chndinaviun Journal of Metallurgy 2001; 30: 65-68
Printed in Denmark. All rights reserved

Copyright © Munksgaard 2001
SCANDINAVIAN
JOURNAL OF METALLURGY
ISSN 0371-0459

Reproduced wootz Damascus steel
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The best Damascus blades were forged in Persia from Indian
wootz steel having a carbon content of about 1.5%. They be-
came famous for their high quality and distinct surface patterns
which resulted from small cementite particles arranged in parallel
layers. The last highest-quality blades were made perhaps in the
18th century, after which the art was temporarily lost. Recently,
it has been rediscovered. In this paper, it is shown that this an-
cient steel material can be reproduced by a modern foundry. The
addition of about 0.5% Cr is essential. The interdendritic segre-

gation of Cr and thermal cycling lead to the formation of the
characteristic layered microstructure in forged specimens. Cr
also prevents graphitization.
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Damascus steel takes its name from the place where
medieval Europeans first encountered it. The best Da-
mascus blades, however, were made in Persia from
Indian steel which was called wootz [1-3]. The pro-
duction of wootz Damascus steel started in 500 AD or
earlier and the last highest-quality blades were made
perhaps around 1750 AD, after which the quality de-
creased. In recent years, many important factors con-
cerning the manufacturing process have been scien-
tifically determined and some excellent blades have
been successfully prepared [4-7]. In Fig. 1 is shown a
blade forged by the author. Carbide-rich zones are
etched light.

Genuine Damascus steel was very hypereutectoid
in nature. Its carbon content varied between 1% and
2%, but was typically 1.5%. The distinct feature of this
steel was beautiful surface figures which were formed
from numerous small globular cementite particles ly-
ing in parallel layers. Usually the blades were not
hardened and the structure of a matrix was pearlite
or spheroidite, depending on the cooling rate. The air-

Fig. 1. Reproduced wootz Damascus blade, length 15 ‘cm.

cooled blades could undergo a transition from sphe-
roidite at the thick back to pearlite at the thin edge. If
the cooling rate was accelerated, for instance, by boil-
ing water or oil, a fully pearlitic matrix was attained.
Despite some exceptions, generally no free graphite
existed [6]. In Fig. 2 is shown a typical microstructure
with a pearlitic matrix and parallel carbide-rich layers
whose spacing is about 40 pm.

The secrets of Damascus steel have fascinated
bladesmiths and scientists for centuries [1-3, 8]. Many
opinions on the origin of the damask pattern have
been presented, such as whether it is due to a proeu-
tectoid carbide network on austenite grains or the in-
homogeneous structure of an incompletely molten
crucible charge. Undoubtedly, Damascus steel was
made in several different ways [1], but the most likely
explanation for the origin of the highest-quality struc-
ture has been presented by Verhoeven et al. [4-7]. In
the original wootz process a hypereutectoid carbon
level was achieved by melting a mixture of iron
sponge and wood for carbonization in small closed
crucibles (ca. 2 kg). Good Damascus blades were
forged from ingots which were solidified slowly from
the molten state and therefore had a coarse dendritic
microstructure. Due to the interdendritic segregation
of certain impurity elements, thermal cycling during
the forging process caused the dissolution of carbides
in the intradendritic regions and the collecting of car-
bides in the interdendritic regions. After several forg-
ing cycles, the carbide-rich layers parallel to the de-
formation plane were formed.
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Fig. 2. (a) transverse section and (b) surface of a blade.

Genuine Damascus steel is often confused with
-welded steel in which alternating sheets of different
grades of steel or iron are forge-welded together. A
high number of layers is attained by repeating the
folding and welding cycles several times. Stainless
Damascus steel emerged a few years ago (Damasteel
Ltd., Sweden). It has carbide-rich layers similar to its
ancient counterparts. However, the layers are pro-
duced by utilizing powder metallurgy. Both it and
welded steels are quite common today, whereas mod-
ern-made wootz is a very rare material. The purpose
of this study is to show how ancient wootz Damascus
steel can be reproduced by present-day techniques. It
also helps to give an understanding of the nature of

the ancient blades.
Steelmaking

In Table 1 are listed chemical compositions of steel
materials used in the ancient blades (Old), the prelimi-
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Table 1. Chemical compositions of wootz Damascus steels (wt %)
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Old* 1.51 0.05 0.02 0.01 0.11 0.00 0.00 0.01 0.00 0.10 0.03
New1 1.56 0.38 0.68 0.01 0.01 0.18 0.06 0.03 0.14 0.07 0.14
New2* 1.72 0.17 0.21 0.01 0.01 0.03 0.00 0.00 0.06 0.02 0.03
New3  1.55 0.01 0.18 0.02 0.02 0.46 0.01 0.00 0.03 0.04 0.03

*Average of 7 swords [6].
"Susceptible to graphitization.

nary tests (Newl, New2) and the current study
(New3). The preliminary tests showed that a good
damask could be achieved by melting scrap (Newl).
When commercially pure iron was used (New2), an
inferior damask pattern was obtained accompanied
by graphitization. Scrap contained 0.18% of Cr and
small amounts of other carbide formers, which obvi-
ously prevented graphitization and resulted in the
formation of the desired patterns. It should be pointed
out that the ancient blades did not contain appreciable
quantities of Cr, but they contained small amounts of
V, which has similar effects as Cr [6].

The steel used in the current study was prepared by
air induction melting of 150 kg pure iron and ad-
ditions of graphite, ferrochromium, and ferromanga-
nese. Aluminium was used as a deoxidant. A long
solidification time giving rise to coarse dendrites was
attained using sand moulds which produced steel in-
gots 50 mmX50 mmx250 mm in size. The ingots were
reheated in a furnace at 1140°C for 90 min until ce-
mentite and possible free graphite were dissolved.
The hot ingots were immersed in water for a few sec-
onds and after that air cooled.

The ingots were cut into pieces 80-mm long which
were hammered vertically in a manner that elongated
the structure nearly equally in all directions. A tra-
ditional blacksmith’s forge and power hammer were
used. About 15 heating and forging cycles were
needed to attain the required thickness of about 5
mm. Temperature was observed by eye. A peak tem-
perature above 1100°C was used in the first three
cycles, after which it was decreased to around 900°C.
The workpieces were cooled to near 600°C between
the forging cycles. The treatment was nearly similar
to that used successfully by Verhoeven et al. 5, Sk
However, in the current study a satisfactory micro-
structure was difficult to achieve by that method.
Some specimens had a homogeneous distribution of
carbides and in the cases where the layered micro-
structure was formed there often existed grain-bound-
ary cementite.

It was discovered that a very good layered micro-
structure was always formed when the specimens
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Fig. 3. Thermal cycling treatment.

were first forged and then thermally cycled in an elec-
trical furnace. The cycling treatment is illustrated in
Fig. 3. Obviously the very slow cooling rate is essen-
tial.

The purpose of the first heating to 940°C is to dis-
solve all cementite in the intradendritic regions and
retain some undissolved interdendritic carbides,
which are enriched by chromium. These carbides hin-
der grain boundaries and therefore more boundary
area exists in the interdendritic regions. During the
slow cooling, dissolved cementite nucleates on the
surfaces of the existing carbides and the grain bound-
aries evolving the carbide-rich layers and the matrix
transforms into very coarse pearlite. In Fig. 4a is
shown one layer. Grain-boundary cementite in this
case does not form a continuous network but rather
blocky particles.

Disadvantageous grain-boundary cementite can be
removed by reheating the specimen to 890°C and cool-
ing it slowly. Generally this is a sufficient procedure,
but in some cases, an extra heating cycle to 850°C is
beneficial. After these one or two cycles, the regions
between the carbide-rich layers contain a mixture of
coarse pearlite and small spheroidised cementite par-
ticles, as in Fig 4b. The slow cooling rate and the fact
that austenite remains inhomogeneous at these rela-
tively low peak temperatures favours the formation
of spheroidite over pearlite. Softer spheroidite can be
transformed into harder pearlite by austenitizing the
specimen and cooling it fast in air or oil. The specimen
in Fig. 4c has been reheated to 850°C for 20 min and
cooled fast by blown air. In this case the pearlite la-
mella spacing is very small and unresolvable by light
microscope.

Wootz Damascus steel

Third elements

This study supports the theory that the interdendritic
segregation of third elements is responsible for the
formation of the carbide-rich layers in the Fe-C alloys.
Table 1 gives a list of the elements which account for
most of the content of ancient blades (Old). The P con-
tent is rather high, but it is argued that the small
amount of V is more effective [5-7]. Cr is the major
alloying element in the steel of the present study
(New3). It has been shown that a very small amount
(<0.02%) of V can produce a good damask pattern on
very clean steel (P and S levels <0.003%) whereas a
similar amount of Cr is ineffective [5], but a somewhat
higher amount of Cr (0.04%) has a weak effect [7].
According to the results of the present study, the Cr
content 0.46% work very well.

The other important function of Cr and V is their
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Fig. 4. Transverse section of a carbide-rich layer after (a) thermal cycle

to 940°C (b) thermal cycles to 940°C, 890°C, and 850°C (c) reheating
to 850°C and fast cooling by blown air.
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misled by the appearance of the blade. Similarly, it is
possible that the ancient Damascus blades felt better
than they really were and that their legendary repu-
tation increased in that way. In any case, the test con-
firmed that very serviceable weapons could be made
from ancient Damascus steel.

Summary

The modern wootz Damascus steel developed in this V
study has a microstructure similar to that found in the
ancient blades. Its chemical composition is somewhat
improved so that the ingots can be easily cast in a
common foundry, they can be forged without pre-

cautions, and finally the damask pattern can be con-
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