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Fig. 14: Large slag inclusion observed in the sample (Nital etching,
optical microscope).

Fig. 15: Ferritic microstructure showing “watery” microstructure after
etching with nital (optical microscope).
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Oberhoffer etching did not reveal the presence of ghost structures. Additional
compositional microanalysis of the metallic substrate is required to conclude
on the presence of phosphorous in the metallic substrate.

Carbides were revealed to be in band structures in one zone of the sample
as shown in Fig.16.

The iron for the cannon was produced by the direct reduction of the
iron ore in shaft furnaces. As the temperature does not exceed 1300°C in shaft
furnaces, metallic iron remains in solid state during the whole process. Only
the iron ore gangue, composed of silicates and others phases, partly reaches a
liquid state. This is evacuated separately from the bloom at the end of the pro-
cess. However, some impurities remain in the bloom and post-extraction ham-
mering is required for metal purification. This first step of production of iron
ingots therefore dictates the amount of slag inclusions. Phosphorous can be
present in the iron ore or in the charcoal used for the reduction step. This ele-
ment diffuses partially in the iron during the reduction in the shaft furnace and
its composition can be up to 1 wt. % in ancient artifacts produced by ancient
ironmaking processes. One possible reason for the presence of a relatively higher
amount of P in direct reduced iron has been explained in detail elsewhere .
The absence of limestone in the bloomery furnace charge results in a higher
amount of P in the iron because the dephosphorization tendency of fayalitic
slags is poorer compared to CaO-rich slags .

Fig. 16: Banded carbides seen in one location of the sample (Nital etching, optical
microscope).
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The relatively rust-free surface appearance of the cannon also provides
additional support to the good atmospheric corrosion resistance. In fact, the
amount of rust on the exposed surface was so small that rust collection for
analysis also was difficult.

In order to analyse the phases locally in the corrosion scale, pRaman
analyses were performed on the polished cross section. The spectrometer was a
Jobin Yvon-Horiba LabRam Infinity model and an excitation at 532 nm was
provided by a frequency-doubled Nd:YAG Laser. Spectral resolution of this
set-up is about 2 cm’'. Measurements were realised under microscope with a
x100 I8ng-focus Leitz objective which provided a beam waist diameter of about
3 um. Excitation laser power on sample was adapted to each measurement and
filtered at least below 0.42 mW in order to avoid the transformation of some
sensitive phases under the laser irradiations "

The corrosion scale appears to be layered between darker and lighter
strips of corrosion products throughout their whole thickness under optical
microscope (Fig. 17). The darker phase has been identified as goethite (ot-
FeOOH) by Raman spectroscopy. The lighter strips are composed of magnetite
(Fe,0,) or maghemite (y-Fe,0,). Itis difficult to discriminate these phases be-
‘cause heatmg caused by laser can transform magnetite into maghemite . In
one zone near the metal/scale interface, some akaganeite (3-FeOOH) was iden-
tified. This phase is due to the presence of chloride in the oxy-hydroxide lat-
tice. Near the external zone of the rust layer, lepidocrocite (y-FeOOH) mixed
with goethite has been detected. Lastly, in some dark strips observed in the
corrosion scale, carbonates where identified. It is not possible to determine
exactly which carbonate is present but it is certainly a mixed compound of iron
and calcium carbonate, like it has been detected on ancient iron artefacts under
soil corrosion conditions 12, These results are in good agreement with the
analyses realised on indoor ancient corroded artefacts "

Usually, it is found in the literature that atmospheric corrosion leads to
the formation of corrosion scales containing goethite, magnetite and
lepidocrocite. Moreover, analyses of ancient iron artefacts exposed to outdoor
atmospheric corrosion have evidenced the presence of phosphate in the corro-
sion scale'*. Phosphorous could not also be indentified umabiguously in the
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Fig. 17: Optical microphotograph of the corrosion scale.

sample. The metallic substrate of these samples contained phosphorous, which
was assumed to lead to the formation of these particular phases. However, in
the case of the sample from the Jhansi cannon, no such phases where detected
by Raman microspectroscopy in the corrosion scale. Some complementary analy-
ses by Energy Dispersive Spectroscopy could help further detection of this el-
ement in the corrosion products. Analysis of surface rust would also be useful.
It is important to also understand the role of phosphorous because it exerts a
beneficial effect on atmospheric corrosion resistance of iron'’,

CONCLUSIONS

The forge welded iron cannon located in the Jhansi fort, by name
Bhavani Saikar, has been addressed in this communication. The dimensions of
the cannon have been provided. The main barrel of the iron cannon was manu-
factured by forge welding two layers of iron rings over 15 longitudinally placed
iron staves. The weight of the cannon has been estimated as 5 tons. A minimum
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number of 125 iron rings have been used in the construction of the cannon. The
material of construction of the cannon is direct-reduced iron. Microstructural
analysis of the iron revealed a heterogenous distribution of slag inclusions. The
grain size was relatively uniform throughout the matrix. Although etching with
nital produced ghost structures, the presence of phosphorous could not be con-
firmed by Oberhoffer etchant. The corrosion product layer was analysed by
laser Raman spectroscopy and it revealed that the major constitutents of the
corrosion product (i.e. rust) was goethite (a-FeOOH).

ACKNOWLEDGEMENT

The authors would like to thank the Archaeological Survey of India for
assistance and permission to the study the iron cannon.

REFERENCES

1. P. Neogi, [ron in Ancient India, Indian Association for Cultivation of Science.Calcutta,
1914, pp. 32-40.

2 1.A. Khan, Gunpowder and Firearms: Warfare in Medieval India, Oxford University
Press, 2004, pp. 17-58.

3. R. Balasubramaniam, A. Saxena and T.R. Anantharaman, “‘Rajagopala - The Massive
Iron Cannon at Thanjavur in Tamil Nadu”, JHS, 40.3 (2005), this volume.

4. R. Balasubramaniam, K. Bhattacharya and A.K. Nigam, “Dal Mardan - The Forge-
welded Iron Cannon at Bishnupur”, IJHS, 40.3 (2005).

5k R. Balasubramaniam, M. Surender and S. Sankaran, “The Forge-welded Iror: Cannon
at Bada Burj of Golconda Fort Rampart”, IJAS, 40.3 (2005).

6. R. Balasubramaniam, S. Sankaran and M. Surender, “The Forge Welded Iron Cannon
near Fateh Burj of Golconda Fort Rampart”, IJHS, 40.3 (2005).

7. R. Balasubramaniam, “Kadak Bijli - The Forge-welded Iron Cannon at Jhansi Fort”,
IJHS, 40.3 (2005).

8. J.W. Stewart, J.A. Charles and E.R. Wallach, “Iron-Phosphorus Carbon System. Part
2: Metallographic behaviour of Oberhoffer’s reagent”, Mat. Sci. Tech., 16 (2000)
283-290.

9. E. Vega, P. Dillmann M. L'Héritier, P. Fluzin, P. Crew and P. Benoit, “Forging of

Phosphoric Iron. An Analytical and Experimental Approach,” in Proceedings of the
Conference Archaeometallurgy in Europe, 24-26™ September 2003, Milan, Volume
2, pp- 337-346.



10.

12.

14.

THE FORGE-WELDED IRON CONNON AT JHANSI FORT 369

Vikas Kumar and R. Balasubramaniam, “On the Origin of High Phosphorus Content
in Ancient Indian Iron”, International Journal of Metals, Materials and Processes,
14 (2002) 1-14.

D. Neff, S. Reguer, L. Bellot-Gurlet, P. Dillmann and R. Bertholon, “Structural
Characterization of Corrosion Products on Archaeological Iron: An Integrated
Analytical Approach to Establish Corrosion Forms”, J. Raman Spectrosc. 35(2004)
739-745.

D. Neff, P. Dillmann, L. Bellot-Gurlet and G. Béranger, “Corrosion of Iron
Archaeological Artefacts in Soil: Characterisation of the Corrosion System”, Corrosion
Science, 47 (2005) 515-535.

P. Dillmann, F. Mazaudier, S. Hoerle, “Advances in Understanding Atmospheric
Corrosion of Iron I: Rust Characterisation of Ancient Ferrous Artefacts Exposed to
Indoor Atmospheric Corrosion”, Corrosion Science, 46 (2004) 1401-1429.

R. Balasubramaniam and A.V. Ramesh Kumar, “Characterization of Delhi Iron Pillar
Rust by X-ray Diffraction, Fourier Infrared Spectroscopy and Mossbauer
Spectroscopy”, Corrosion Science, 42 (2000) 2085-2101

T. Misawa, K. Asami, K. Hashimoto, and S. Shimodaira, “The Mechanism of
Atmospheric Rusting and the Protective Rust on Low Alloy Steel”, Corrosion Science,
14 (1974) 279-289.



