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In the present investigation, X‐ray diffractometer, optical microscope, and

scanning electron microscope were used to analyze the plowshare excavated

from Ganwaria, UP, India. The main objective of the investigation was to

determine the type of alloy, analysis of slag inclusion, and corrosion behavior.

X‐ray diffraction analysis showed the presence of α‐iron. Microstructure con-

sists of ferrite and pearlite grains; ferrite phase was soft in comparison to the

pearlite. Optical micrograph at lower magnification revealed slag inclusions

aligned in a specific direction, which indicates that the forge welding technique

was used in the manufacturing of the object. The microstructural examination

revealed that the object was manufactured from carbon steel. Entrapped slag

inclusions were observed by scanning electron microscope and X‐ray mapping,

and slags were identified as SiO2 and MgO. Goethite and lepidocrocite corro-

sion compound were found on the surface of the object.
1 | INTRODUCTION

The scientific studies on iron metallurgy revealed that
during the early period (from the beginning to seventh
to sixth century BCE), the Indian iron industry was in
an uncertain experimental stage.[1] The samples analyzed
from early iron age show high slag inclusion due to low
firing temperature (1100–1300°C) and insufficient metal-
lurgical skill.[2–4] In incidental cases, pearlite was
observed in the early iron probably due to repeated
heating and hammering during forging.[5] The iron arti-
facts recovered from excavations of early iron age sites
like Hastinapur and Atranjikhera from northern India
Ganga valley have yielded only a few small fragmentary
unidentifiable object.[6] In the middle iron age (7/600
BC to 100 BCE), the Northern Black Polished Ware
(NBPW) culture took over the major part of North India
that witnesses regular improvisation of iron technology
till the eighteenth century. Evidence from 700 to
100 BCE is very important as this was a period for consol-
idation of iron technology with traces of steeling and case
hardening or carburization. However, the Indian iron
wileyonlinelibrary.com/jou
steel developed at its highest degree of sophistication
under the patronage of Gupta period (300–600 CE),
which culminates with the production of massive Delhi
iron pillar dating fourth to fifth century CE[7] and
wootz steel.[8] The archeological records of the period
unearthed at Taxila, Ruper, Hastinapur, Mathura,
Kansambi, Rajghat, and Ujjain have revealed large find-
ings of arrowheads, spearheads, dragger, and knives.[4]

The European metallurgists studied the metallurgical
properties, manufacturing process, and corrosion
behavior of India's preindustrial wootz steel.[9–11]

Several books on the state of ancient iron technology
heralded the primacy of iron technology in the Indian
subcontinent.[12–16]

Existing literature reveals that no precise microstruc-
tural details are available on the archeological iron and
its alloys.[17–19] To understand the complex mechanism
linked to the production of ancient iron, investigations
of microstructure, composition, and corrosion structure
are very imperative. The characterization of the struc-
ture, as well as corrosion products of ancient metal
objects, help to understand the technique of fabrication,
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corrosion behavior, and also points towards strategies
for their preservation. The present investigation
deals with the microstructural examination and corro-
sion behavior of excavated plowshare of India's
Ganwaria site (300–200 BCE), latitude 27.45°N and lon-
gitude 82.18°E.
FIGURE 2 (a) Photomicrograph of the iron plowshare (accession

no, 10.6A/21) and encircled portion showing the lactation from

where sample was sectioned for the present investigation (b)

showing sample direction: 1: cross section and 2: longitudinal
2 | MATERIAL AND METHOD

2.1 | Material: steel plowshare

The object selected for the present investigation is associ-
ated with NBPW culture of Northern Gangetic plains of
India. Although the selected object is not representative
of the entire collection of the excavated site, however,
microscopic study of the object is very important due to
the occurrence from well‐stratified level and to under-
stand the technological know‐how of ancient black-
smiths. The object studied in the present investigation
was excavated from at the Ganwaria, Uttar Pradesh,
India, and geographic location of the excavation site is
shown in Figure 1. The occupational deposits of
Ganwaria were divided into four periods: PD I (800–
600 BCE), PD II (600–200 BCE) with the NBPW, Redware
PD III (200 BCE, the beginning of Cristian era), and PD
IV Kushan period (beginning of Christian era to AD
400). The investigated object, that is, socket plowshare
(accession no. 10.6A/21), belongs to PD II, and a photo-
graph of the object is shown in Figure 2.
FIGURE 1 Location of the Ganwaria, Siddarth Nagar, Basti, Uttar Pr
2.2 | Storage and condition of the object

The selected object is the part of the Central Antiquity
Collection of Archaeological Survey of India and stored
in Purana Qila. The thick walls of Purana Qila were built
by red sandstone. The storage space is not environmen-
tally controlled, and only ventilation is provided by
adesh, India, from where the iron object was excavated
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planned air exchange internally and through original
ventilation in the building fabric. The storage area is
quite damp. New Delhi has a continental climate, very
hot in summer and very cold in winter season. The rela-
tive humidity varies from 60 to 80% due to heavy rainfall
in monsoon season (June to September). This type of cli-
matic fluctuations had an adverse effect on objects
housed in the uncontrolled environment as they are vul-
nerable to climatic variations. The storage containers
are a hybrid system of wooden and metal shelving, dis-
play cases, and steel trunks. The interior of each store-
room has a varied microclimate. The investigated steel
object was found to be placed on wooden shelves and cov-
ered with a thick layer of dust. The shape of the untreated
object retained completely without any signs of active
corrosion.
2.3 | XRD analysis

X‐ray diffraction (XRD) technique was used for the deter-
mination of phases present in the material. XRD was car-
ried out with Bruker AXS D8 advance powder XRD. The
radiation employed was unmonochromated CuKα. The
measurements were carried directly on solid samples
with a scan rate of 2°/min.
2.4 | Optical microscopy

A very small piece of the sample with dimension
1 mm × 1 mm was sectioned from the object without
disturbing its visual appearance. The point from which
sample was taken is encircled in Figure 2a. The sample
was mounted in epoxy resin and mechanically polished
on different grades of emery papers 120, 400, 600, to
1200. Further, samples were polished on cloth with dia-
mond paste (1, 3, and 8 μm) to get a mirror finish. After
polishing, the surface of the sample was rinsed with dis-
tilled water and degreased with acetone. The sample
was etched with 2% nital solution (2% HNO3 in ethyl
alcohol) to reveal its microstructural details. A Nikon
Epiphot −200 metallurgical optical microscope attached
to an image analyzer system (LECO IA‐32) was used to
investigate the microstructure of the sample.
2.5 | Microhardness

Microhardness was measured on polished surfaces using
Future‐Tech FM7 Microhardness tester at an applied load
of 100 g with a dwell time of 10 s.
2.6 | Scanning electron microscope

Variable pressure scanning electron microscope (VP‐
SEM; Model: EVO MA 10) was used for the evaluation
of microstructure, the morphology of the corrosion prod-
uct, and its chemical used for composition. The elemental
distribution was determined by energy‐dispersive X‐ray
spectroscopy (EDS) and X‐ray mapping.
3 | RESULT AND DISCUSSION

3.1 | XRD analysis

XRD profile of the sample is shown in Figure 3. It may be
clearly seen from the figure that there are two distinct
peaks at 44.61 and 82.37°. These peaks were analyzed
with JCPDS software that shows α‐iron as the main
phase. The percentage of other alloying elements may
be less than 5%, which cannot be detected by XRD.
3.2 | Optical microscopy

The optical micrographs of the sample were recorded at
different magnification for both cross section and trans-
verse section and shown in Figure 4. The cross‐section
surface showed the presence of slag inclusion in the
metallic surface (Figure 4a). The inclusions are present
as elongated particles, oriented in a particular direction
indicating the direction of forge welding. Forge welding
is a solid‐state joining of two different ferrous alloys,
and this technique is in use since the beginning of the
first millennium BC.[20] In order to join two or more
pieces of metal together, it was essential that the metal
was first heated to a temperature at which it was soft
but not molten. It was also essential to have a clean metal
surface to allow diffusion bonding.[21] When two or more
strips are forge‐welded together, the oxides are trapped
between them, forming a relatively continuous layer.[22]

Optical micrographs of the transverse section of the
sample show the alternate light and dark phase
(Figure 4b). It may be clearly seen from the magnified
micrograph that dark phase is the alternate lamellar col-
onies of ferrite and cementite (Figures 4c and 4d). Lighter
and dark phase is identified as ferrite and pearlite, respec-
tively. Thus, it may be understood that microstructure of
the object consists of ferrite and pearlite phase and con-
firms that investigated object is made of steel and later
it was annealed or reheated and held at around 600–
700° C. It is quite obvious from the micrograph that there
is significant difference in the grain size in the welded
region in comparison to the base metal and average grain
size for the base metal was calculated using linear



FIGURE 4 Optical micrographs showing the ferrite and pearlite phase in both direction of the sample (a) transverse section of sample and

(b–d) cross section of the sample showing ferrite and pearlite

FIGURE 3 X‐ray diffraction pattern of the investigated object
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intercept method and it was found to be ≈89 μm. It
appears that there was originally a coarse pearlite that
separated on being soaked for some time just below the
critical temperature of steel. Prolonged time at the ele-
vated temperature will completely or partially break up
the pearlite structure. This results in a structure in which
all or some of the cementite is in the form of small glob-
ules (spheroids) dispersed throughout the ferrite matrix.
The matrix of the sample with the percentage of iron
greater than 93% in weight indicates the low degree of
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oxidation in spite of the time that elapsed because the
object was fabricated. Furthermore, the SEM images
show the presence of very low impurities incrusted in
the iron.
3.3 | Microhardness

The Vickers microhardness readings were measured for
both ferrite and pearlite phase. Microhardness was found
to be 102 and 184 Hv for ferrite and pearlite phase,
respectively. Ferrite phase is softer in comparison to the
pearlite.
3.4 | Characterization of slag inclusion

The VP‐SEM micrographs and EDS spectrum of matrix
and slag inclusion of the studied object are shown in
Figure 5. It may be seen that the slag inclusions are not
uniformly distributed in the matrix. At some locations,
there are clusters of slag inclusions at location A
(Figure 5a) in comparison to the other location B
(Figure 5b). This localized clustering of coarse slag inclu-
sions in the sample reflects the inadequate working by
the Indian blacksmiths. From the VP‐SEM image, it was
also observed that these second phase particles are pres-
ent in their elongated form at some location (Figure 5a).
The elongated nature of slag particles may be due to hot
working operation employed to fabricate the object in
FIGURE 5 (a) Scanning electron microscope micrographs showing

dispersive X‐ray spectroscopy spectrum at location A, (b) Scanning elec

the matrix and corresponding energy‐dispersive X‐ray spectroscopy spec
that direction. Figure 5b shows the VP‐SEM image of a
second phase particle that is relatively large in size. EDS
analysis of the metal matrix and slag inclusion is shown
in Table 1. It is quite obvious from the EDS analysis that
matrix is composed of iron and carbon. Thus, it further
confirms that the object is made of steel. The weight per-
centage of silicon and oxygen is high in slag inclusion,
and this may be fayalite (FeSiO4). The presence of tita-
nium (Ti) in inclusions seems to be a peculiarity of this
sample and can be used as markers to distinguish their
provenances. The titanium is a strong ferrite stabilizer
and strong carbide former, which could lower the effec-
tive carbon content, thereby promoting a ferritic structure
of stainless steel and also improves corrosion resis-
tance.[23] In austenitic steels, they are added to increase
the resistance to intergranular corrosion and to increase
the mechanical property at high temperature.[24] In addi-
tion, low percentage of silica, alumina, lime, magnesia,
and absence of wustite (FeO) indicates that high‐quality
ore, as well as efficient working during whole smelting
process, was implied by the smiths in the making of the
ancient plowshare.

Figures 6 and 7 show the elemental X‐ray mapping of
a single‐phase slag inclusion and two‐phase slag inclu-
sion, respectively. The light and dark phase in the SEM
micrograph is matrix and slag, respectively. Elemental
mapping shows that the main element present in the
matrix is iron. Oxygen is present in the matrix as well
as in inclusion; however, the concentration is high at
slag inclusion embedded in the matrix and corresponding energy‐

tron microscope micrographs showing slag inclusion embedded in

trum at location B



TABLE 1 The chemical composition analysis of metal matrix and slag inclusion by EDS

Element (wt%) location Si Na Mg Al K Ca Ti Fe O C

Matrix ‐ ‐ ‐ ‐ ‐ ‐ ‐ 94.62 0.89 4.49

Elongated slag inclusion 32.06 0.35 1.27 5.79 3.82 5.79 0.30 5.21 44.23 ‐

Abbreviation: EDS: energy‐dispersive X‐ray spectroscopy.

FIGURE 6 X‐ray mapping showing the

distribution of different element oxygen,

magnesium, silicon, and iron

FIGURE 7 X‐ray mapping showing the

distribution of different element oxygen,

magnesium, silicon, and iron
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inclusion. The concentration of Silicon, Magnesium, and
Oxygen is high in slag inclusion, However, iron is absent
in slag. Thus, it may be understood that slag inclusions
are mainly SiO2 and MgO.

The bloomery iron‐making involved solid state reduc-
tion of iron from its ores, by carbon monoxide, which is
produced by burning fuel under reducing conditions.
Although some liquid slag called fayalite (FeSiO4) flowed
out of bloomery furnace during reduction, part still
remained when a hot lump was taken out of the furnace.
Therefore, the hot lump was immediately hammer[13,25]

to remove entrapped liquid slag, but it was not possible
to remove it completely. The slag inclusions are essen-
tially composed of fayalite, some iron oxide (like wustite
FeO) and glassy phase (due to calcium silicon phosphate).
The slags are heterogeneously distributed and a typical
feature of archeological iron.[26] Examination of the slag
gives an indication about the ores used and smelting
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process enforced.[27] The slag inclusions from the ferrous
artifacts produced by the direct process featured higher
FeO contents when compared with the slag inclusions
from artifacts produced by the indirect process. Addition-
ally, the slag inclusions from the ferrous artifacts
manufactured by the direct process featured higher con-
tents of Al2O3, MgO, and K2O.
3.5 | Corrosion behavior

The corroded surface of the object was examined using a
scanning electron microscope, and micrographs were
recorded at different magnifications (Figures 8 and 9).
Figure 8 showed that the corrosion layer is uniform and
adherent. The surface containing corrosion products
mixed with soiling materials is confirmed by the EDS
analysis. The morphology of the corrosion products
formed on the surface of the object is shown in Figure 8
FIGURE 8 Scanning electron microscope micrograph showing the a

spectroscopy spectrum

FIGURE 9 Scanning electron microscope micrograph showing morp

associated with goethite
. The needle or whisker type of features was observed
on the surface, and these are identified as goethite (∝‐
FeOOH) also in good agreement with the earlier stud-
ies.[28] At some places, the plate‐like structure (Figure 9
b) of lepidocrocite was also seen.

The archeological iron is usually covered by a layered
structure of corrosion products. The outer layer is a mix-
ture of iron corrosion products (i.e., Iron III oxyhydroxides,
typically goethite) and extraneous material such as tiny
rocks, sand, clay, and soil minerals. Below this, there is
another layer of iron corrosion product in lower oxidation
state, usually magnetite, lying on the top of any remaining
iron core. As long as iron is corroding, it will formFe2+ ions
at the interface between remaining metal and corrosion
products. The Fe2+ ions may dissolve, accumulate, and
depending on the local pH undergo hydrolysis. To achieve
electrical neutrality, chloride ions from the surrounding
environment diffuse to balance the charges of Fe2+ and H
+ cations. The net result of ongoing iron corrosion during
dherent corrosion layer and corresponding energy‐dispersive X‐ray

hology of the corrosion product (a) goethite and (b) lepidocrocite
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burial is that the cracks, pores, and open space within the
corrosion layer, or beneath concretion are filled with acidic
iron II chloride solution.[29]
4 | CONCLUSIONS

The following conclusions are drawn from the present
investigations:

• Microstructural examination reveals that the polygon
grain structure of ferrite and pearlite, which confirms
that socketed plowshare, was made up of steel.

• Alignment of slag inclusion in the preferred direction
revealed that forge welding was done during the
manufacturing of the object.

• The entrapped slag inclusion characterized by X‐ray
elemental mapping and identified as SiO2 and MgO.

• The corrosion layer formed on the object is compact
and adherent in nature.

• The corrosion products formed on the surface were
goethite and lepidocrocite.
ACKNOWLEDGEMENTS

The authors are thankful Dr. Sukhbir Singh for the help
extended through analysis. We are thankful to the
authorities of the Archaeological Survey of India for their
support and providing a sample for analysis.
ORCID

M.R. Singh https://orcid.org/0000-0002-1056-6724
REFERENCES

[1] D. K. Chakrabarti, A. K. Ghosh, Perspect. palaeoanthropology
1974, 345, 356.

[2] S. De, P. K. Chattopadhyaya, Steel India 1989, 12(1), 33.

[3] V. D. Gogte, Bull. Deccan Coll. Res. Inst. 1983, 42, 74.

[4] K. T. M. Hegde, Indian J. Hist. Sci. Calcutta 1981, 16(2), 189.

[5] B. Prakash, Indian J. Hist. Sci. 2011, 46(1), 381.

[6] R. Tewari, Antiquity 2003, 77(297), 536.

[7] A. Pandya, D. D. N. Singh, Metabolism 2010, 2010, 1.

[8] B. Bronson, Arch. Androl. 1986, 1(1), 13.

[9] T.L. Lowe (1989) Solidification and the crucible processing of
Deccani ancient steel. Proc. Indo‐US Conf. Princ. Solidification
Mater. Process. R. Trivedi, JA Sekhar J. Maz. New Delhi Oxford
IBH, 729–740.

[10] J.D. Verhoeven (2005) Metallurgy of steel for bladesmiths &
others who heat treat and forge steel. Iowa State Univ., 66–68.

[11] C. S. Smith, A search for structure, Cambridge 1981.

[12] A. K. Biswas, S. Biswas, Minerals and metals in Ancient India:
Archaeological evidence, D.K. Printworld, New Delhi 1996.

[13] D. K. Chakrabarti, The early use of iron in India, Oxford Uni-
versity Press, London, UK 1992.

[14] G. Kuppuram, K. Kumudamani, History of science and technol-
ogy in India: Science, Sundeep Prakashan, California 1990.

[15] H. Narain, P. Jai, O. P. Agrawal, M. Nair, Metallographic stud-
ies of iron artifacts of domestic use, tools and weapons from
Sringverpura (250 BC ‐ 600 AD), in Archaeometallurgy In India,
(Ed: V. Tripathi), Sharda Publication, New Delhi 1998 390.

[16] A. K. Biswas, S. Biswas, Minerals and metals in Ancient India:
Indigenous literary evidence, DK Printworld, New Delhi 1996.

[17] O. P. Agrawal, H. Narain, S. K. Bhatia, Puratattva 1983, 12, 97.

[18] V. T. Athavale, Chemical analysis and metallographic examina-
tion of metal objects, Prakash, 1955, 20–21.

[19] R. Balasubramaniam, Marvels of Indian iron through the ages,
Rupa & Company, New Delhi 2008.

[20] J. Wadsworth, D. R. Lesuer, Mater Charact 2000, 45(4), 289.

[21] E. Blakelock, M. Martinón‐Torres, H. A. Veldhuijzen, T.
Young, J. Archaeol. Sci. 2009, 36(8), 1745.

[22] J. Perttula, Scand. J. Metall. 2004, 33(2), 92.

[23] W. Schwenk, Theory of stainless steel pitting, Corrosion, 1964,
129t–137t.

[24] N. Alonso‐Falleiros, S. Wolynec, Mater. Res. 1998, 1(1), 39.

[25] R. Balasubramaniam, Metallurgy of ancient Indian iron and
steel, in Encyclopaedia of the history of science, technology, and
medicine in non‐Western cultures, Springer, Dordrecht 2008
1608.

[26] N. R. Banerjee, The Iron Age in India Delhi, Munshiram
Manoharlal, New Delhi 1965.

[27] R. E. M. Hedges, C. J. Salter, Arch. Androl. 1979, 21(2), 161.

[28] W. Zise, X. Chunchun, C. A. O. Xia, X. Ben, Chin. J. Chem. Eng.
2007, 15(3), 433.

[29] S. Turgoose, Curr. Probl. Conserv. Met. Antiq. 1993, xxx, 35.
How to cite this article: Singh V, Singh MR,
Verma P. Microscopic examination of the 2,300‐
year‐old excavated steel plowshare from northern
India. X‐Ray Spectrometry. 2019;1–8. https://doi.
org/10.1002/xrs.3101

https://orcid.org/0000-0002-1056-6724
https://doi.org/10.1002/xrs.3101
https://doi.org/10.1002/xrs.3101

