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Summary

The present study deliberates on the archaeometallurgical ex-
amination of 2300 years old excavated iron nail from India’s
middle Ganga plain of Balirajgarh. The nail was subjected
to multianalytical investigations in order to determine the
raw materials used, manufacturing technology and preser-
vation state. The combined analytical techniques optical
microscopy, scanning electron microscopy-energy dispersive
X-ray spectrometry (SEM-EDX), Vickers hardness and X-ray
diffractometry shed light towards the characterisation and use
of the iron artefact. Special attention was paid for qualitative
and quantitative analysis of slag inclusions, metal matrix
and corrosion products. The presence of heterogeneous
microstructure and inclusion of impurities suggests that
nail has been produced through the direct process and work
hardened. The noncorroded nail is made of hypereutectoid
steel and used for building purpose. The study is important to
understand the role of technology in the evolution of cultural
changes in India that also provides archaeometric data on
the method used in the forging work.

Introduction

The foundation of iron technology in India is believed to have
taken place around the 18th-century BCE (Tewari, 2003).
After a lot of experimentations, trials and errors, Indian
blacksmiths moved from wrought iron to steel. This techno-
logical change was the key factor in the evolution of human
civilisation. Scientific studies on Indian iron metallurgy
revealed that during Early Iron Age (from the beginning to
700/600 BCE) the Indian iron industry was in an uncertain
experimental stage. This age was followed by improvisation
in technology in Middle Iron Age (700/600 BC to 100 BCE)
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and improved tremendously in Late Iron Age (200/100 BCE
to the historical period) which was continuously maintained
until the 18th century. Doubtless, the journey of Indian iron
and steel from the 18th-century CE to 21st-century CE is
great.

The evidence from the Middle Iron Age (700–100 BCE) is
very important since the appearance of iron marks a phase
of second urbanisation in Ganga plains. By this time ancient
Indian blacksmiths realised the superior quality of iron and
there was a gradual growth in iron technology resulting in
an entirely new technological pattern in the Ganga plains. All
the examined iron objects from the Ganga plains have a high
degree of metallic iron (94–99%) and a low degree of oxidation
in spite of the time that has elapsed from its manufacture
(Wadsworth & Sherby, 1980; Smith, 1981; Prakash, 1991;
Dillmann & Balasubramaniam, 2001; Piccardo et al., 2004;
Sasisekaran, 2004). The Gangetic plain has been divided into
three major parts on the basis of geology, geomorphology and
topography of the region. The distributions are upper Ganga
plain, middle Ganga plain and lower Ganga plain. (Singh,
1971)

Middle Ganga plains include north India’s eastern Uttar
Pradesh and Bihar, a focal area and homeland of Northern
Black Polished Ware sites. In Indian Archaeology, Northern
Black Polished Ware was initially discovered from the north-
ern part of India. Northern Black Polished Ware (NBPW) is
the type of ceramic industry that has black colour and pol-
ished/glazed appearance. During the NBPW period, extensive
use of iron is noticed. Other excavated artefacts from different
NBPW sites comprise spearheads, arrow-heads, adze, blades,
javelins, axes, drills, caltrops and a khadga-shaped knife, nails,
clamps, pounder, door-rings, knives, bells, fish-plates, lamps,
door-fittings and fragments of door chains, hooks, barbed and
socketed arrow, chisels, sickle blade etc. All these reflect a
well-settled nature of iron in this phase. This indicates the ad-
vancement in the technical knowledge of iron smelting. The
use of an iron on a large scale provided the new channels for
the economic activity of people. (Ahmed, 2015)
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Fig. 1. Location of excavated site Balirajgarh, Darbangha, Bihar; archaeological site top level 600 AD, bottom level NBPW pottery (BC 600–100); then
groundwater prevented further excavation.

After reviewing the work done by earlier archaeometal-
lurgist from different sites in Ganga plains, it appears that
the ancient settlers in the region develop a skill of steel tool
manufacturing in 300 BCE. Archaeometallurgical studies on
early Iron Age objects (700–300 BCE) from Bihar region
(Chirand, Taradih) revealed that ironsmiths were conversant
with wrought iron forging and simple carburisation technique
(introduction of carbon within iron) (Singh & Merkel, 2000).
Alexander defeated Porus of Taxila in 326 BC and received
from him a gift of 100 talents of steel. Moreover, the excava-
tions at Bodh-Gaya monastery built by Ashoka in third cen-
tury BC have brought to light the iron clamps (Vaish et al.,
2000). The present study focuses on the analysis of a nail re-
covered from a small village Balirajgarh, Bihar to understand
the technology and culture of iron age which developed and
flourished in this region during the Middle Iron Age period
(700–100 BCE).

Archaeological site

The site is situated about 80 km northeast of the Darbhanga
district of Bihar (Fig. 1). Traditionally, it is believed to be the
Fort of king Bali. Limited excavation was conducted by the
Department of Archaeology and Museums, Government of
Bihar and also by the Mid-Eastern Circle of the Archaeological
Survey of India for three sessions in 1962–1963 and 1972–
1973 and 1974–1975 (Fig. 1) (Sinha, 2000). Balirajgarh was
an extensively fortified habitation centre and three phases of
construction seem to have been built somewhere in the second

Fig. 2. Nail (BRG02) from the Balirajgarh site. Length 16 cm, width 2.5
cm (max) & 1.5 cm (min), weight 81.86 g.

century BCE. Traditionally it is believed to be the fort of king
Bali of epic Ramayana. The enclosing high walls still raise to
10 feet with corner towers as high as 40 feet. The area enclosed
within the fort walls measures 1500’ × 900’. Excavation has
revealed that antiquity of the site may be assigned to 300
BCE or even earlier. Trenches taken in the habitational area
yielded NBPW and associated potteries and antiquities in the
lowermost exposed layers. The earliest habitation of the site i.e.
Period I, began with NBP wares. It is observed that there are
two phases of NBPW, the earlier one is predefence and the later
one dated from 2nd century BCE to Pala times is structural in
nature. Iron objects recovered at this site belong to Period I.

Materials and methods

The iron nail examined would have formed part of the build-
ing material or used for miscellaneous purposes. The metal is
preserved under a thin and stable corrosion layer. The outer
crust of the nail has corroded and protected the interior of the
mound from extensive corrosion (Fig. 2).
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Fig. 3. Optical micrograph images of sample cross section of iron nail shank showing black spots of slag inclusion (A), hypereutectoid microstructure:
pearlite colonies encased in cementite networks (B) and dislocation of grains (C, D) (magnification 20×, 20×, 50×, 100×, respectively).

The section taken from the nail is a transverse cut from
the pointed end of the nail shank (Fig. 2). Samples were cut
with a saw, prepared as cross-sections using a two-part epoxy
resin, ground, and polished. Optical microscopy was con-
ducted under a Nikon Epiphot-200 metallurgical microscope
(CSIR, NPL, New Delhi) attached to image analyzer system
(LECO IA-32) to enable an initial observation of the preserva-
tion state, as well as the structure of the sample. Micrographs
were taken first on an unetched, polished surface, followed by
etching with 2% nital. Future-Tech FM7 Micro Vickers Micro-
hardness with a diamond indenter was used on the polished
surface of the test specimen using a prescribed force. The time
for the initial application of the force was 2–8 s and the test
force was maintained for 10–15 s. The applied load varied
from 10 to 100 kg f. For the better evaluation of the structure
and composition of the samples, the specimen was analysed by
scanning electron microscopy coupled with an Energy Disper-
sive Spectrometer (SEM/EDS) (CSIR, NPL, New Delhi). VP-SEM
model EVO MA 10 was employed to examine the microstruc-
ture of the metal matrix, inclusions and inhomogeneities in the
sample. VP-SEM was equipped with a field emission gun oper-
ating between 5 and 20 KeV. The analytical parameters were
kept constant at a probe current of 400–600 pA for morphol-
ogy and 1.5 nA for elemental analysis. Elemental analysis was
done using an energy dispersive X-ray analyzer (EDX) model
OXFORD/MCA ENERGY 250 attached to VP-SEM using a Si
(Li) detector with a thin beryllium window. EDS analysis and
SEM image were recorded simultaneously under the acceler-

ating voltage of 20KeV. All the compositional data reported in
this paper is in weight percentage (wt%). X-ray diffraction was
carried out with an advanced fourth generation powder X-ray
diffractometer system, the Rigaku Mini Flex II. With the use
of the Rietveld technique, the produced patterns were refined
and the measured values are compared with the calculated
data stored in an International Centre for Diffraction (ICDD)
data bank.

Results and discussion

Metal matrix of the iron nail

Optical micrographs revealed the structure showing colonial
pearlite surrounded by a network of cementite. This is a
typical structure of hypereutectoid steel grains completely
encased in the cementite network (Fig. 3). For hypereutectoid
steels, the heating is done below the Acm line (820°C) and
has the unique benefit of retention of undissolved cemen-
tite in the microstructure which apart from inhibiting grain
growth provides high wear resistance to the heat-treated parts.
[www.sciencedirect.com/topics/materials-science/hypereute
ctoid-steel] (Banerjee, 2017).

From the mechanical point of view, the presence of pearlite
strengthens the steel. The hardness value of 270–310 HV
is in conjunction with the hypereutectoid microstructure. A
few slag inclusions can also be seen in several areas as small
black spots in the polished transverse section (Fig. 3A). The
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Fig. 4. SEM image of the cross section sample from the iron nail showing pearlite-cementite structure of hypereutectoid steel, with black spots of slag
inclusions in yellow circle (A, 5000× magnification); red arrow pointing to the cementite crust network (B, 10 000× magnification).

direct observation of a sizeable density of dislocations in grains
confirms that the material has been mechanically work-
hardened, presumably by hammering (Figs. 3C, D).

Pearlite colonies

The VP-SEM image of pearlite colonies is shown in Figure 4. At
higher magnification (10 000×), the cementite laths appear
well organised within a colony, with a constant orientation
and separation distance (Fig. 4B). In addition, the pearlite zone
presents a clear tendency to form an external and continuous
crust of cementite, caused by the union of the layers at the
outer ends, which is a clear indication of aging. The pearlite
and cementite (Fe3C) structures show grain limits filled with
continuous pro-eutectoid cementite as well as pearlite. Ce-
mentite is a crystal of Fe3C, containing 6.67% carbon (De
Lisle et al., 2016). It is hard and brittle, increases the strength;

however, it does not increase the ductility of steel in which it is
present. Cementite is one of the two crystal structures formed
within pearlite, but it can also form on its own in the form of
pro-eutectoid cementite when hypereutectoid steel, one with
greater than 0.76 wt% carbons, is heated above the eutectoid
point and cooled slowly.

Thin interlamellar spacing can be distinguished inside the
grains (Fig. 4B) which indicates an increased cooling rate.
Interlamellar spacing is inversely related to the temperature
of the pearlite formation and directly related to the confine-
ment of the deformation in the ferrite lamellae (Verhoeven,
2005).

Because cementite is hardly deformable, cementite laths
form obstacles to the movement of the dislocations, constrict-
ing their motion in ferrite lamellae. The strength of pearlite
is then expected to increase as the interlamellar spacing
is decreased because the interlamellar spacing is inversely

Fig. 5. Left: SEM image of the fayalite-rich slag inclusion (5000×) of iron nail (A): EDS spectrum of the slag inclusion (B).
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Fig. 6. SEM image of the cross-section of iron nail sample: metal matrix (A, 150× magnification), and corrosion products (B, 5000× magnification).
Representative XRF spectra of the metal matrix (C) and of corrosion products (D).

proportional to the degree of undercooling (Bhadeshia &
Honeycombe, 2017).

Slag inclusions (SIs)

The SEM/EDS analysis of the slag inclusion verified that the
object is made from an ancient bloomery slag. The majority of
inclusions are identified as two phased slags consisting primar-
ily of dark grey glassy matrix containing light grey dendritic
inclusions located in the pearlite phase (Fig. 5). X-ray analysis
revealed that in addition to Fe (70.0%) and O (10%) small
amount of Si (6.0%) is present. Other minor/trace elements
identified are Al (1.91%), Ca (2.0 %), Na (0.48%), Mg (2.0%)
and Cl (0.5%).

The examination of the slag gives us a good indication of
the ore used and the smelting process in force. Slag made with
a higher fuel to ore ratio has lower iron content and tend to be
mostly two-phase slags giving fayalite and glass but no wüsite
(Feo). This happens because the residual iron is insufficient
to combine with the silica consumed in the reaction to give
fayalite alone, and thus there should be some residual silica in
the slag (Morton & Wingrove, 1972).

The main mineralogical contents of this slag are wustite,
fayalite and anorthite (Morton and Wingrove, 1969). These
mineralogical phases are derived from the gangue materials
in the ores during the reduction process. The gangue mate-
rial usually comprises of the main oxides of silicon, and cal-
cium which, with some iron oxide, form the mineralogical
phases of slag on solidification (Tylecote et al., 1971; Morton
& Wingrove, 1972). If lime and alumina are present in the
ore, they take up all the silica they require to form anorthite
(CaAl2Si2O8), whereas the remaining silica combines with
iron to form fayalite (Kiriama, 1987).

Characterisation of rust layer on the sample

The rust layer on ancient steel nail is relatively dense and
adhering, despite the presence of some cracks parallel or per-
pendicular to the metal/oxide interface. The metal/oxide in-
terface is relatively irregular. The cross-section examination
showed white flakes embedded in intact corrosion products
(Fig. 6). White flakes appear to be limited to fragments exhibit-
ing a pearlite-cementite microstructure. At high magnifica-
tion white flakes indicate the remains of metal in the rust layer.
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Fig. 7. SEM image of the worn surface of the iron nail (A, 500× magnification) and delaminated craters at higher magnification (B, 2000× magnification).

Fig. 8. X-ray diffraction pattern of the iron nail sample, showing the
intensities in the region 2θ = 20–80°.

Embedded slag inclusions and white flakes together serve as
an internal marker to identify the limit of the original surface
of the metal.

Metal matrix and corrosion products were also analysed
for elemental composition by X-ray point analysis. The result
is shown in Figures 6(A), & (B). The metal matrix is mainly
composed of Iron (Fe 94.05%) and oxygen (O 5.62%) and
slightly contaminated with the chloride (0.331%). No impu-
rities in the metal matrix are detected. The high percentage
of iron and low oxygen indicates the low degree of oxidation
in the sample. However, the exterior layer of corrosion prod-
ucts comprises iron (Fe 59%), oxygen (O 39%) and chlorine
(Cl 2%).

An intact oxide layer covered the worn surface with a small
number of delaminated craters as also shown in Figure 7. The
morphologies for worn surfaces of the hypereutectoid steel
indicate the nail was subjected to heavy loads.

Table 1. XRD analysis of iron nail.

Qualitative analysis results

Phase name Formula Phase reg. detail DB card number

Iron silicate Fe2SiO4 ICDD (PDF2.DAT) 00-044-1385
Coesite, syn SiO2 ICDD (PDF2.DAT) 00-014-0654
Iron, syn Fe ICDD (PDF2.DAT) 00-006-0696

Table XRD analysis of BRG02using Cu Kα radiation

No. 2-theta (deg) d (ang.) Phase name Chemical formula

1 44.533 (5) 2.0329 (2) Iron silicate (4,0,0) Fe2SiO4

2 28.521 (16) 2.0319 (5) Coesite, syn (0, 4, 0) SiO2

3 64.84 (5) 1.4367 (10) Iron Fe, Fe2SiO4
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X-ray diffraction

The compositions determined by the EDS does not alone
provide much information about nature (i.e. structure, phase
composition etc.) of the entrapped inclusions. It is in this
regard that the μXRD analysis is very useful in determining
the local structure of the phases that constitute the inclusions.
The rust was also analysed using μXRD and the obtained
diffractogram is shown in Figure 8. This was done to gain
further insights about the phases that constitute the rust,
metal and slag inclusion. The sharp peak obtained are of
Iron silicate (FeSiO4) phase (ICDD00-044-1385), coesite
(SiO2) phase (ICDD 00-014-0654) and Fe (ICDD 00-006-
0696) in the sample (Table 1). All the peaks intensities
were observed in the 2θ region of 20–80° and crystalline
phases observed are confirmed by calculated d-spacing
(Table 1).

The presence of fayalite phase in slag inclusion proves that
temperature reached in the furnace must have been around
1200°C because this phase form within a range of 1100°C
and 1177°C. The percentage of the base element, ‘iron’ gives
a clear indication of the status of metallurgy.

Conclusion

(1) The qualitative, semiquantitative chemical analysis and
microstructural analysis have permitted the characteri-
sation of the 2300-year-old archaeological nail. Analy-
sis suggests that nail is made of hypereutectoid steel with
fayalite slag inclusions.

(2) After reviewing the work done by earlier archaeomet-
allurgist from different sites in Ganga plains, it appears
that the ancient settlers in the region developed a skill
of steel tool manufacturing in 300 BCE. All Iron objects
from Ganga plains, with a high percentage of metallic
iron (94–99%) indicate the low degree of oxidation in
the samples in spite of the time which has passed since
they were made.

(3) White flakes of iron carbides embedded in corrosion
product layers are related to the original surface of
object. Moreover, ordered and regular geometry of
cementite layers is evidence for a microstructural
evolution indicating the time aging of ancient steel.

(4) The worn surface morphology proved that the nail was
subjected to heavy loads and would have formed part
of the building material. The formation of a compact
corrosion product layer may in a longer perspective be
protective and lead to a lower corrosion rate. Therefore,
the cleaning of the archaeological nail may not be ad-
visable.

(5) Studies on ancient iron objects (700–300 BCE) from Bi-
har revealed that smiths were aware of the use of forged
wrought iron and low carbon steel. However, in the
present study, intentional carburisation was observed

in a 2300 years old nail, which is so far one of the earli-
est specimens from Bihar exhibiting the steeling process.

(6) The scientific analyses of steel nail presented in this pa-
per provided valuable information which is now used to
enhance the fabrication technique, authentication and
understanding the role of technology in cultural change
of northern India.
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