ring at various temperatures.
The shaded area shows the pQO, in equilibrium with the ancient bloomery furnace
slag. :
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‘F‘errous Metallurgy in Ancient India

STEELING IN. ANC!ENT INDIA

Generally the iron produced from the bloomery furnace had a maximum carbon
" content of 0.4%, which had poor hardenability. The other range of Fe-C alloy

produced in the country contained 0.7 to 2%C. In the ancient Sanskrit texts it has

been mentioned as:‘Vajraloha’. The solid state carburization of wrought iron was
- known as ‘steeling’ and the resulting material having a high carbon stirface (case)
could be quenthed and tempered to produce a hard and sharp cutting edge
necessary for many tools and war weapons. Hadfield?® has mentioned the possibility
of the use of Indian steel chisels and craftsman in the construction of Egyptian
pyramid. Ghosh et. al®,, have reported an iron sickle found.at Barudih in Bihar
dated back to 810 BC which contained 0.35%C. The microstructure consisted of
ferrite and pearlite and it also showed the presence of tempered martensite at
the sharp edge. Hadfield®" had a chance to analyse several iron objects from
‘Taxila’ and "he found many of them to contain 1.3 to 1.5%C. According to him
many features of these object suggested deliberate production of steel. The
process of carburization of wrought iron could be carried out by any one of the
followmg methods:

1. Carburization of wrought iron inside the bloomery furnace
2. Carburization of wrought iron during secondary refining.

3. Case carburization by packing the iron pieces in charcoal powder and
- heating to high temperature

4. Cemerdation of iron bars having different carbon content.

By these processes the carbon content could be raised uptd 0.9% which could
be easily hardened, but in these processes the slag inclusion present in the

T f_ T —r il l T ] T . ] . I

1800} —_
o) 1500 ot wall =
- - ‘opposite luyer

- 1200 ‘st 250m |
w J ohave tuyer
5 I
-‘; i - bollcm-}_ o
a 9000 or, funvce-|
E l I | U l ] ' ]
= — switching & . .
rovble In blast lwyer -(rom giceharge  discharge  d1smwn
s ' ) botlom Lo side of slag of slag ‘of shelt -1
r + + & A°h A AA AAA AAA A AAA A A2 sloﬂorblns‘. J
: o+ TUBN L charging clharcoal and ron sand; 1
300 1 1 < & g 1 i1 1 L 1 1 |
0 1 2 13 4 5 6
Time , t/h

Fig. 18 : Temperature changes measured inside rhe experimental Tatara' furnace during
its operation. Ref. 35.
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bloomery iron could not be removed and they caused lower tensile strength as
well as fracture toughness. Varahamihiral®*? has mentioned in detail the process
of carburization of swords and their hardening and tempering processes. Agrawal
et. al®l., have reported the process of production of steel by lamination of low
and high carbon sieel bars which produced a variety of surface designs after
polishing and etching of the finished objects. A modified and improved version
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Fig. 20 : Ellingham free energy diagram for oxides, the shaded area shows the Po2 =
1x10-10 to 1x10-12 prevailing inside the bloomery furnace and its effect on re-
duction of oxides. Ref. 21. . '
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of this process became famous in the Western countnes by the narne of ‘Pattern

Welding." This process produced better strength and edge properties as well as

a variety of designs on-the finished surface. It was extensively used for making

swords and war weapons during the medieval period.

WOOTZ STEEL

A better quality of steel produced in India since ancient times (the exact period
is not known) was known as ‘wootz’ steel, a name derived from the word ‘Ukku’
*in the south Indian languages. The literary accounts suggest that this steel from
south India was known in the Arabian countries and Europe by the names ‘Bulat’,
‘Faulad’ and Hinubam steel. This steel containing between }, to 2% C had no
parallel in ths world and its production and processing had ro'v“hed its zenith
during the 18"‘ century. The process detatle have been published by Buchanan(',
Heynet4, Veysmf”"l Hao!?®, Prakash(*1! , Bronson®?, Lowof“" Craddock®®, Yater!®,
Srinivasan et. al.“%, and many others. By 17" century. large shipments running
" into thousands of wootz steel ingots were exported from. Coramandal Coast to
Persia. Although the processes of wootz steel making were developed and. perfected
at Konasamudram near Hyderabad and at Salem in then Mysore, Malabar and
Golconda, by the end of 18" century wootz steel objects were being made at many -
centres including Varanasi, Amritsar, Lahore, Agra, Jaipur, Gwalior, Tanjore and
many other places but none of these centres are surviving today and the ancient
technology has been forgotten.

Even in the early days of its production Syrians had come to know about these
ancient centres of Wootz steel making and they used to travel all the way to India
and carry these ingols to Damascus where they used to trade it to blacksmiths
who had learnt.the secrets of forge welding, forging technique of this ultra high
carbon steel and its heat treatment. During the medieval period the swords made
at Damascus had become very famous in Europe and they were in great demand.
~ The original Damascus sword was recognized by ‘watering mark’ or Damask
pattern visible on the sword. Fig 21 shows a piciure of this pattern looking like
crumpled siik and a similar pattern developed by the ‘pattern weiding’ process. The
difference is very obvious. Wootz steel was made by two distinctly different processes
viz., (i) Process of carburization and melting steel and (i) The decarburization process.

Process of carburization and melting of steel

In this process steel was made by packing about 350gms of wrought iron piEcés
with about 35gms of wood chips of Avaram (Cassia Auriculata) and other specific
plants in a refractory crucible and cover it first with green leaves and then close
the crucible top with clay having a small hole at the centre. Fig. 22 shows a
photograph of a new crucible made from the mixture of refractory clay with
charcoal powder and some iron oxide powder. This crucible could easily withstand
handling at temperatures exceeding 1500°C. Bronson®”! and Joshil*?l have de-
scribed in detail the variety of crucibles used in the ancient India for metals
technology and in Ayurveda. The charged crucibles were allowed to dry in Sun
and 20 to 25 such crucibles were heated in a big charcoal hearth gradually to
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Table 6 : Chemical cofnpositfon of iron produced by ancient Indian furnaces.

Source C% Si% . Mn% P% S% Others
1 Delhi lron 0.23 0.066 . ) 0.18 Traces N,-0.0065
Pillar 2
2 Konark Iron 0.27to  0.05to0 Tracesto 0.015t0 0.006t0 Cr-0.90%
Beam 0.45 0.11 0.04 0.10 0.15 Ni-1.6%
3 Qrissa iron 0.3-0.6 0.18 to Traces 0.02to  Traces A
— 0.20 0.03 _
4 Bastar Iron ex. 0.251t0 _ _ il _ Other
(100 years old) 0.45 : : element
in traces
5 Jabalpur iron 0.59 _ 110 40 - Cu-340
(recent) _ ppm ppm T ppm’
. ’ ' Ni-353
ppm
Others in
fraces
6 Bishunpur 0.016t0 _ 0.057 0.02to  0.007 to
iron(recent) 0.043 . ©0.2 0.013
7 Agaria lron 0.78 0.075 0.1 0.14 Traces

-a temperature of 1450 to 1500°C obtained with the help of a pair of large bellows
made of full buffalo hide. Fig. 23 shows a drawing of the furnace described by
Buchanan!"® and another type of furnace used for the same purpose described
by Holland*¥ shown in Fig. 24 and another one described by Voysey®®! is shown
in Fig. 25. In principle, the design of these furnaces is same but they ciffer in the
construction details.

As the temperature of the furnace was raised, the crucibles were shifted from the
colder zone (900°C) to the centre of the furnace where temperature of >1400°C
was attained. The whole operation took about 6 hours and during-this period the
leaves were charred producing a gaseous atmosphere (CH, + CO) inside the
crucible through which the solid state carburization of wrought iron took" place
picking up carbon from the wood chips. Ultimately the carburizec iron got melted
inside the crucible and any entrapped slag floated on the top of it. The presence
of liquid steel inside the crucible was judged by shaking the crucible during shifting
it from the centre of the furnace. The crucible containing the molten steel was
replaced at the edge of the furnace for slow cooling. Srinivasan*¥ has mentioned -
that at Kodumanal a separate small hearth furnace was used for slow cooling of
the crucibles. The slow rate of cooling produced a coarse grained structure
containing thick needles/plates of cementite in a matrix of transformed Ledeburite
and pearlite. After the crucible has cooled to room temperature, the wootz steel
"ingot was taken out by breaking the crucible and sold to the blacksmith after.
cleaning it free from the adhering slag. Fig. 26 shows a steel ingot inside a crucible
and the macrostructure of the wootz steel ingot published by Tylecote!*! is shown
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- in Fig. 27. As 'r‘epqr-tedv b.y Lowel, the microstructure of the used crucible was

found to consist of distribution of graphite flakes in a matrix of mullite with small
prills of iron embedded inside the wall.

The Decﬁérb‘urrizati.on Process

In this'method.,developed at Konasamudram near Hyderabad and Trichinapalli the

steel was produced by refining of white cast iron (> 2.5%C) prills or small pieces
by chemical interaction with highly oxidizing synthetic slag. As stated earlier prior
to the development of this process the production of cast iron by the smelting
furnace was considered to be a bad omen. This process of steel making was
carried out in a double chambered furnace shown in Fig. 31 and described by
Voysey®. In this double chambered furnace, made below the.ground level in the
smaller chamber a charcoal fire was built and a synthetic molten slag was
prepared by melting magnetite mixed with silica or the bloomery furnace slag. The

fire built in the second chamber to preheat it also heated the air as it was supplied

to the reaction chamber. Once sufficient molten slag having temperature of >1400°C -
was collected in the bottom of the smaller chamber, well cleaned prills or pieces
of white cast iron were charged on top of the charcoal fire. This high carbon iron
became molten and got preheated as it passed through the charcoal fire bed and
reacted with the molten synthetic'slag. The two major chemical reactions taking

" place could be wrilten as:

Fe,C + FeO - 4Fe + CO : ... (Vi)
and _ '
Fe,P + 8Fe0O — 3Fe.P,0, + 11Fe .. (viii)

The second reaction removes phosphorus content of the iron and both the reaction
are exothermic as well as self sustaining. The refined steel being heavier than
the slag it got collecled at the bottom of this chamber and it was tapped in the
second preheated chamber by making a hole in the partition wali. On solidification,

Sy etV

IR

Fig. 21°: Damask pattern visible on wootz steel sword (a) and (b) the surface finish of a
" similar design developed on the pattern welded sword.
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a circular pancake shaped steel ingot was obtained. This was cleaned and sold
to the blacksmith. Lowe®® had found a disc shaped ingot during her field study
at Konasamudram, which was discarded probably because of over decarburiza-
tion. Yater!®! has mentioned the process of manufacture of sword using pancake
type of ingot and also its export to Europe, U.K. The cast structure is shown in
Fig. 29 and the chemical composition of wootz steel and Damascus blades are
given in Table 7.

BLACK SMITHY CRAFT
=

Indian blacksmiths or ‘Lohars’ had mastered the smithy craft for producing variety
of wrought iron objects as well as Wootz steel weapons as early as 1000 to 800
B.C. They had also mastered the process of forge welding of iron and steel as
well as the heat treatment of steel knives, swords and other weapons. Neogit*"!
and Prakash® have discussed these ancient craft in great detail. The bars of
refined iron produted in the form of blocks or bars having 15mm square or circular
cross section were purchased from the iron smelters or the Wootz steel ingots
purchased from the steel makers were first classified into batches based upon
their ductility and appearance of fracture i.e., properties affected by the carbon
content of the alloy and then used for producing the suitable article. The knowl-
edge regarding the effect of carbon on the properties of iron is evident from the
description given by Susrutal®! for making the surgical knife using high carbon
steel and giving it hardening treatment and produce a sharp edge which could
cut the human hair into two halves longitudinally. The classification of iron-carbon

Fig. 22 : Photograph of a crucible used ofzklivaotz steel making (courtesy : Madras Na-
tional Museum,). P oyl




Ferrous Metallurgy in Ancient India

FURNACE
jrem =

7 \
i

CRUCIBLES
1

. A G/L
z \) ™
i, W TR

NN

ALLRLLRNN

TUNNEL

TIITTIII T

MYSORE STEEL MELTING .FURNACE

Fig. 23 : Line diagram of ‘Wocotz steel’ making crucible furnace described by Buchanan.
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Fig. 24 : Schematic line diagram of the crucible furnace described by Holland.

alloy published in Rasa Ratna Samucca (8-10 C AD) shown in Fig. 30 has been
recently published by Kulkarni®®, As shown in this figure the Fe-C alloy was
classified into three main groups viz., Kanta Loha, Tikshna loha and Munda Loha.
While Kanta Loha (wroughtiron) and Tikshna Loha (Steel) could be shaped by
forging, Munda Loha could be used only for casting purposes and it is classified
into three groups based on the appearance of the fracture viz., white cast\irop.
grey cast iron and mottled cast irons as known today. The ancient blacksmithy
craft had reached its zenith as early as 700 BC when the western world did not
know even the difference between wrought iron-and steel or cast iron. As Samuels®"
has written it was only in 1772 that Reaumur could differentiate between grey,
white and mottled cast iron on the basis of the appearance of their fracture.

Forging and Forge Welding of Wrought Iron

As mentioned earlier, India was producing large quantity of iron and it had found
use in daily life. The world famous iron pillar of Delhi belonging to the Gupta period
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CRUCIBLES ( 25)
- SCREENWALL

TUYERE

wooTZ CRUCI

LE FURNACE

Fig. 25 : Schematic line diagram of the crucible furnace described by Voysey™.

Fig. 27 : Macro-structure of a Wooltz
steel ingoti*s

Fig. 26 : A sectional view of a
Wootz steel crucible
showing the steel ingot .
inside i, ' .

stands testimony to the forge welding and forging skill of the ancient blacksmiths.
For the manufacture of this pillar weighing more than 6 tonnes at least 8 tonnes
of wrought iron of uniform composition must have been produced using large
number of furnaces and then the blooms must have been forge welded together
“and given the finished shape. Balasubramaniam®®s% has described in detail the
possible method of the forging of the shaft and the bell capital. Some of the other
heaviest forgings of the world are iron pillar at Dhar weighing 8 tonnes (12 C AD)
the iron beams of Konark (9C AD), the iron pillar at Kondachari and Iron trident
at the Tanginath Temple. These forgings are shown in Figs. 31 to 35 respectively.
Fig. 36 shows the base structure of an ancient furnace found at the excavation
site at Ujjain. This furnace has been mentioned as a smelting furnace but in the
‘authors opinion it might have been a large forge hearth used for simultaneous
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Fig. 28 : Schematic line diagram of the double chambered furnace used for producing
Wootz steel by decarburization of white cast iron.

heating of four bundles of wrought iron for forge welding them together. Prakashs*
has described in detail the probable method of forging of Dhar iron pillar which
is rectangular at the base changing into octagonal and finally circular cross-section
. at the top. Fig. 37 shows the probable method of joining of 750-1000mm long
sections of the forging to complete the length of the pillar. Bonner et. al.®% have
published the ancient account of the money spent during the manufacture of the
iron beams of Konark temple. This account maintains the purchase of large
quantity of lead and construction of a channel type furnace. It seems that molten
lead bath maintained at high temperature in a channel furnace was used for
uniform heating of the iron blocks to the welding temperature. The fractured
surface of one of the beams clearly shows the use of square sectioned rods in
the manufacture of these beams. Neogi“”! has mentioned the process of manu-
facture of some of the heaviest iron cannons of India like Landa Kesab of Bijapur
shown in Fig. 38 weighing about 47 tonnes and the gun barrel of Tanjore shown
in Fig. 39. He has mentioned that these guns were manufactured by Hindu
blacksmiths. Roessler®® has made a detailed study of the Tanjore gun barrel and
he has found it to be made by shrunk fitting of three layers of iron rings over the
rods and forge welding them together. Two smaller guns having 100mm bore hole
.and made by similar process are kept at the gate of Gujari Mahal in Gwalior fort.

Forging and Heat Treatment of Wootz Steel

Wootz having 1 to 2%C required special forging skill. known only to the Indian
blacksmiths and later learnt by the blacksmiths of Damascus, Syria. They used
" to travel to Hyderabad and Mysore to purchase wootz steel ingots and carry them
to Damascus where they prepared swords and other weapons and sell them_ir
the European market. These swords had much superior properties than the Celtic
or pattern welded swords. Yaterl*?! has published a detailed review on the pro-
cesses of manufacture of the pattern welded swords and compared its structure
with that of Damascus sword. Belaiew!s” was probably the first to study the surface
structure of Damascus sword and show that it consisted of distribution of Fe,C
nodules or spheroids but he failed to reproduce this structure by his own expe-
rience in smithy craft.

Wootz steel being a very hard and brittle material it required special knowledge
and skill to hot forge and produce swords and other weapons. The first break-
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Ref. |

Objects C Si Mn P S Others
1 Ingot 1.68 0.43 - 0.025 0.2 - .
2 Ingot 1.642 0.045 - - 0.181 - 12
3 Wootz, 0.963 0.127 0.097 0.007 0.02 - 12
Mysore -
4 Wootz, 0.45 0.14 - 0.27 0.01 - 12
___ Mysore
5 Wootz 1.33 0.045 - - 0.181 Uncombined 43
Sword carben 0.31
As-0.037
6 Damascus 1.49 0.005 0.08 0.1 0.05 - 60
Blade
7 Dagger 1677 0015 0.056 0.086 0.007 - 60
8 Sword 1.674 0.049 0.005 0.127 0.013 - 60
9 Sword 1.42 - 0.015 0.206 - Ni-0.016
Cu-0.056 60
10 Sword 1.1 - 0.71 - - As- 0.005
Cu- 0.034 60

Fig. 29 : Micro-structure of cast ‘Wootz sreei showmg thick plate of cementite in a matrix
of transformed Ledeburite. :
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- Kinds of Iron
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Bharmaka

Properties

(Loha) Very soft magnetic iron
Chumbaka Mildly mangetic, stricks to iron pieces
) Karsaka It can attract iron objects
Kanta Loha Dravaka Very strong magnetic iron
(Soft iron) Romaka Permanet magnet, develops strong
magnetic field around it. It may be Ek
Mukh, or Sarva Mukh
Khara Develops good cutting edge breaks on
bending
Sara Softer iron and its has. fibrous fracture
Hmnala Hard and tough has fibrous fracture
Travaratta Develops good cutting edge
Tikshna Loha Al Vajra Has good hardening and tempering
(Carbon Steel) property has bluish colour and hard cutting
edge
— Kala Developes hard cutting edge after blue
tempering
r—— Mrdu Soft brittle iron may be grey cast iron.
Has low melting point.
Munda Loha Kunda Mottled grey iron
(Cast Iron)
: Kadara White cast iron

Fig. 30 : Ciassification of Fe-C alloys as described in Rasa Ratna Samucca (8-10C A.D).

through into this ancient forging technology was by Wadsworth et. al.b®, who
established that ultra high carbon steel (1 to 2.1%C) becomes super plastic during
warm working at 800 to 850°C. On metallographic examination they found that
when forged in this temperature range, the plates of cementite get spheroidized
and the steel could be easily forged at slow strain rate. Superplasticity was found
to occur at high temperature (800 to 850°C) and it could be formed into any
complex shape. For super plastic materials the index of strain rate sensitivity (m)
is high, approximately 0.5; and at ideal m=1; the flow stress is proportional to strain
rate and the material behaves like a Newtonian viscous fluid. This was followed
by the detailed study of Damascus sword by Verhoeven et. al.®], who tried-to
develop the ‘Damask’ pattern on ultra high carbon steel made by modern method
and they succeeded in producing similar pattern on a knife. Latter Verhorven et.
al.[*% could produce the Damask pattern on forging of original Wootz steel piece
obtained by them from India. Prakash!?? got some work done by his students and
" succeeded in forge welding high carbon steel to low ‘C’ steel and forge to produce.
small blade which could be given hardening and tempering treatment by thrusting
the red hot steel blade into the green trunk of banana. The sharp edge of such
a blade developed a hardness of Rc 45 while the thicker back part had a hardness
of Re 30 only. Varahamihiral® has mentioned the hardening treatment by plunging
the red hot sword in whey into a solution of plantain ashes. Keeping it standing
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for twenty hours and then taking it out and sharpening the edge on lathe (the
grinding wheel). The other method used by Indian blacksmiths was to plunge the
red hot blade directly into the plantain tree trunk and allowing it to cool overnight.
During this process, at first the quenching action of the plantain sap converts ‘g’
phase into martensite, which is transformed into tempered martensite due to the
flow of heat from the thicker back edge to the sharp edge. The Syrian practice

of hardening and tempering consisted of either plunging the red hot sword in -

slaves belly or running on gallop on a horse holding the red hot sword with the
fsharp edge in the front i.e., air quenching of the sword blade. The ‘Damask’ or
the watering pattern on the surface of wootz steel swords was revealed by

_ polishing the surface of the finished sword and etching it with sulphuric acid or

vitriol. :

DISCUSSION

The multiferous use of pyrotechnology during the Indus valley civilization indicates
the knowledge of Indians about the physical and chemical properties of fire. It
has also provided ample evidence that pyrometallurgical processes like metal
extraction, alloying, metal casting, hot and cold working as well as heat treatment
were known to them. As regards the pyrometallurgy of iron and steel, Indians had

s

Fig. 31 : Photograph and micnié of iron pillar at Mehrauli in Delhi.
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Fig. 33.
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: The iron beams at

Konark. It also
shows the micro-
structure of the iron
beam.

Fig. 34 :
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Fig. 32 : lron pillar lying in broken condi-

tion (3 pieces) at Dhar.

Iron pillar located at Kondachari.
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. \ "‘——*1""
Fig. 35 : Iron trident (broken) and its shaft locate

<

Fig. 36 : Photograph of a four chan slled fUnace found at a site in Ujjain.
v W

WELD JOINT  TOP PLATE PLUG WELD HOLE

SQ. SECN.1

BOTTOM PLATE

Fig. 37 : The schematic representation of the probable method of joining forged iron blocks
used in the construction of Dhar pillar.
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independent and early beginning and gained high level of skill to operate the iron
smelting furnaces, manufacture of Fe-C alloys by carburization and crucible
melting and forging as well as heat treatment of ultra high carbon Wootz steel
blades. Damask pattern or the watering mark visible to the naked eye was the

hall mark of Wootz steel sword. The Indian black smiths had developed the skill -

to forge weld and prepare heavy forgings like the world famous pillar of Delhi and
gun pipes weighing 6 to 50 tonnes. The exquisite design of the bell capital of Delhi
iron pillar and its weather resistant property have been a proof of the forging skill
and the quality of iron produced by the ancient Indians.

The ancient Indian iron making practice has been described and an attempt has

Fig. 39 : Photograph of the forged gun of iron found at Tanjore.
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been made to interpret the ancient technology taking the help of modern scientific
principles applicable to the operation of modern blast furnaces. No doubt the
principles of physical-chemistry, thermodynamics and related sciences have helped
to develop a better understanding about the operation and process control of the

bloomery furnaces but the conditions and the time period taken to develop the °

bloomery furnace technology only with the help of observational power still re-
mains unanswered.

During the British périod a large number of attempts were made to setup iron

-works at many places in the country e.g., at Kulti, Birbhum, Raniganj, Salem, Porto

/Novo, Bijapur and Kumaon, but they failed; most probably because of the non-
cooperation of the Indian iron smielters. The secret of successful extraction of iron
from its ore was maintained in the family and told to no one else. As described
by Geijerstam!®", prior to 1856 British engineers had built in Kumaon two charcoal
blast furnaces having a bosh diameter of 2000mm and a height of ~6000mm at
Khurpatal and one furnace at Devibari, 4 furnaces at Kalidungi. About the same
time a Swedish engineer Julius Ramsay took charge of Kumaon Iron works with
one iron smelting furnace and a Bessemer converter set up at Dechauri in
Kumaon, but they failed to operate these furnaces. It is on record that Ness!®?
was the first to produce successful heats of bloomery iron from Indian iron ore

" in a furnace 2000 mm in diameter and about 7450mm height. After this, in order
to promote the British iron industry, the operation of primitive iron furnaces was
banned in the country. .

As regards the quality of Indian iron it has been certified by Captain Presgrave

of Sagar Mint and quoted by Franklin®® that'the properties of Indian wrought iron -

was better than Swedish or British iron available in the market. McWilliam!®4! has
tested the mechanical properties of Mirjati iron and has mentioned the yield
strength of 256-257.9 Mpa, UTS- 347.5 to 355.2 Mpa and % elongation of 19 to
36, which is comparable to modern wrought iron. As regards the quality of iron

"produced in various centres in the country Bhardwaj et. al.l’], have quoted from.

the Sanskrit text of 11" C A.D., Yuktikalpataru that (a) Corouncha iron is supposed
to be two times better than ‘samanya’ (ordinary iron), (b) Kalinga (Orissa) iron
is supposed to be eight times better than ‘corouncha’, (¢) Bhadra iron is one
hundred times better than Kalinga, (d) Vajra iron is one thousand times better than
Bhadra, (e) Pandiiron is supposed to be one hundred times better than Bhadra,
(f) Naranga iron is supposed to be 10 times better than Pandi and (g) Kanta iron

is supposed to be billion times better than Naranga. This aptly indicates the depth

of knowledge gained by the ancient Indian iron craftsmen without the aid or
knowledge of mocern science or research techniques.

India was also a pioneer in the production of crucible steel i.e., ‘Wootz steel"much
ahead of the Benjamin Huntsman’s crucible steel technology of Sheffield. The
process was carried out in refractory crucibles by in-situ carburization of wrought
iron using hydrocarbons as the transport media. The crucible has been analyzed
by Lowe®® and it has been found to be made of graphitized mullite, an advanced

refractory of today. The wootz steel was ultra high carbon steel requiring.special

forging and heat treatment skill. How the ancient Indian blacksmiths could deter-
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"mine the narrow range of temperature (800-850°C) suitable for forging using

careful hammering is still a mystery. The skill to produce ‘Damask’ or ‘watering
mark’ on the surface of the swords found only on the original Wootz steel sword
speaks ‘volumes about the knowledge of the ancient blacksmiths.

The other process of.production of wootz steel by the high temperature refining
of white cast iron by reacting with molten synthetic oxidizing high. FeO-Fe,O, slag

has been latter tried by the trade name ‘ Perrin Process’ which was unsuccessful.

Latter a similar slag-metal reaction process has been developed by ‘ARMCO’
Company and it is being used today for the production of wrought iron. Regarding
the property of the Wootz steel sword, Charles Wood, the manager of the Proto
Novo.plant (19" century) has stated that even the best shear of Britain could not
cut these swords from the sharp edge side. The simplicity of the ancient processes
of Indian iron and steel making and their unique properties have attracted the
attention of modemn metallurgists and material scientists and efforts are on to

improve the productivity of these ancient processes and find out new uses.

CONCLUSION

From the aforementioned description and discussion of.the ancient Indian ferrous
technologies, it could be said that ancient Indians were probably far better met-

"allurgists and technologists than those of modern times. Inspite of the availability

of modern tools and techniques of research it has taken almost a century to unfold
the mysteries of the working of ancient bloomery furnace and Wootz steel making
processes. It is beyond any doubt that the ancient manufacturing processes were
very precise, and the furnaces were designed and constructed with great accuracy
and their products were reproducible.

In recent years, although the super plastic behaviour of the ultra high carbon wootz
steel during warm forging process has been rediscovered during the past decade,
the forging technique to develop the ‘Damask’ pattern on the ultra high carbon
Wootz steel still remains a mystery. Also in the absence of written records or
remains of the ancient smithy shop the exact technique and tools used in the
manufacture of some of the heaviest iron forgings of world like Delhi’s iron pillar
are still a matter of guess and the cause of the rustless property of Indian wrought
iron is a challenge to the corrosion scientists.
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