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The paper is a review on the genesis and progress of iron and
steel metallurgy in the Indian Sub-continent. The pyrometallurgical process
of iron extraction was probably discovered in 3rd millennium BC (Vedic
period) during the performance of sacred ha–van by Bra– hmins and later
developed into shaft smelting process by the Asur tribes Mun. d. a, Birgia
–
and Agaria–. Lodha– Asur (Loha–rs) were expert black smiths who mastered
hot forge welding of iron to produce a variety of objects. Rasa Ratna
Samuccaya, an Ayurvedic text, has mentioned special processes for the
extraction of iron and its use for the preparation of bhasma.
Steeling and carburization processes were also discovered at an
early date (~700 BC) and later crucible steel making process was innovated
to produce world famous Wootz steel in Hyderabad and South Indian
regions. The thermo-mechanical process for forging Wootz steel and its
heat treatment was known only to Indian blacksmiths.
The Indian iron and steel industry was a flourishing trade during
the medieval period but by the end of 19th c AD the industry was completely
destroyed and the technologies were lost in oblivion. The paper also
reviews the rise and fall of the ancient know-how of iron and steel
metallurgy, blacksmithy craft, hot forge welding technology as well as
thermo- mechanical processing and heat treatment of wootz steel.
.
Key words: An ga–r kos. .t hi, Blacksmithy craft, Damasc pattern,
Ha–vankun. d. a, Forge-welded cannons, Thermo-mechanical processing of
UHC steel, Wootz steel.

* This paper is dedicated to Prof. Dr. Daya Swarup the first graduate in Met. Eng. , Banaras
Hindu University, Varanasi-221005
** Former Professor, Dept. of Met. Eng., B.H.U., Varanasi-221005.Address- 17-D/ 709, Konark
Enclave, Vasundhra, Ghaziabad- 201012, U.P. Email: drb_prakash@rediffmail.com

382

INDIAN JOURNAL OF HISTORY OF SCIENCE

INTRODUCTION
Indian Subcontinent has been accepted as one of the ancient citadels of
human civilisation and trade. Archaeological findings of Harappa and Saraswati
sites have provided ample proof regarding the advanced knowledge in the field
of agriculture, irrigation, architecture, production of metals and their use, as well
as maritime trade. At these sites objects made of Au, Ag, Cu, Pb and some items
of bronze have been found but there has been almost total absence of iron except
few artefacts at Lothal. Whether the construction of such a planned city and
World wide maritime trade could have been possible without the knowledge of
iron still remain to be answered. The discovery of bronze icon of dancing girl from
the Harappan site has proven beyond doubt the knowledge of Indian artisans
about ‘Cire Perdue’ process of casting and their skill in the fabrication of above
mentioned metals. Tripathi1 has recently made a detailed survey of the iron bearing
archaeological sites of India and their C14 dates and prepared the map shown
in Fig. 1. She has referred to Sahi2 reporting the existence of iron objects at Ahar
belonging to the Chalcolithic cultural phase, period 1C having C14 dates between

Fig. 1. Map of India showing the iron age sites dated between periods of Cairn Burial and
Megalithic culture.(Ref. 1)
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1270 and 1550 BC. Iron objects in similar situation have been also found at Eran
in Saugar district, Madhya Pradesh. She has also quoted the presence of iron at
Noh in Rajasthan belonging to the Bronze Age (in BRW phase). A few bimetallic
objects of iron and bronze have also come to light from the Andhra and Vidarbha
megalithic burials. Based on the occurrence of iron objects belonging to phase III
(2nd-1st c BC), shown in Table 1, Tripathi1 has suggested independent discovery
of iron smelting process in the country during early 2nd millenium BC. If this
hypothesis is accepted then the experiments on the process of iron smelting in
India must have started some time during 2nd millenium BC.

Table 1: Typology of Iron Objects Discovered during Stage-III (2nd -1st c BC)
Hunting Tools

Agricultural Tools

Household Objects

Building material
and Carpentry,
Masonry tools

Spearhead ©
Arrow-head ©
Point®
Blade®
Spearlance©
Dagger©
Sword©
Elephantgoad ©
Lance©
Armour©
Helmet©
Horsebit©
Caltrop©

Axe©
Sickle©
Spade ®
Ploughshare ®
Hoe ©
Pick©

Knife©
Tong ®
Disc®
Ring®
Spoon ©
Sieve©
Cauldron©
Bowl©
Dish©

Rod®
Pin®
Nail©
Chisel©
Clamp©
Pipe®
Socket®
Plumbbob®
Chain©

Index
© Confirmed Existence
® Confirmed data not available

The hymns of Veda are unsurpassable proof of the antiquity of Indian
Hindu Philosophy, and progress in Hindu Science. In Yajurveda and R. g-Veda
there is mention of extraction and processing of metals Au, Ag, Cu, Sn, Pb, and
Fe, their alloys as well as steel. In those days these metals were being produced
during religious rituals in ha–vankun. d. a by Bra– hmins known as Loha–vid and used
only for sacred purposes. Later the technology was most probably transferred to
other castes for bulk production and fabrication. Prakash3 has examined this
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possibility and discussed the transition of iron smelting from ha–vankun. d. a to shaft
smelting furnace.
ANCIENT IRON MAKING

IN

INDIA

–

In India Asur Mun. d. a and Agaria– have been the main tribes concerned
with the manufacture of iron. The antiquity of iron smelting could be found in the
folk tales narrated by the Asur Mun. d. a tribe. Leuva4 has recorded some of these
folk tales as narrated by Sukhapani. They worshipped Sun and Sƒiva/Maha– deva
as deity of their clan and called him ‘Sing Bonga’. They have their own story
about the birth and beginning of the Asur Mun. d. a tribe. Sukhapani has narrated
that once lord Sƒiva holding his ‘sona tandi’ (golden trîsƒul) had gone for hunting
along with his courtiers and his pet hounds named Charnabharava and Lilibhulia
who found two human babies a boy and a girl lying in a khabra (burrow). Lord
Maha– deva (Sƒiva) brought them home in a ‘ru–pa dhonti’(silver basket) and
nourished them as brother and sister. When they grew up they were advised by
–
him and Pa– rvati to get married and increase their population, which they refused.
Ultimately Lord Maha– deva taught them to prepare rice beer (Sura–) and asked
them to drink. In the intoxicated state they forgot their relationship and cohabited.
As a result their population increased and their offsprings were called Asur Mun. d. a.
They were advised to construct iron smelting furnace and produce iron.
–

According to Leuva4 initially Asur Mun. d. a a non-Aryan tribe (most
–
probably Dravidians) lived in Sindhu Valley and later they were pushed by Aryans
to East (Bihar) where they got settled and began producing iron in large scale.
With the passage of time the tribe smelting iron ore was called Asur Mun. d. a and
those who mastered the refining, hot forging and shaping of iron bloom to produce
utility objects were called Lodha–. In their folk song there is mention of 12
brothers of Asura, and 13 brothers of Lodha–. The twelve brothers of Asur
Mun. d. a uprooted trees and cleared forests to prepare charcoal and produce iron.
Lodha– used to cultivate paddy and millet and purchase iron from Asura in
exchange of rice and millet, two to four times the weight of iron. Asura believed
in the worship of their deity Maha– deva/Maha–ka–la according to the Tantric Cult.
The prayer offered by Asur ra–ja– and ra–nî at the time of performing pooja
(worship) of sansi and kutasi (hammer) as recorded by Leuva4 is as follows:“We the twelve brothers of Asura and thirteen brothers of Lodha– offer
you on this day of full moon night in Fa–lguna (February or March) once
in twelve months.
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We are following the tradition of offering you
Worship as our ancestors have been doing in the past.
Since the beginning of the creation till today
We have worshipped you in the same manner.
Hence forward let there be no wound or scare on our person.
Let not our iron be brittle, let not iron scatter around the stone anvil
While it is being hammered
Let it settled down in the furnace in a perfect lump.”

This prayer was followed by Tantric pooja by sacrificing a red cock or
hen .The head of the bird was held with sansi and struck with an iron hammer.
During this ritual they offered rice, turmeric and wine etc. to the deity. This ritual
was followed by dance and drink to appease the God.
–

The other tribe practicing iron smelting on large scale is Agaria– who have
been living in Andhra Pradesh, Madhya Pradesh, Eastern Uttar Pradesh, Bihar,
Bengal and Orissa. The design of the ancient iron making furnaces and their
operation has been discussed in great detail by Elwin5, Joshi6 and Prakash7. The
ancient practice was considered to be extinct till in 1963. Ghose8 of TISCO
located these tribesmen at Kamarjoda, Chiglabecha and Jiragora who could
construct their traditional furnaces and operate them to produce wrought iron
bloom. Ghose8 recorded the process details and the quantity of iron ore and
charcoal charged in the furnace as well as the sequence of charging and the
quantity of iron and slag produced at the end of the furnace operation. He has
published these data as well as the chemical analysis of the raw-material and
products. He also organised for the first time a public demonstration of tribal skill
to construct and operate ancient iron making furnace during an International
conference jointly organised by N.M.L. and I.I.M. in (1963). Prakash9 has
calculated the heat and the mass balance of the furnace operation using the data
published by Ghose8 and for the first time he could show that even with the help
of small foot operated air bellows theoretical adiabatic temperature of 1900 °C
could be obtained in front of the tuyere in these furnaces. These calculations have
been helpful in understanding the controlling parameters of the furnace operation.
The operating time per heat for these 0.75 to 1.5 m high furnaces was generally
6 to 8 hours producing 5 to 10 kg of raw iron. In the ancient iron making practice
generally no flux was used but Prakash9 has concluded the addition of silica to
prepare fluid Fayalite rich slag. The deliberate addition of basic flux lime stone etc.
was introduced much latter because it raised the melting point of slag and increased
the possibility of producing white cast iron which was considered to be a bad omen.
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Fig. 2 shows a primitive iron making furnace found at Naikund (700 BC).
As seen in the picture this furnace is supposed to be made from pre-shaped
curved clay bricks. Another ancient iron making furnace of recent origin is shown
in Fig. 3. In this figure iron ore and charcoal are arranged on the charging launder
–
and liquid slag is being tapped by the head Agaria– iron maker. These furnaces
were meticulously designed and constructed using refractory clay available near
the site of operation. The nature of the raw- material and the outer shape, size
and capacity of the furnace have varied in different parts of the country but the
inner contour of the furnace has remained almost same.

Fig. 2. Ancient iron making furnace made of pre-shaped bricks found at Naikund
(700 BC)

Fig. 4 shows the inner profile of the furnace shown in Fig.3. The design
criteria such as shaft taper, bosh to top diameter and bosh angle in these primitive
furnaces have been found to be almost same as in modern blast furnaces of 196070. The ancient furnaces have relatively larger hearth diameter because they
produce semi-solid sponge iron and liquid slag instead of molten cast iron and
slag. If due to any reason liquid cast iron (Mun. d. a loha–) flowed out of the furnace
the primitive iron smelters considered it a bad omen because Mun. d. a loha– was
brittle and it could not be shaped by forging operation. During the last phase of
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–

Fig. 3. Ancient iron making furnace in operation. Agaria– artisan is busy tapping slag and
iron ore and charcoal charges could be seen on the charging platform. (Ref. 1)

–

Fig. 4. Longitudinal cross section of A garia– iron-making furnace showing inner contour
of the furnace
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the furnace operation the air blowing rate was increased to consolidate the iron
sponge in the hearth. It was taken out by breaking the front wall and hammered
on an anvil to squeeze out the molten slag. This semi-solid iron was further refined
during secondary refining. The process control achieved by the ancient iron smelters
was so high that they could produce 8 to 10 tonnes of wrought iron of almost
uniform quality used for the manufacture of objects like Iron Pillar at Delhi. For
such large forgings they must have operated a battery of large furnaces such as
–
Nagpur furnace (known as Kot. hi ) having a capacity of 40 kg of iron per heat.
Chemical composition of ancient bloomery iron, refined wrought iron and Delhi
Iron Pillar as well as bloomery slag are given in table-II.
Table II. Chemical Composition of Wrought Iron and Bloomery slag
Element
(Percentage)

Bloomery Iron

Refined Wrought Iron

Delhi’s Iron Pillar

Fe
C
Si
S
P
Mn
C (Graphitic)

98.18
—
1.11 (as slag)
0.005
0.028
0.013
0.66

99.95
0.03
0.01
Traces
0.013
nil
nil

99.72
0.08-0.26
0.046-0.056
0.006-0.003
0.114-0.115
nil
nil

Composition Bloomery slag-

FeO Fe2O3 S
SiO2 Al2O3 Fe
10.33 1.85 63.12 73.95 8.13 0.03

P2O5
0.35

MnO/CaO
3.5

Loss
1.57

Secondary Refining of Iron

The semi finished bloom produced by the iron smelters was further refined
to remove un-reduced iron oxides and the slag entrapped inside the porous mass.
During secondary refining the bloom was reheated in a forge hearth to ~1250 0C
and a mixture of silica sand and iron ore fines was sprinkled on the bloom. This
helped in increasing the fluidity of the slag which was drained out on one side of
the hearth. When the slag began to flow out, the bloom was taken out and forged
till the flow of the slag was stopped. The bloom was reheated in the forge hearth
and the process was repeated till almost all the slag was removed. Due to the
repeated hot forging all the pores got closed and forge - welded raising the metal
density to that of solid iron. A microstructure of refined wrought iron is shown in
Fig. 5.
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Microstructure of refined wrought iron showing Pearlite grains in a matrix of
Ferrite. Some slag inclusions are also seen as dark spots. (0.2% Nital etched, Mag.
X100)

The annealed structure shows polyhedral grains of Ferrite with a little of
Pearlite at the grain boundary and dark spots of entrapped slag. It also shows
some porosity left after refining of iron.
BLACKSMITHY CRAFT
During the early Vedic period utensils made of iron might have been used
for religious purposes only but latter wrought iron hunting weapons, agricultural
implements and other articles must have been prepared. Tripathi1 has discussed
the development of iron metallurgy during Early Iron Age(7-6th c BC), Middle
Iron Age (7-6th to 2nd-1st c BC) and Late Iron Age( after 2nd c BC). During the
early period the experience gained by forming and shaping of soft metals like Au,
Ag, and Cu was applied to prepare simple objects like arrow head, needle and
bangle etc. With the passage of time specialized skill in hot and cold working and
hot forge welding as well as heat treatment of iron objects was gained and new
avenues for the use of iron were developed. Prakash10 has discussed in detail the
blacksmithy craft of the ancient Indian blacksmiths. Gradually they gained
experience about the effect of carbon on the physical properties of iron and
developed the process of carburisation and hardening treatment. This process has
been known as ‘steeling’ and it has been widely used for making arrow heads,
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knives, swords etc. having very sharp and strong cutting edge. The surgical knives
used by Susƒruta11 (500 BC) were probably prepared from carburised iron. He
has described in detail the procedure for the preparation and heat treatment of
surgical knife having razor sharp edge which could bisect human hair longitudinally.
By the beginning of the Christian era mass scale iron production in the
country had begun and the blacksmiths had developed facilities to fabricate massive
iron objects.
Fig. 6 shows a photograph of the famous Iron Pillar at Delhi. It is the
earliest heavy iron forging existing on record dating back to 400 AD. This pillar
is supposed to be made either near Mathura or near Udaigiri hill in Gwalior and
shifted to the present sight at the Quwat-ul-Islam mosque in Delhi by Iltutmish,
the first Muslim invader to loot Malwa (Ref. 13, Balasubramaniam). The pillar
weighing ~6 tonnes had been most probably made by forge welding large number
of refined iron blooms to first make massive cylindrical blocks and then join them
using iron inserts as envisaged by Prakash12 and Balasubramaniam13.

Fig. 6. Iron pillar at Delhi constructed in ~400 AD (Ref. 13)
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Fig.7 shows a schematic drawing of the forging and joining techniques
used during the manufacture of such massive objects as proposed by Prakash12.
The other method proposed by Rao14 and supported by Anantharaman15 has
been in-situ construction of the pillar by smelting iron on the spot and forging the
hot bloom one over the other to build the pillar in the vertical direction and then
surface finish. Delhi’s iron pillar has a decorative bell capital at the top as shown
in Fig. 8. The construction of this bell capital has been described in great detail
by Balasubramaniam13. According to him this has been made into several pieces
and shrunk fitted on a hollow iron cylinder. The pillar stands un-corroded in the
open atmosphere of Delhi due to which it has been named the Rustless Wonder
of the World. The corrosion resistance of this pillar has been studied by many
corrosion specialists and scientists. Most recently Balasubramaniam13 has explained
it to be due to the formation of a composite layer of iron hydrogen phosphate
hydrate (FePO4.H3PO4.4H2O).

Fig. 7. Schematic drawing showing the method of joining the Iron blocks and butt welding
used during construction of the pillar.(a) isometric view and (b) cross section.
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Fig. 8. Ornamented Bell Capital of Iron Pillar at Delhi. (Ref. 13)

Some other similar massive forgings constructed during 9th -12th c AD are
the iron beams of Konark Temple, Iron Pillar at Dhar, Iron Trident at the
Achaleshwar Temple on Mount Abu, Iron Trident at Tanginath Temple near
Netarhat, and Iron dhwaj at Adi-Mookambika Temple on Kodachadri Hill. In
Orissa massive iron beams similar to those lying in the courtyard of the Konark
Sun Temple have been used in the construction of many other temples. The study
of the cross section of the fractured beam at Konark has shown it to be constructed
by forge welding bundles of square rods of smaller cross section. The study, by
Prof. P.K. Jena and his colleagues (Ref.16 Prakash) has revealed the presence
of Lead between some of the joints where the forge welding was not perfect.
Balasubramaniam17 has also reported the presence of Lead in the crevices of the
bell capital of Delhi’s Iron Pillar. The court accountant maintaining the accounts
of the temple’s construction has mentioned the purchase of large quantity of Lead,
(Ref. 16). At the time of manufacturing the beams the master craftsman melt it in
a long channel type furnace. It is possible that hot Lead bath was used for uniform
heating of the bundle of wrought iron bars for their forge welding and shaping, and
during this process some of Lead might have got entrapped.
STATUS OF ANCIENT CRAFT (10TH - 19TH C AD)
Period of Turkish Invasion: Tripathi1 (p. 148) has analysed the cause of
the down fall of the India’s prosperity during 10th-12thc AD. During this period
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Ghaznavids and Ghorians invaded India and carried away the country’s riches to
Islamic countries and enslaved men and women as well as artisans. During 1195
AD Qutbuddin Aibak collected along with other riches 20,000 slaves from Gujrat
and 50,000 from Kalinger and sent them to the Islamic countries and Firoz
Tughluq enslaved 12,000 artisans. The continuation of this practice affected the
–
–
then flourishing industry and trade adversely. Sachau18 has quoted Al-Biru– ni writing
that “Ma– hmud utterly ruined the prosperity of the country and promoted his
wonderful exploits by which the Hindu became like atoms of dust scattered in all
directions. The Hindu science fled to places where our hands can not yet reach.”
Mughal period: The surviving artisans living in remote corners of the
country were patronised by the Mughal Rulers and they were resettled in new
places to restart their trade. Babur on his arrival noted the availability of endless
workmen of every kind. The economic system of the state was revived and highly
productive agriculture, industry, trade and commerce were re-established. Foundries
or sha–hi ka–rkha–na– became busier, and they were engaged in highly organised
fashion to produce a variety of arms. The production of cast bronze guns was
begun even before 14th c AD.
Fig. 9 shows two moulds prepared for the casting of bronze guns. Under
the Mughal patronage the iron workers of Gujrat and Deccan began making
forged iron guns and fire arms as well as a variety of war weapons and armours.
The manufacture of forged wrought iron cannons in the country dates back to 14th
-15th c AD and it has flourished during the Mughal period. Recently Jaikishan and
Balasubramaniam13 have carried out a detailed survey and catalogued the large
number of cannons lying neglected in fields all over the country and those kept
in the museums.
Figs. 10 and 11 show photographs of the historical forged welded wrought
iron guns lying at Tanjavur and Bijapur respectively. The cannon at Tanjavur have
a length of 7515 mm and it has 630 and 930 mm inner and outer diameters
respectively. It is estimated to weigh about 22 tons. The ‘Landa Kesab’ cannon
of Bijapur has a length of 6578 mm and a diameter of 1320 mm at the breach.
Its calibre is 482 mm and it weighs about 47 tons. The construction technology
of these cannons has been studied in detail by Balasubramaniam13 and Roessler19.
These forge-welded wrought iron cannons have been made by arranging preshaped iron rods to prepare the gun barrel and they have been bound by a large
number of iron rings shrunk fitted through out the length of the gun and the seam
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Fig. 9. Two sand moulds prepared for the casting of bronze cannons. (Ref. 13). (a) Core
placed in the centre of the mould. (b) Core placed in a sleeve positioned in the
centre using chaplets.

Fig.10 Wrought Iron cannon lying at Thanjavur Fort. It weighs about 36 tonnes
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Fig. 11. Wrought Iron Cannon known as ‘Landa Kesab’ lying at Bijapur. It weighs about
47 tonnes

between the rings have been hot forge-welded. Generally two or more of over
lapping layers of similar rings have been forge-welded together so that the joints
of the previous layer are covered and sealed by the next layer.
Fig.12 shows a line diagram explaining the design of the manufacturing
process. Some of these wrought iron guns have excellent surface finish decorated
with engravings. Fig. 13 shows the lion muzzle of such a gun located at the
Mehargarh fort.
British period: The family or cottage iron making had started gaining
production and in-spite of the higher ore to charcoal ratio (>1:5) the industry was
flourishing. In 1852 Oldham20 had reported the working of 70 iron making furnaces
in Birbhum district i.e. at Deocha30, Narayanpur30, Dumra4 and Ganpur6. These
large furnaces could produce ~ 2 tonnes of iron per furnace at a cost of

Fig. 12. Schematic drawing showing the method of constructing the iron cannon using
iron bars reinforced by rings.
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Fig. 13. Lion design of the muzzle of the wrought iron cannon located at Amritpol gate
Mehargarh. (Ref. 13)

Rs.17 only. Each operation of the furnace lasted for 4 days and nights and the
annual production of all the furnaces in the area was 2400 tonnes of iron or 1700
tonnes of refined wrought iron. According to Sanyal21 by the end of the 19th and
early 20th century the iron production was taking the shape of an organised
industry. The smelters had started purchasing iron ore from ore collectors (miners)
or vendors who used to bring iron ore to the market. The iron smelters specialised
in the production of unrefined Ka–cca– iron and supply it to the refineries referred
as Ka–ma–rsƒala–. The refined iron was sold to the merchants who marketed it to
distant places.
However, due to the exploitation by the political masters and influence of
the changing political economics and cultural dynamics these industries could not
–
last long. The British representatives were replacing the local zaminda– ri rule and
take over the local industries. Inspite of the better quality of Indian iron and steel
they had begun to import British and Swedish iron and levy heavy tax on the local
produce.
In order to exploit the superior quality of iron ore and cheaper labour as
well as the know-how of the Indian smelters the European and British Govt.
carried out a detailed survey for the establishment of their own iron and steel
industry in the country. The first such organised attempt was made by the Dutch
Govt. to establish foreign owned industry in Godavari Delta in 1694. Later several
attempts were made by the British Govt. to start such ventures in other parts of
the country. The details of these companies are given in Table III.
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Table III. Iron and Steel industries established by the British Government
Year of start

Closing year

Place

Details of the company

1774

----

Birbhum

1777

1789

Birbhum

1833

1866
1867

Protonovo
Malabar
Baypore

1839

----

Burdwan

1856-57

1883

Kumaon
Garhwal

I858

1875

Birbhum

1874

1875

Raniganj

Mr. Indramany Sharma was not
Granted permission.
(1) M/s Motte & Farquhar
(2) M/s Summer and Healty
Both liquidated and soldout.
Marshal Heath established
Indian Iron & Steel and chrome
Baypore Steel Works liquidated
In 1874
M/s Jossep and Co. conducted
Experiments on iron smelting
with coke.
East India Co. established
Kumaon Steel Works
8 furnaces were started and
closed to start again in 1870.
M/s Mackey & Co. started
Birbhum Iron & steel
M/s Burn and Co. started
Bengal Iron works Ltd.

Fig. 14 shows a picture of four iron smelting furnaces at Dechauri in
Kumaon and their design. These furnaces were of typical British design having
square cross section and they were constructed from blocks of stone lined internally
with refractory clay. In those days, large numbers of experiments were being
carried out in Europe and England to increase the furnace capacity and replace
charcoal with coke as well as to develop new processes of iron and steel making.
In order to supply raw material to these industries British Govt. began exporting
high grade iron ore from India and banned iron and steel making in the country.
The British Govt. also began importing in India finished iron and steel, machinery,
textile etc. and levied high taxes on the countries produce. Thus the Tribal craft
of Wrought iron and Wootz steel making in India were almost stopped.
–

Extraction of Iron in Ayurveda (Satvapa–tana)

In Rasa Sƒa–stra generally refined Wrought iron pieces are used for the
preparation of Loha– Bhasma but for special purposes iron has been extracted
from Biotite. Fig.15 gives a simplified flow sheet for the extraction of iron from
Biotite (Black Mica) using Musli (an herb) as reductant (Prakash22).
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Fig. 14. Ruins of four iron making furnaces of Kumaon Iron works at Dechauri and the
design of the blast furnace plant
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–

SATVAPATANA OF IRON FROM BIOTITE (C. B. JHA 1990)
Raw Material
Sƒ odhana
Tirturation
Pelletisation
Satvapa–tana
Product

-

Biotite, Musli & Borax
↓
- Calcination of Biotite & quenching in cow’s urine
↓
- -150 µ with 25% Musli & 25% Borax
↓
- with water & Sun drying
↓
- smelting in a crucible at 1450-1500 C
↓
(i) Satva Fe-C alloy
(ii) FeO rich slag

Fig. 15. Flow sheet for extraction of iron from Biotite

Biotite pieces are at first broken into small size and then in order to detoxicate
and convert it into fine powder it is calcined at high temperature (~ 600 0C) and
then quenched in cow’s urine. The Biotite powder was filtered, dried and further
ground to finer size in a khalva. This process of Sƒodhana and Mardana were
repeated seven times. Rasa Ratna Samuccaya23 mentions this process of iron
extraction (satvapa–tana) in the following lines.
padams. a .t ankan. opetam musli rasa marditam rudhya–t kos. .t hyam
dr. d. ham dhamatam satvapa–tanam bhavedyah. anam
(R.R.S. 5.2/26)
Jha (1990)24 has studied and investigated this process in great detail. The
process developed by him says that the sƒodhita mica powder (-- 150 µ) was
mixed with 25% Musli powder (reductant) and 25% Borax and thoroughly mixed.
This was mixed with a little water and pelletised to make 30mm disk and dried
in Sun. For satvapa–tana variety of Mus. a (crucible) made from the mixture of
refractory clay, rice husk/cotton etc. and water has been described in the ancient
text on Rasa Sƒa–stra. Jha24 had used a graphite crucible lined with alumina slip,
and dried in Sun. In R.R.S.23 the construction of a high temperature furnace
–
.
‘Anga–r Kos. .thi ’ as shown in Fig. 16 has been described. The furnace was fired
with charcoal and with the help of air bellows it could reach a temperature of
1500 0C. During the current effort the charge containing mica, Musli powder
(herbal root) and borax in the ratio 4:1:1 was put in to the graphite crucible and
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.
–
Fig. 16. Schematic drawing of Anga–r Kos. t. hi as described in R.R.S.

heated in a silicon carbide electric furnace. Based on the thermo gravimetric
reduction studies the charge was first heated for three hour at 1000 0C and then
the temperature was gradually increased to 1450 0C and maintained for one hour.
At this temperature the reduced iron melted and separated from molten FeO rich
slag and got settled at the bottom of the crucible. The crucible was brought out
and kept from cooling. After some time the crucible was broken to collect the iron
button and separate it from slag. The iron thus produced was used for the
preparation of loha bhasma.
DISCOVERY OF STEEL IN INDIA – (WOOTZ STEEL)
The effect of carbon on the properties of iron might have been first
realised by the iron smelters during the refining and forging of wrought iron bloom.
The diffusion of carbon in iron during its heating to red hot condition and the effect
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of ‘C’ to increase the strength and hardness was most probably a chance discovery.
Several ancient archaeological tools and implements etc. have shown the growth
of cementite net work on the surface and at the sharp edge imparting hardness.
In R. g Veda there is mention of Karmaka–ra waiting for wealthy purchaser who
could pay the price of his steel object. Susƒruta11 has described the process for
the manufacture of surgical blade and its heat treatment (~700 BC) which could
bisect a human hair longitudinally. Based on the properties of Iron- Carbon alloys
these have been classified into three major groups viz. Ka–nta loha, Tiks. an. a loha
and Mun. d. a loha. Fig.17 shows the classification of Fe-C alloys as given in Rasa
Ratna Samuccaya23, an Ayurvedic text belonging to 8th-10th c AD.
Kinds of Iron
(Loha)

Proportion

Kanta Loha
(Soft Iron)

[

Bhramaka
- Cumbaka
- Karsaka
- Dravaka
Romaka

Tikshna Loha
(Carbon Steel)

[

-

Khara
Sara
Hinnala
Travaratta
Vajra
Kala

Munda Loha
(Cast Iron)

[

Mrdu

- Kunda
Kadara

Very soft magnetic iron
Mildly magnetic, sticks to iron pieces
It can attract iron objects
Very strong magnetic iron
Permanent magent, develops strong magnetic field
arrount it. It may be Elc mukh, or Sarva Mukh
Develops good cutting edge, breaks on bending
Softor iron and it has fibrous fracture
Hard and tough has fibrous fracture
Develops good cutting edge
Has good hardening and tempering property has
bluish colour and hard cutting edge
Development hard cutting edge after blue tempering
Soft britle iron may be grey cast iron. Has low
melting point.
Mottled grey iron
White cast iron

Fig. 17. Classification of Fe-C alloys and their properties as given in Rasa Ratna
Samuccaya.(Ref. 23)

Later the process of molten steel making using wrought iron and carburising
agent like wood was developed in the district of Konasamudram in Hyderabad
and at Salem in Karnataka. By 300 BC Indian steel had gained fame out- side
India especially in Arabian countries by the name Faula–d/Bulat, Hindua–ni etc.
In Telegu language this steel was known by the generic name ‘Ukku’. The British
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people began calling it ‘Wootz Steel’. The Arabian as well as European literature
is full of praises for Wootz steel and by 17th c AD it’s suitability for the manufacture
of swords having high strength, flexibility and excellent sharp edge had gained
fame. The European warriors were prepared to pay the price of Wootz steel
sword in terms of Gold equivalent to its weight. These swords were recognised
by the typical ‘Damask’ or ‘Water” markings developed during hot forging of
steel and its heat treatment. This surface structure visible to the naked eyes has
been known as Damask pattern or Muhammad Ladder and it has been the
hallmark of genuine Wootz steel sword.
Indian Wootz Steel Making Processes

In recent years detailed reviews on the production of Wootz steel in India
have been published by Rao25, Prakash10, Bronson26 and in two special volumes
of Indian Journal of History of Science (2007) published by INSA. Although
steel swords containing high ‘C’ (~1.5%) were being produced and processed in
the country as early as 3rd-4th c. BC recently Srinivasan27 has located an ancient
steel making site at Pattinam in Kerala dated to ~700 BC. Although the exact
date of the beginning of Wootz steel making in the country is not known but mass
scale crucible steel making was in vogue during 16th-17th c. AD in Hyderabad,
Tamil Nadu, and Karnataka. The following two distinct processes were being
used in South India to produce Wootz steel .
(1) Carburization of wrought iron and melting
(2) Decarburization of cast iron
(3) Process of cofusion
The actual steel making process with some variation in the actual method
was used at different places, hence these Wootz steel making processes have also
been named according to their place of origin i.e. Hyderabad process, Salem
process, Tamil Nadu process.
Carburization process: This process has been also known as crucible steel
making process. In this process a weighed quantity of wrought iron pieces were
packed with a carburizing material (selected wood pieces) in a refractory crucible
and covered with a large green leaf. Finally the crucible was covered with a clay
lid having a small hole at the centre and sealed. These crucibles were dried in Sun
and 12 to 25 crucibles containing the charge were heated in a large diameter
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crucible furnace. The furnace was fired with hard charcoal burnt with the help of
a couple of large air bellows. These blowers were made from one full hide of a
buffalo. As the crucible temperature reached beyond 900 0C the carburization of
iron began in a reducing atmosphere. Periodically over 8 to 10 hours these
crucibles were moved from low to high temperature zone till they reached in the
centre of the furnace having a temperature of ~ 1500 0C. There the carburised
iron melted and separated from the molten slag. The crucible containing molten
steel and Fayalite based slag was removed from the furnace and kept straight near
the furnace to cool to room temperature at a slow rate. During cooling the
solidification process of steel containing 1.2 to 1.9 % ‘C’ begins from the bottom
and progresses towards the centre developing large dendrites of cementite in a
matrix of Ledeburite and Pearlite, which is a must for developing Damask Pattern
on the steel swords. In Tamil Nadu process as described by Verhoeven(28) the
bloomery iron pieces were stacked in a large crucible and carburised for 10 to
12 hrs at ~1200 0C . When the carburization was complete the crucible was
either cooled slowly or water quenched to take out the steel and the melting of
carburised steel was carried out separately.
Decarburization process: In this process developed in Hyderabad the manufacture
of steel was carried out by decarburization of cast iron in a molten bath of
synthetic oxidizing slag. In this process a twin chambered furnace was made
below the ground level by digging a hole of 300 mm diameter. This was divided
into two parts with the help of a soft refractory clay wall, the smaller part served
as the crucible for collecting steel and allowing it to solidify. The bottom of the
larger chamber was first covered with a mixture of powdered quartz and magnetite
and then filled with charcoal. The furnace was ignited and heated to high temperature
by burning the charcoal with the help of a pair of air bellows fitted in the side wall
at 45 degree. A molten pool of highly oxidizing molten slag having a melting point
between 1170-1205 0C was prepared by the interaction between quartz and
magnetite and some times bloomery slag was also added to it. Once sufficient
molten slag was collected in the furnace cleaned white cast iron shots were
charged at a controlled rate. These shots got melted and superheated in the
furnace and as the molten metal came in contact with the oxidizing slag the
decarburization reaction began and cast iron was converted into high carbon
molten steel which got collected at the bottom. The refining process involved
reaction of iron carbide (Fe3C) with FeO in the slag to remove C as CO as per
the following exothermic reaction.
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Fe3C + FeO → 4Fe + C
During the process phosphorous also could be removed by the following
reaction.
2Fe3P + 8FeO → 3FeO.P2O5 + 11Fe
The whole process was carried out under the guidance of experienced
steel maker. When the process was complete a hole was made in the bottom of
the dividing wall to tap the molten steel in the second chamber and allowed it to
solidify. In this process the steel was produced in the form of a disk which was
tested by cutting a ‘V’ shaped groove at the circumference.
Process of cofusion: Craddock29 has proposed another process of Wootz steel
making by co-fusion of grey cast iron and wrought iron in a crucible. In Tamil
Nadu grey cast iron was specially produced in iron smelting furnaces and during
steel making equal parts of cast iron and wrought iron were melted together in a
crucible to produce Wootz steel.
Before the beginning of the British rule large quantity of Wootz steel was
being produced and processed at many other places in the country like Gujarat,
Rajasthan, Punjab, Gwalior and at Rajghat in Varanasi. Wootz steel ingots so
produced had an average chemical composition as given belowElement
Weight %

C
1.6

Si
0.043

Mn
0.056

S
0.02

P
0.11

The Wootz steel ingots were annealed for a long time at cherry red
temperature (850° to 900° C) before supplying them to the blacksmith. Many
artisans of Arabian countries especially of Syria had come to know about this
wonder material and they used to come to India to learn the technique of making
Wootz steel sword and carry steel ingots to their own country. Later the swords
manufactured in Damascus became famous all over the World.
The crucible used for making Wootz steel was made from locally available
aluminous clay (Kaoline) mixed with some magnetite dust and rice husk or straw.
During firing and heating rice husk got charred and deposited in the crucible
providing it excellent refractory property. Lowe, Merk and Thomas30,
Balasubramaniam, Pandey and Jaikishan31 and Srinivasan27 have made a detailed
study of the fragments of ancient steel making crucibles collected from different
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sites in Hyderabad, Karnataka and Pattinam. The outer surface of the crucible
had a silica rich glossy finish and the crucible had a porous structure, both closed
and some open pores. The microscopic structure of the crucible was found to
consist of distribution of carbon fibres in a matrix of crystalline mullite and some
well rounded iron prills embedded in to it. The carbon fibres originated from silica
rich cellulose fibres of rice husk. The iron prills were most probably produced due
to the in-situ reduction of iron oxide during the use of the crucible. This use of
carbon rich refractory has been rediscovered after a lap of ~200 years and
today graphitised refractory is being widely used in the modern iron and steel
industry.
Thermo-mechanical Treatment of Wootz Steel

The macro and microscopic studies of annealed Wootz steel ingot have
shown a coarse grained network of cementite and a matrix of Pearlite and massive
cementite. This brittle structure was not easy to be made ductile and forged in to
sword and other weapons. The Indian sword smiths had discovered a special
thermo-mechanical process to increase the steel’s ductility to forge and forge weld
to produce sword having the Damask pattern after heat treatment and finishing.
The ancient literature mentions the heating of the steel ingot to red hot condition
i.e. to the colour of rising Sun, and then forge it carefully to prepare the sword
but no further detail regarding the exact forging process has been given. The
forged sword was hand finished and then heat treated. As Prakash10 has mentioned
in India the hardening was carried out by quenching the red hot sword in a water
solution of ash of banana or plunging it into the green trunk of banana tree. Where
as, in Syria this treatment was given by thrusting the red hot sword in to the belly
of a slave. The other method of hardening the steel sword was to ride on a
galloping horse with the sword’s sharp edge held in front, so that it got air
hardened. The sword’s sharp edge got self- tempered by the flow of heat from
the thick back edge. The hardened and tempered steel structure was found to
consist of distribution of rounded cementite in a matrix of tempered Martensite.
The crumpled silk like pattern (Damask pattern) on the Wootz steel sword was
produced due to the characteristic distribution of white cementite particles in the
dark etched matrix of tempered steel blade. In order to reveal this surface structure
the edge and the surface of the sword were hand finished and polished and then
treated with vitriol.
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Ever since 16th c AD innumerable studies were carried out by the artisans,
scientists and technologists of Arabian countries, Russia and Europe to produce
steel swords having the characteristic properties and surface structure similar to
those of Wootz steel but they could not succeed. The microscopic studies of the
annealed Wootz steel ingots have shown the presence of coarse primary and
secondary cementite in a matrix of pearlite which is very hard and brittle. This
brittle structure was not easy to be made ductile and hot forged, and the secrets
of the thermo-mechanical processing were closely guarded by the Indian and
Syrian sword smiths. The first breakthrough in the ancient processing technique
was achieved in 1983-84 by Wadsworth32 and Sherby. They discovered the
super plastic behaviour of ultra high carbon steel (1.8% C) when warm worked
at 750-800 0C. Fig. 18 shows the flow stress-strain rate response of UHCS1.8% C material at 750 0C. The slope of the stress-strain rate curve showed a
super plastic strain-rate sensitivity exponent of 0.43.The steel could be rolled at
a strain rate of 2% per minute and it achieved an elongation of 450%.

Fig. 18. Flow stress-strain rate response of 1.8 %C UHCS at 750 ÚC showing superplastic
strain rate sensitivity of 0.43. The sample was tested at a strain rate of 2% per
min. to an elongation of 450%.

This has revived World wide interest in the study of microstructure and
properties of Wootz steel swords afresh and to decode the ancient technique of
forging as well as the development of Damascusin pattern i.e. the hall mark of the
ancient Indian steel swords. Verhoeven28 and Wadsworth32 have carried out detailed
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Fig. 19. Macro surface structure of Wootz steel sword developed by the VerhoevenPendray forging technique. The Damascus pattern shows Mohammed ladder and
rose pattern.

microscopic study of the swords structure and the super plastic behaviour of
UHC steel during hot-working. Verhoeven28 produced steel ingot in his laboratory
having the same composition and size as that of Wootz steel and gave it similar
heat treatment before hot forging. He took the help of experienced forge smith
AH Pendray to try to forge and produce knife having the crumpled silk water
mark. After several trials they claim to have succeeded in hot forging and make
a knife having similar Damask pattern. Fig. 19 shows the surface pattern developed
using the Verhoeven-Pendray technique and surface finishing. This macro-structure
has been formed by the selective displacement of cementite spheroids during
warm working (750-850 °C) of the ultra high Carbon Wootz steel at a controlled
strain rate.
CONCLUSION
This archaeometallurgical review supports the independent discovery of
iron smeltimg in India during 2nd millenium BC, when the rest of the World was
most probably acquainted with Meteroric iron only. Also the country could be
credited with the discovery of molten steel making process and its thermomechanical
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working to produce World famous Wootz steel sword as early as 700 BC. Indian
iron smiths had gained detailed knowledge regarding the effect of ‘C’ on the
properties of iron. They had also gained knowledge about heat treatment of steel
to increase its hardness.
India had no doubt mastered the hot forge welding of wrought iron and
the technology to fabricate massive iron objects like Delhi Iron Pillar (400 AD)
and heavy iron cannons some time weighing more than 40 tonnes.
The manufacturing of crucible steel for Wootz steel sword and the technique
to develop the surface structure i.e. Damask pattern, was known only to blacksmiths
of India and Syria. Till late 20th c. AD this technology was considered to be lost
but recent discovery regarding the super plastic behaviour of ultra high carbon
steel has opened a gateway to revive the lost technology.
The ancient Indian ferrous technology suffered serious setback during
11th-12th c. AD when Turks invaded India and enslaved the Indian artisans as well
as destroyed their enterprising tribal trade. The second destruction of the Indian
iron and steel industry took place due to heavy taxation and restrictions enforced
by the British Government.
Inspite of the above mentioned set back the Hindu science and technology
is surviving in remote corners of the country and efforts should be made afresh
to rediscover them and re- establish.
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