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A Droplet of Liquid Steel:
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Abstract

The formation of steel prills is evident from all cru-
cible steel production ceramics. The paucity of crucible
steel ingots in the archaeological record means that the
tull production chaine opératoire remains incompletely
known and partly speculative. Here, we use the analy-
sis of prills from crucible slags and crucibles to explore
the composition of the missing ingots and to learn more
about their formation conditions. To test the correlation
of prill compositions with the ingots and/or the crucible
ceramic, we examined prills formed in two different
crucible types - ferruginous and non-ferruginous, used
in Telangana (India) and Merv (Turkmenistan) crucible
steel production, respectively. Both crucible types, when
fired at high temperatures under reducing conditions,
form prills across the crucible profile, i.e. in the outer fuel
ash glaze, the crucible body and the inner crucible slag.
Ferruginous crucibles from Telangana showed abundant,
pronounced and relatively large prills as compared to the
iron-poor kaolinitic crucibles of Merv. Factors including
the clay selection and addition of various tempers, fuel
ash and crucible charge all showed an influence on the
prill composition. Using SEM-EDS as our analytical tool,
we discuss the factors that influence the alloying elements
in prills, the prill microenvironments and their potential
relationship to the corresponding ingots.

Introduction

Crucible steel production! is one of the most techno-
logically demanding early metallurgical processes, op-
erating at temperatures of up to 1300 to 1350 °C in ce-
ramic crucibles and under fiercely reducing conditions
(Lowe, 1989; Srinivasan and Griffiths, 1997; Juleff, 1998;
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Feuerbach, 2002; Juleff, Srinivasan and Ranganathan,
2011; Balasubramaniam, Pandey and Jaikishan, 2007;
Rehren and Papakhristu, 2003; Alipour and Rehren,
2014; Guder, et al., 2022; Alipour and Rehren, 2023 etc.).

Accordingly, alumina-rich refractory clays were com-
monly used to produce these crucibles, consisting of the
crucible bodies, typically of cylindrical shape and a close-
ly fitting lid to ensure minimal gas exchange between the
crucible contents and the surrounding furnace atmos-
phere; the necessary pressure release was achieved ei-
ther through a porous ceramic body, or carefully applied
small openings in the lids (Rehren and Papachristou,
2003, p.400). Differences exist in the choice of additives
in the clay, such as crushed silica and grog (Merv: Feuer-
bach, 2002; Chahak: Alipour, 2017), charcoal and straw
(Kubadabad: Giider, et al., 2022), or rice husk and quartz
(south-central and southern India: e.g., Lowe, Merk
and Thomas, 1990), to further improve the thermal and
structural properties of the ceramic. In certain naturally
available high performance refractory kaolinitic clays,
no modifications were required (Akhsiket: Rehren and
Papakhristu, 2000) to produce crucibles.

Crucible steel-making crucibles are invariably fired
from the outside (Bayley and Rehren, 2007) and set in
groups in furnaces (Voysey, 1832; Craddock, 1998), re-
gardless of the actual process, whether carburisation
of bloomery iron with organic matter, co-fusion of
bloomery and cast iron, or decarburisation of cast iron.
This setting implies that the temperature within the cru-
cible is effectively the same as on its outside, while the
chemical environment, particularly the redox conditions
can vary between the furnace chamber, the body of the
ceramic vessels and the inside of the crucibles. During
firing, the crucible fabrics undergo several phase and
compositional changes and interact on their inside with
the charge and on the outside with the furnace environ-
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Figure 1. Map of crucible steel production sites in Asia, as referred in the text (modified from mapsofworld). Illustration: https://
www.mapsofworld.com/, modified by M. Desai and Th. Rehren, The Cyprus Institute.

ment. By the end of the process, the ingots are retrieved
and the crucibles discarded. At this stage, the crucible
body consists of three distinct parts: the inner crucible
slag, the crucible body and the outer fuel ash glaze (here-
after FAG).

Metallic iron prills form in the matrices of the cru-
cibles, as reported in most crucible steel production stud-
ies (Srinivasan, 1994; Feuerbach, 2002; Alipour, 2017;
Giider, et al.,, 2022). As first reported in the seminal study
by Freestone and Tite (1986) on southern Indian crucible
fragments, iron oxide from the ferruginous ceramic is re-
duced to metallic iron prills at high temperature. In the
early 2000s, prills were also reported from crucible steel
produced in non-ferruginous kaolinitic crucibles from
Merv (Feuerbach 2002). In the absence of ingots, prills
were analysed by electron microscopy for their compo-
sition and microstructure, assumed to be representative
of the ingot microstructure and composition (Feuerbach,
2002; Alipour, 2017).

We explored two case studies representing crucible
steel production using iron-rich ceramics from Telanga-

na and iron-poor ceramics from Merv, Turkmenistan,

respectively. This selection serves to compare the reac-
tion of these two fundamentally different types of fab-
rics to the process conditions, in order to test whether
the fabric type has an effect on the prill formation, and
how this shows in the prill compositions. The specific
sites were selected for the availability of material. We
analysed prills formed in these crucibles to understand
the effect of ceramic composition and firing environ-
ment on prill formation, vis-a-vis the formation of prills
from the charge alone. We discuss the common denom-
inators leading to the formation of these prills, such as
high firing temperatures, crucible ceramic composition,
strongly reducing redox conditions and availability of
alloying elements to reconstruct an important aspect of
the production parameters. The aforementioned factors
provide a unique compositional character to each prill,
thus showing high variability, due to localised composi-
tional differences, the effect of carbon-controlled reac-
tions, fuel selection, and clay preparation. The current
study was undertaken to see whether the prills in the
different layers differ from each other, and explore the

information potential of metallic iron prill formation in
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crucible steel ceramics, particularly the degree to which
micro-conditions within the different parts of crucibles
vary, and what these variations represent.

Problem and potential

It has long been known that metal prills form in one
or more of the three crucible parts (Freestone and Tite,
1986, pp.53-55; Lowe 1989). Under the high tempera-
ture reactions taking place at strongly reducing condi-
tions, any reducible compounds, that is those that can be
reduced to their metallic state using charcoal as the re-
ducing agent (Dillmann and LHéritier, 2007; Charlton,
et al,, 2012), within the charge, crucible fabric and FAG,
respectively, are reduced and consolidate as prills. Al-
though the prills are based primarily on iron, which by
itself will not melt even at these high temperatures, the
strongly reducing conditions ensure sufficient carbon is
present to form steel and bring the melting temperature

down by several hundred degrees Celsius (see Figure 2).
The prills typically take the optimum spherical, drop-
let-like shape, embedded in a viscous silica-rich glassy
melt that forms a protective bath (Pryce and Natapintu,
2009), thereby preventing re-oxidation of the prills. In
contrast, the non-reducible compounds (NRCs) frac-
tionate into the crucible slag and FAG melts. Despite sig-
nificant interstitial melt formation, the crucible bodies
retain enough of their crystalline structure to keep the
vessel mechanically stable; this limits the mobility of the
locally formed prills, resulting in no or very little coagu-
lation to larger prills within the crucible body. Ongoing
research has shown that several characteristics of these
prills differ systematically between crucible slag, ceramic
body and FAG, reflecting their different physio-chemical
microenvironments. Understanding the conditions that
affect the final prill composition therefore holds the po-
tential to benefit the reconstruction of the process con-
ditions under which they formed and to identify specific
process parameters from crucible waste fragments.
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Figure 2. Iron-carbon phase diagram. The melting temperature of pure iron is around 1540 °C. As the carbon content in iron in-
creases, the melting point decreases significantly. Thus, iron alloyed with 2 % carbon (steel) would begin to melt at around 1200 °C
and be fully molten around 1450 °C (courtesy, AG Caesar, CC BY-SA 4.0 <https://creativecommons.org/licenses/by-sa/4.0>, via
Wikimedia Commons). Illustration: AG Caesar, CC BY-SA 4.0 <https://creativecommons.org/licenses/by-sa/4.0>, via Wikimedia

Commons.
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Crucible slag and crucible slag film

The separation, melting and consolidation of the alloy
and its impurities inside the crucible resulted in the for-
mation of the crucible slag, which typically has a dark,
translucent black appearance and floats on top of the
liquid steel. The formation and composition of slag in
historical crucible steel making in India are poorly stud-
ied. If the crucible charge consists of bloomery iron and
organic matter, as in much of the southern Indian and
Sri Lankan wootz making, the slag forms from a com-
bination of any bloomery slag inclusions in the metal,
the ash of the added organic matter and some contribu-
tion from the ceramic vessel. In contrast, Central Asian
crucible steel making is characterised by the addition of
significant amounts of mineral additives to the charge,
resulting in much more slag formation (e.g., Rehren and
Papakhristu, 2000). This has been well studied in the
medieval Persian Chahak crucibles, that hold significant
amounts of crucible slag rich in prills including phos-
phorous, chromium and manganese from the crucible
charge (Alipour, 2017, pp.316-319; Alipour and Rehren,
2021; 2023). Due to the intimate relationship between
the crucible slag and the crucible steel ingot forming
during the process, it is likely that the prills trapped in
the crucible slag are compositionally close to the final
ingot. Since the ingots are very rarely preserved (but
see Jaikishan, Desai and Rehren, 2021 and Giider, et al,,
2022), analysing the prills preserved in crucible slag
gives an important window into the product of the pro-
cess (Srinivasan, 1994; Feuerbach, 2002).

In addition to the crucible slag that solidifies above
the ingot, a small part forms a film or layer between the
crucible wall and the ingot; due to the shrinkage of the
ingot when it solidifies at a temperature when the slag is
still viscous, this film often develops a ‘honeycomb’ pat-
tern in the lower half of the crucible walls. It has an in-
termediate composition between the main crucible slag
and the crucible body and is exposed to its own microen-
vironment, being trapped between the bulk of the liquid
steel and the ceramic body.

Ceramic body

The formation of metal prills in the ceramic body is
prominent in crucibles made from ferruginous clay,
as was the case in south-central and southern India,
Chahak and Kubadabad. During firing under reduc-
ing conditions, the iron oxide in the ceramic reduces to
metallic iron prills, and therefore very little iron oxide
remains in the bulk ceramic matrix, rendering it more
refractory (Freestone and Tite, 1986). The presence of

certain minerals in the ceramic body, such as ilmenite
or apatite, may add to the composition of the body prills,
while the semi-permeability of the ceramic prevents the
formation of larger prills, even at high temperatures. In
contrast, most Central Asian crucible steel-making ce-
ramics have very little iron oxide and therefore prills are
only sparsely present in their ceramic bodies, if at all.

Fuel ash glaze (FAG) and fuel ash slag (FAS)

During their use, the crucibles? are heated for extend-
ed periods of time in specific furnaces. Depending on
the furnace design, the fuel ash can interact more or less
with the ceramic on the outside of the crucibles. Due to
the strongly fluxing properties of fuel ash, this results in
the formation of a distinct and highly vitrified glaze-like
layer. This FAG layer reflects the composition of the ce-
ramic body and the fuel ash, therefore providing infor-
mation about fuel sources, operation temperatures, raw
materials and others.

Little is known about the fuel used to fire the cru-
cible furnaces. During firing, the organic component
of the fuel burns, whereas the inorganic component is
released into the furnace environment either as solid
ash, or as vapour. These inorganic components, pri-
marily lime (CaQ), magnesia (MgO), silica (SiO,), pot-
ash (K,O) and phosphate (P,0;) (Misra, Ragland and
Baker, 1993; Stern and Gerber, 2004), interact with the
outside of the crucibles and the inside of the furnace
walls. Lime and potash are important fluxes, leading to
vitrification of the ceramic. Fuel ash is also a considera-
ble source of phosphorus and occasionally manganese;
the composition of the fuel ash varies widely between
different types of fuel, potentially opening the possibil-
ity to determine the type of fuel used from the compo-
sition of the FAG.

The FAG is a typically thin vitrified layer on a much
thicker ceramic body; accordingly, the ceramic compo-
sition outweighs the fuel ash component in the FAG.
In contrast, Fuel ash slag (FAS) forms greenish-grey
chunks of slag with various levels of vitrification, much
richer in FA and containing less ceramic material. We
interpret this FAS to have formed in the crucible fur-
nace during the prolonged firing, said often to last for
several days, due to the accumulation of large amounts
of fuel ash at the bottom of the furnace, where it ab-
sorbs relatively minor amounts of soil and ceramics.
Thus, while the main components from which FAG and
FAS form are the same linking the FAS to the FAG, they
contain different proportions of technical ceramic. Sev-
eral pieces of lose FAS from Telangana contained large
metallic iron prills, which we include here as well.
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Redox conditions

The chemical behaviour of the compounds in the pres-
ence of carbon monoxide gas at high temperature dis-
tinguishes them as reducible or non-reducible. The
oxides or compounds that remain unreduced and/
or are oxidized during the firing process are termed
non-reducible compounds, or NRCs (Charlton, et al.,
2012; Dillmann and LU'Héritier, 2007). Oxides such as

Ca0, K,0, MgO, Al O;, etc. belong to this category.
Transition metal oxides, e.g. FeO, CuO, PbO etc. are re-
ducible under pre-industrial bloomery furnace condi-
tions (Puigdollers, et al., 2017). In crucible steel making,
however, more strongly reducing conditions and higher
firing temperatures prevail, leading to an intermediate
group of oxides, including SiO,, MnO and Cr,0O5 which
on their own are non-reducible. However, these can be
reduced to some extent and incorporated into the me-

Figure 3. Ellingham Diagram highlighting the reduction parameters of metal oxides. The oxides further down in the graph, such
as Si0,, TiO,, Al,O;, MgO and CaO, are more stable and not easily reduced by carbon monoxide. Note the different slopes for the
2C+0, = 2CO buffer (red line) and the metal - metal oxide buffers, resulting in more likely reduction at higher temperatures (X-ax-
is). Reduction of the oxide to the metal happens if the redox conditions are above the red line and below the metal — metal oxide
line. The green line shows the estimated operating temperature for the crucible steel production, around 1300 °C (source: metallos,
CC BY-SA 3.0 <https://creativecommons.org/licenses/by-sa/3.0>, via Wikimedia Commons). Illustration: metallos, CC BY-SA 3.0
<https://creativecommons.org/licenses/by-sa/3.0>, via Wikimedia Commons, modified by M. Desai and Th. Rehren.
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tallic phase in the presence of metallic iron (Rostoker
and Bronson, 1990, pp.107-113), which acts as a sink
and constantly removes the reduced metal from the
equilibrium reaction.

Of these, SiO, is an omni-present compound, but of-
ten chemically bonded as silicate, which prevents easy
reduction. However, in rice husk temper, where it is pre-
sent as phytoliths of pure silica with a large surface area,
it undergoes a carbothermic reaction with the disinte-
grating temper serving as the carbon source.

Iron-rich ceramic bodies

Northern Telangana landscape is well-known pre-indus-
trial crucible steel production (Lowe, 1989; Lowe, Merk
and Thomas, 1990; Jaikishan, 2007; Srinivasan, 1994; Ju-
leff, Srinivasan and Ranganathan, 2011; Jaikishan, Desai
and Rehren, 2021).

The crucibles here range from 2 to 12 cm in diame-
ter (Lowe 1989); their profile consists of the outer FAG,
the rice husk-tempered crucible body and the inner cru-
cible slag film (Figures 4 and 5a-d). All three parts of the
crucible profiles contain prills, as previously reported
by Balasubramaniam, Pandey and Jaikishan (2007) and
Girbal (2017). These metallic iron prills are alloyed with
carbon and also phosphorus and/or silicon. The distri-
bution and composition of these alloying elements vary
greatly within and between the prills. As a general rule,
FAG prills contain higher phosphorus; in the crucible
body, the metallic prills contain silicon, phosphorus, or
both and in the crucible slag and the crucible slag film
the prills are typically alloyed with low to intermediate
phosphorus compared to the FAG prills.

Previous work in iron-rich ceramic bodies

The seminal study by Freestone and Tite (1986) pre-
sents an understanding of the formation and role of iron
prills in ferruginous crucible clays from Ghattihosahal-
li, southern India. Under strongly reducing conditions,
ferruginous clays lead to the formation of metallic iron
prills, leaving behind very little iron oxide in the fabric
(about 1-3 wt.% oxide), compared to a bulk nominal
iron oxide content of 6-8 wt.%. Shortly thereafter, Srini-
vasan (1994) reported a high phosphorus iron prill from
crucible slag from Mel-siruvalur. Two other prills were
analysed from the Mel-siruvalur crucible fabric showed
no phosphorus elevation. Alipour (2017) and Alipour
and Rehren (2021) reported metallic iron prills in the
Chahak crucible bodies from southern Iran, based also
on ferruginous clays and various levels of phosphorus in
prills in the FAG and the crucible slag fins; the latter also
contained manganese and chromium. The phosphorus

FAG

Crucible
body

Cslag

C.slag film

Figure 4. Semi-preserved crucible body fragment with lid
luted on the top. FAG: fuel ash glaze, C.slag: crucible slag.
Crucible from Konasamudram, India. Photo: M. Desai and
Th. Rehren, Archaeological Science Laboratories, The Cyprus
Institute.

content in the Chahak FAG prills is higher in compar-
ison to prills in the crucible body and crucible slag fin
(Alipour, 2017, p.315).

Initial data from the early Islamic site of Essouk-Tad-
mekka in Mali shows ferruginous, organically tempered
crucibles with high carbon prills of cast iron composi-
tion in the crucible slag, suggesting their use for crucible
steel making (Rehren and Nixon, 2017, p.194). Most re-
cently, Giider, et al. (2022) reported analytical data from
Anatolian Seljuk period crucible steel making crucibles
from Kubadabad in western Anatolia, which were also
made from iron-rich clays. Here, the crucible slag is high
in manganese dioxide; unfortunately, the composition of
prills from the Kubadabad crucibles is currently unknown.

Iron-poor ceramic bodies

Several sites in Central Asia used white-firing, iron-poor
ceramics for crucible steel making, among them Akhsiket
in Uzbekistan and Merv in Turkmenistan. Here, we use
material from Merv as a comparative case study. The
Merv crucibles contained cast iron prills on the inner
surface of the crucible body (Feuerbach, 2002), although
they were not as numerous as they were in the Chahak,
Telangana, Ghattihosahalli and Kubadabad crucibles. To
compare the nature and content of metallic iron prills,
crucibles and crucible slag fins from Merv were system-
atically reanalysed with emphasis on the iron prills, using
the same methodology and instrumentation as for the
Telangana crucibles.
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250um

Figure 5a. Crucible slag, with metal prills in a glass matrix.
Scale: 250 pm or 100 x.

o

Figure 5c. Transition region between crucible body and FAG.
Note the silica-rich phytoliths (grey) in the burnt-out temper
cavities. Scale: 100 um or 300 x.

Figure 5b. Crucible body with rice husk temper and associated
metal prills. Scale: Imm or 25 x.

Figure 5d. FAG with large quartz grains (dark grey) and some
metal prills. Scale: 250 pm or 100 x.

Figures 5a-d. A sequential overview of the crucible profile (from left to right): crucible slag, crucible body with rice husk temper,
transition from body to FAG and FAG. Photos: M. Desai and Th. Rehren, Archaeological Science Laboratories, The Cyprus Institute.

Materials and methods

For this study, we selected crucible fragments that
showed several of the compositional layers described
above, representing both small and large vessels, where
available. The crucible steel production waste from Te-
langana includes broken crucibles, lose fragments of
crucible slags and FAS. The samples were prepared as
polished blocks following standard procedures for Op-
tical Microscopy (OM) and Scanning Electron Micros-
copy with Energy-Dispersive Spectromery (SEM-EDS)
analysis, finishing with a final polish using 1 g diamond
paste. During sample selection, the FAG, FAS, crucible
slag, crucible body and bases of the lids were probed for
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any projecting larger prills. Three such prills were isolat-
ed from Telangana crucibles, one from crucible slag, one
from FAG/S and one from the base of a lid. The remain-
ing prills were observed embedded in the matrix within
which they had formed. The results of crucible and prill
compositions are presented in Tables 1 and 2.

Multiple spot, areas and bulk assessments of the
prills embedded within the three layers of the crucible
profile, as well as of the prills isolated from the base of
the lid, FAS and crucible slag, were recorded. Analy-
ses of large prill were preferred to smaller prill analyses
and if smaller prill analyses were necessary, a spot spec-
trum was acquired at higher magnifications to avoid
capturing data from the background matrix. Those



Table 1. Lists the normalized bulk prill composition in wt.% all elements. The prill composition reported in this table demonstrates
the heterogeneity within the prills formed in different crucible matrices. Prills with lower phosphorus bulk concentration can show
higher levels of phosphorus in spot analyses given the segregation tendency of phosphorus in steel.

P,0; K,0 CaO TiO, MnO FeO Cruwallsize
0.3 3.3 1.5 0.7 0.1 52 (>=1cm)
0.6 2.0 2.1 1 0.1 94 (<=1cm)
01 29 18 12 0.1 6 (<=1cm)
01 52 16 08 01 32 (>=lcm)
0.1 3.7 1.2 0.7 0.1 31 (>=1cm)
0.2 3.7 1.4 0.6 0.1 3.7 (>=1cm)
0.1 6.1 1.6 0.6 0.1 35 (>=1cm)

P,0; K,0 CaO TiO, MnO FeO Cruwallsize
14 55 70 07 01 63 (>=1lcm)
0.2 2.2 3.0 1.2 0.1 53 (<=1cm)
0.1 2.7 17.6 0.6 0.1 24 (<=1lcm)
02 58 31 08 nd 56 (>=lcm)
0.6 3.7 19.0 0.6 0.1 44 (>=1cm)
1.0 5.3 20.0 0.5 0.1 1.0
1.7 2.9 27.6 0.6 0.1 1.4

P,0; K,0 CaO TiO, MnO FeO
n.d. 3.7 11.6 0.8 0.1 4.3

Crucible body ( wt.% oxide) Na,0 MgO ALO; SiO,
Ind-Ibh'19-Cru003 (10) 0.6 1.5 242  62.6
Ind-Chn‘19-Cru001D (3) 0.9 2.2 245 57.1
Ind-Gur‘19-Cru001B (8) 0.4 1.7 244  61.5
Ind-Kp'19-Cru001D (5) 0.8 1.0 246 627
Ind-Kp'19-Cru001C (14) 0.8 1.4 253 635
Ind-Kp'19-Cru003 base (13) 0.7 1.1 26 62.4
Ind-Ksm'19-Cru003 (12) 1.1 1.0 22.7 63
FAG (wt.% oxide) Na,0 MgO ALO; SiO,
Ind-Ibh-Cru003 1.0 2.8 19.5 55.7
Ind-Chn19-Cru001D FAG (13) 1.2 2.2 193 654
Ind-Gur‘19-Cru001B FAG (6) 0.2 3.5 144 585
Ind-Kp'19-Cru001 A (8) FAG 0.9 12 29 593
fragment

Ind-Kp'19-Cru001D (6) FAG 0.6 3.5 16.5 50.9
Ind-Ksm'19-SI002A and B (29) 05 5.0 153 512
FAS

Ind-Ksm'19-S1002 (20) FAS 0.3 3.7 15.0 46.6
Crucible slag/crucible slag film

(Wt.% oxide) Na,0 MgO ALO, SiO,
Ind-Ibh'19-Cru003 (9) c.slag film 0.6 2.8 115 66.3
Ind-Ksm'19-Cru007B (12) 0.9 05 210 657
c.slag film

Ind-Ksm'19A-Cru009A (7) 0.5 25 2.1 513
c.slag film

Ind-Ksm‘19-S1002D (18) 0.4 38 193 491
2 samples c.slag

Ind-Ksm?22-Cru slag a (21) 0.4 46 167 513
2 samples c.slag

L= p 128007 (1) 04 41 174 515

2 samples c.slag

analyses where the surrounding matrix was includ-
ed in the spectrum, as indicated by aluminium peaks,
were discarded. Variations in alloy compositions inside
the bigger prills were identified by collecting, whenev-
er it was practical, several spot and area spectra. The
quantification of carbon in the metal proved difficult
due to the low accuracy of EDS in determining lighter
elements and the need to carbon-coat samples to pre-
vent charging during imaging and analysis. Therefore,
the microstructure of the prills as seen in Back-Scatter
Electron (BSE) imaging was used as a guide to its car-
bon concentration. Identification and photographing
of any possible microstructures in prills became easier
using a high contrast BSE setting.

The compositions of the melt and ceramic bodies
surrounding the prills are presented in wt.% oxide with

n.d. 6.7 1.0 0.6 n.d. 3.6

n.d. 2.9 12.1 2.7 0.4 1.5
<0.2 2.6 21.5 1.7 0.4 1.0
n.d. 4.0 20.2 1.1 0.2 1.1
0.1 3.2 20.6 1.6 0.1 3.8

oxygen determined by stoichiometry, while the prill
compositions are reported in wt.% as measured for all
elements, including oxygen if present. All results have
been normalised to 100 weight percent. During analy-
ses, the working distance was kept at 8.50 mm, the EHT
at 20 kV, the aperture size at 30 mm and the beam cur-
rent at 2.5 nA. The beam intensity, stability and channel
alignment of the detector were monitored through regu-
lar measurements of a copper tape and the analytical to-
tal / beam intensity was further monitored by analysing
quartz crystals as stoichiometrically pure SiO, contained
inside the FAG layer of the crucible.

For Merv, sample preparation and SEM-EDS analy-
ses were conducted on newly prepared cross-sections of
Merv samples already published by Feuerbach (2002).
Identical preparation and analytical techniques and pa-
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Table 2. Showing the normalised compositions of FAG/S, crucible body and crucible slag, in wt.%. Compared to the ceramic bodies,
the FAG/S region is characterised by high CaO and low alumina concentration, likely due to the contribution from lime-rich fuel
ash. Of the other typical FA oxides, potash potentially evaporated due to high operating temperature (Misra, Ragland and Baker,
1993) and phosphate reduced to iron phosphide. Magnesia is elevated as expected. Silica remains similar, indicating silica content
in FA. The other FA oxide potash is more or less in varying concentrations (ranging from 1.5-5.8 wt.% oxide) and not significantly
enriched in FAG/S. The crucible slag or crucible slag film has an alumina content in the range of 17.4-21 wt.% and high CaO content,
except in one instance (Ind-Ksm'19-Cru007B) where the low CaO is compensated by high potash content.

Sample name, matrix, prill no.

Crucible body prills (wt.% all elements) O Al Si

Ind-Ibh-Cru 003_prill 18 13 02 135
Ind-Ibh-Cru 003_prill 3 n.d. 0.2 21.1
Ind-Chn-Cru001 D_prill 11 2.5 0.1 5.7
Ind-Gur‘19-Cru001B_prill 6 nd. 02 165
Ind-Kp'19-Cru001C_prill 13 25 02 0.2
Ind-Kp'19-Cru001D_prill 15 0.6 0.2 6.2
Ind-Kp'19-Cru003 base_prill 5 1.6 02 9.1
Ind-Kp'19-Cru003 base_prill 6 1.7 02 119
Ind-Ksm‘19-Cru009A_prill 4 nd. 02 1.4
Ind-Ksm‘19-Cru009A _prill 5 nd. 02 175
FAG prills (wt.% all elements) (0) Al Si
Ind-Chn'19-Cru001 D_prill 2 n.d. 0.2 0.8
Ind-Kp19-Cru001A_prill 11 nd. 0.1 0.5
Ind-Kp'19-Cru001D_prill 2 24 01 0.2
Ind-Kp‘19-Cru001D_prill 7 24 02 0.2
Ind-Ibh-Cru 003_prill 29 nd. 02 0.4
Ind-Ksm‘19-S1002A_prill 18 n.d. 0.2 0.2
Ind-Ksm‘19-S1002A_prill 1 nd. 02 0.2
Ind-Ksm‘19-S1002C_prill 1 nd. 02 0.1
Ind-Ksm‘19-S1002 slag_large prill nd. 01 0.1
C.slag (wt.% all elements) (0) Al Si
Ind-Ibh‘19-Cru003 (9) nd. 0.2 0.2
Ind-Ksm'19-Cru007B_melt 5 0.6 0.2 0.2
Ind-Ksm‘19-Cru009A _prill 11 n.d. 0.2 0.1
Ind-Ksm‘19-S1002D_prill 6 06 02 0.2
Ind-Ksm22-Cru slag a_prill 1 1.1 02 0.1
Ind-Ksm?22-Cru slag a_prill 2 1.3 02 0.1
Ind-Kp'19-S1007_prill 12 n.d. 0.2 0.2
Ind-Kp'19-S1007_prill 9 nd. 01 05

rameters were used for Merv and Telangana samples.
The Merv results are analyses of three crucible fragments
from bag MGK 4, a big crucible (see Feuerbach, 2002,
p.47), which was cross-sectioned along with its base
pad ceramic with base pad ceramic glaze, two shiny slag
fragments randomly selected from bag Mgu 95 4-47-60
7mm RS (fragment 1 with some crucible body) and cru-
cible slags 3B (with some crucible body attached) and 4B
from bag MGK 93. The big crucible and MGK 4 crucible
fragments have a thin layer of crucible slag film attached
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P A% Cr Fe Ni Cu Others

3.3 n.d. 0.1 81.0 0.1 nd. Mn=04

1.8 0.1 0.1 75.8 nd. nd Ti=0.4, Mn=0.4
0.8 0.2 0.2 89.9 0.2 0.1

1.5 nd nd 811 nd nd

139 n.d. nd. 828 0.3 0.1

02 nd nd 927 02 nd

11.0 0.4 0.2 76.6 0.1 0.2 Ti=0.4, Mn=0.3
6.5 0.3 0.2 78.4 0.2 0.1 Ti=0.2, Mn=0.3
11.9 0.1 n.d. 86.0 n.d. 0.1

2.2 0.1 0.1 79.4 n.d. 0.2

P \% Cr Fe Ni Cu

01 nd nd 989 nd nd

2.5 0.2 0.1 96.3 0.1 n.d.

66 nd nd 8.8 02 nd

20 nd. nd.  96.1 0.5 0.1 S=0.3

13.9 nd n.d. 84.9 0.2 0.1

21.1  n.d. 0.1 784 nd. nd

21,0 nd. nd. 785 nd 01

83 nd. nd 917 nd 01

12.5 n.d. nd.  86.1 0.2 0.1

P \'% Cr Fe Ni Cu

06 nd nd 984 nd nd

02 nd nd 989 nd nd

0.6 0.1 0.1 98.5 n.d. 0.1

01 nd nd 989 nd nd

10.7 n.d. n.d. 87.7 0.1 n.d.

04 nd nd 977 nd nd S=02

8.9 nd nd
98.8 nd. nd.

125 nd. nd.
04 nd nd

to the body. The Merv sample nomenclature is carried
forward from Feuerbach (2002) to avoid confusion and
promote reproducibility.

The Merv base pads are a feature added to the cru-
cibles to keep them stable on the furnace floor. The base
pad ceramic has a black FAG, which is compositionally
similar to the ceramic FAG. The base pad ceramic also
appears to have the same composition as the crucible
body, although this was not further explored for this
study.



Table 3. Composition of Merv crucible body, FAG, crucible slag and base pad ceramic reported in wt.% oxide. A small fragment of
crucible body was attached with c. slag3B (frag 1). The fragments are independent samples with same sample labels as curated by
Feuerbach (2002). Both the fragments of crucible slag Mgu 95 are high MnO c. slags, analytically identical and likely from the same

crucible.

Crucible body (wt.% oxide) Na,0 MgO ALO; SiO,
3B with some c.body attached 0.4 04 29.1 635
Big crucible 0.2 0.5 293 629
MgK 4 (2 frag) 03 05 285 650
FAG (wt.% oxide) Na,0 MgO ALO; SiO,
Big crucible FAG 0.3 25 248 586
MgK 4 (2 frag) FAG 08 23 238 543
Crucible slag (wt.% oxide) Na,0 MgO ALO; SiO,
3B 0.4 2.2 20.8  55.6
4B 0.3 34 18.5 52

Mgu 95 (2 frag) 0.2 25 158 473
Big crucible (c.slag film) 0.4 1.8 264 56.1
MgK 4 (2 frag) (c.slag film) 0.8 4.1 19.0 525
Base pad (wt.% oxide) Na,0 MgO ALO; SiO,
Base pad glaze 0.3 3.0 208 538
Base pad ceramic 0.3 0.7 247 657

Figure 6. SEM-BSE image of a prill (#7) from crucible lid of
Ind-Ksm-Cru003 illustrating graphite formation as nodules
and flakes. Silicon ranges from 5.8-8.3 wt.% with very little
phosphorus (below detection limit). The graphite formation
indicates slow cooling of the prill and is triggered by the high
silicon content. Scale: 100 um or 200 x. Photo: M. Desai and
Th. Rehren, Archaeological Science Laboratories, The Cyprus
Institute.

Tables 3 and 4 give the most typical composition val-
ues of Merv crucibles, crucible slag, base pad ceramic
and prills. Given the enormous compositional variance
that can exist between any two prills, using the average
weight percentage of all collective prills in a single cru-
cible profile would be misleading. For the Telangana
samples, the crucibles and slags are labelled with their

P,0, SO, K,0 CaO TiO, MnO FeO $b,0,
nd nd 41 07 05 02 11 nd
nd nd 38 12 06 06 10 0l
nd nd 30 06 06 nd 12 0l

P,0, SO, K,0 CaO TiO, MnO FeO Sb,0,
nd nd 29 87 06 03 13 nd
02 06 41 121 05 nd 10 nd

P,0; SO, K,0 CaO TiO, MnO FeO $b,0,
nd. nd 29 106 05 42 26 01
nd. nd 29 15 05 52 19 01
nd. 01 14 157 05 147 17 01
nd. nd 44 67 05 19 17 01
06 06 23 173 06 07 16 0.1

P,0; SO, K,0 CaO TiO, MnO FeO Sb,0,
10 05 28 157 05 01 14 01
01 01 37 26 06 nd 14 nd

T I I |
50pm

Figure 7. SEM-BSE image of partly corroded prill # 28 formed
in a temper cavity in Ind-Ibh’'19-Cru003. Corrosion products
surround the prill and fill in porosities. In spot analyses, silicon
composition in the prill ranges from 15-17 wt.% and phospho-
rus from 0.3-1.6 wt.%. Scale: 50 um or 500 x. Photo: M. Desai
and Th. Rehren, Archaeological Science Laboratories, The Cy-
prus Institute.

country code (Ind), site code (Kp/Gur/Ksm etc.), year of
collection and sample type (crucible [cru]/slag [sl]) and
a running number; details of these samples will be pub-
lished separately (forthcoming Desai, 2023). Each prill
number corresponds to a unique prill in the individual
sample.

64 Metalla Nr. 27.1 / 2023, 55-80



Table 4. Normalised composition of Merv prills reported in wt.% all elements formed within the crucible body, glaze, slag and base
pad ceramic. Please note, fragment 1 of Mgu 95 crucible slags and crucible slag 3b have some crucible body attached.

Sample name, matrix, prill no.

S
0.6
0.7

n.d.

0.2
n.d.
0.1

0.1
0.1
0.3

n.d.
n.d.
n.d.
n.d.
n.d.
0.1

0.1

33.0
36.1
34.8
40.9

K

n.d.

0.1

0.2

0.2
0.1
0.1

0.3
0.1
0.1

n.d.
n.d.
n.d.

0.1

n.d.

0.1
0.1

n.d.

0.1

n.d.

0.1

Ca

n.d.

0.1

n.d.

0.1

n.d.
n.d.

1.0
0.2
0.9

Ca

n.d.

0.1
0.2
0.4

n.d.

0.2
0.2

0.1
0.5
0.1
0.4

Ti

n.d.

0.1

n.d.

0.1

n.d.
n.d.

Ti
0.2

n.d.

0.1

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

v

n.d.
n.d.

0.1

n.d.
n.d.
n.d.

0.1

n.d.

0.2

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

Cr

n.d.
n.d.

n.d.

n.d.
n.d.
n.d.

0.1

n.d.

0.2

Cr

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

0.1
0.2
0.1
0.1

Mn
0.1
n.d.

0.2

n.d.
0.1
n.d.

0.2
0.1
0.1

0.3
0.1
0.4
0.4
0.2
n.d.
n.d.

0.3
0.2
0.4
0.1

Fe
91.8
78.9

88.5

84.5
97.3
78.5

Fe
78.3
83.5
75.2

Fe
98.0
98.3
97.2
97.5
98.3
95.4
95.4

Fe
54.5
58.2
60.4
36.9

Ni
2.3
5.7

0.3

1.6
0.2
2.1

0.1
44
1.1

n.d.
n.d.

0.1
0.1
0.1
0.1
0.1

0.3
0.3
0.2
1.7

0.4
0.5

0.3

0.1
0.2
0.1

0.2
0.2
0.2

0.2
0.3
0.4
0.4
0.1
0.5
0.5

Cu
8.1
0.5
1.4
11.5

As
1.9

n.d.

n.d.

0.1
0.4
0.6

As

n.d.

0.1
0.4

As

n.d.
n.d.
n.d.
n.d.

0.1

n.d.
n.d.

As
0.2
0.2
0.1
0.7

Sn
0.4
0.3

0.5

n.d.
n.d.
n.d.

Sn

n.d.

0.1
0.1

Sn

n.d.
n.d.
n.d.
n.d.
n.d.

0.1
0.1

Sn

n.d.
n.d.
n.d.
n.d.

Sb
0.2
n.d.

n.d.

n.d.
n.d.
n.d.

Sb
n.d.
n.d.
0.2

Sb
n.d.
n.d.
n.d.
n.d.
n.d.
0.1
0.1

Sb
n.d.
n.d.
n.d.
n.d.

Crucible body

(wt.% all elements) O Na Mg Al Si P
MgK 4 c.body prill 1 09 nd. nd 02 0.1 1.1
Mgk 4 c.body prill 2 39 nd. nd 12 1 72
Il;ifi[;}? :r;'b"dy prillquartz 56 4 01 04 59 06
Big crucible c. body prill 1 54 nd. 01 16 1.7 43
Big crucible c.body prill 2 0.7 nd. nd. 02 02 05
Body attached C.slag3B prill1 2.5 n.d. nd. 03 0.3 15.2
FAG (wt.% all elements) O Na Mg Al Si P
MgK 4 FAG prill 1 60 05 05 1.0 73 43
Big crucible FAG prill 1 22 nd. 0.1 05 0.8 7.7
FA glaze Fe-prill 6 aa 1 62 0.8 06 03 26 104
Crucible slag/crucible slag film

(wt.% all elements) O Na Mg Al Si P
MgU 95 prill 5 Frag 1 1.0 nd. nd. 02 01 0.1
MgU 95 prill 9 0.8 n.d. nd. 0.1 0.1 0.1
MgU 95 prill 11 Frag 2 0.8 nd nd 02 01 06
C.slag 3B prill 10 09 nd. nd 02 02 03
C.slag 4B prill 4 09 nd. nd. 02 0.1 nd.
MgK c.slag prill 1 1.8 11 02 02 02 01
MgU c.slag film prill 1 aa 1.8 1.1 02 02 02 0.1
Vitrified base pad and base

pad ceramic prills

(wt.% all elements) O Na Mg Al Si P
vit_base pad_FeS prill aa 1 3.0 nd. nd. 0.1 0.1 0.1
vit_base pad_FeS prill 2 2.7 nd. nd. 03 0.6 0.1
vit_base pad_FeS prill aa 2 2.0 nd. nd 02 0.1 0.1
Vit ceramic prill 2 6.9 nd. nd 02 03 02

Results

Telangana

Crucibles

The clay used for the Telangana crucibles is high in alu-
mina and medium rich in iron oxide and several percent
by weight potash; it is heavily tempered with rice husk.
The crucible bodies are black and porous. A mullite
crystal network formed across the crucible body, which
is a characteristic of alumina rich crucibles fired to high
temperature (e.g., Lowe, Merk and Thomas, 1990; Mar-
tinén-Torres, Rehren and Freestone, 2006). The FAG and
crucible slags here are higher in lime, potash and magne-
sia and lower in their silica and alumina content as com-
pared to the crucible body.
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Prills

We present the prills here according to their associated
crucible regions, i.e. first the crucible body prills, then
the as FAG/S prills, followed by prills in the crucible slag
film/crucible slag; in each case with some comments on
their microenvironment within which they have formed
(Figures 6 to 19).

The crucible body prills are high in silicon with a sig-
nificant presence of phosphorus in some prills. Silicon
in high-carbon alloys leads to the formation of graphite
as needles and nodules at the expense of cementite. Ac-
cordingly, graphite-containing high silicon prills are
seen in all crucible types, regardless of size. Both silicon
and carbon were available in the body matrix, due to the
high amount of added organic temper rich in siliceous
phytoliths.



250um

Figure 8. High contrast SEM-BSE image of prill #6 from
Ind-Gur’19-Cru001B. Area analysis quantifies high silicon
(~15 wt.%) and low phosphorus (~3.8 wt.%). The melt forms
within temper porosity; both porosity and ceramic matrix
are black due to the high contrast setting. The entire cluster
of iron melts/prills shows high values of silicon (9-16.6 wt.%)
and phosphorus (1.8-8.7 wt.%). Scale: 250 um or 100 x. Photo:
M. Desai and Th. Rehren, Archaeological Science Laboratories,
The Cyprus Institute.

Figure 10. SEM-BSE image of prill #5 (on left in yellow circle)
and prill #6 (on right in red circle) formed near disintegrated
temper in Ind-Kp'19-Cru003. The prill #5 contains 9 wt.% sil-
icon and 11 wt.% phosphorus and prill #6 contains 11.9 wt.%
silicon and 6.5 wt.% phosphorus. Scale: 250 pm or 100 x. Pho-
to: M. Desai and Th. Rehren, Archaeological Science Labora-
tories, The Cyprus Institute.

Telangana FAS and FAG iron prills have a higher
concentration of phosphorus than the crucible body,
crucible slag film and crucible slag prills, but they
rarely contain silicon. Instead, the prills in FAG and
FAS quantify phosphorus as high as 20 wt.%. Only in
the smaller crucible varieties with a smaller diameter
(<=5 cm) and thinner wall size (<=1 cm), where the
FAG layer was less distinct, silicon alloyed with iron

T00um

Figure 9. SEM-BSE image of melt # 13 in disintegrated rice
husk porosity from Ind-Kp'19-Cru001C. The area analyses
show phosphorus in the range of 11.5-13.9 wt.%. Scale: 100
um or 200 x. Photo: M. Desai and Th. Rehren, Archaeological
Science Laboratories, The Cyprus Institute.

50pm

Figure 11. High contrast SEM-BSE image of FAG Prill #2 from
Ind-Chn’19-Cru001D, characterized by low silicon (0.8 wt.%)
and phosphorus (0.1 wt.%) concentrations. The prill has a ce-
mentite-pearlite microstructure with inter-granular porosities
and beginning corrosion. Scale: 50 um or 500 x. Photo: M.
Desai and Th. Rehren, Archaeological Science Laboratories,
The Cyprus Institute.

prills in the FAG region, similar to the crucible body
prills nearby.

The prills in the crucible slag film and crucible slag
have no silicon and only some phosphorus, but less so
than the FAS/FAG prills (Figure 26). While there are
systematic differences in prill composition between
the different layers, it remains challenging to classify
prills based on their origin alone. However, the body
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Figure 12. SEM-BSE image of FAG Prill #3 with elongated
graphite flakes and corrosion of a dendritic phase, probably
austenite / pearlite, from Ind-Gur’19-Cru001. The matrix is a
partly-corroded eutectic of iron, phosphorus and silicon, and
probably some carbon. The silicon and phosphorus content
in the non-corroded region of prill #3 are 2.6 wt.% and 15.8
wt.% respectively. The bulk silicon and phosphorus (including
the corrosion) are 16.3 and 16.6 wt.% respectively. The tiny
prill #4 sitting on the lower tangent of prill #3 has high silicon
(11.6 wt.%) and relatively low phosphorus (3.5 wt.%). Scale:
250 pm or 100 x. Photo: M. Desai and Th. Rehren, Archaeologi-
cal Science Laboratories, The Cyprus Institute.

50um

Figure 14. SEM-BSE image of Prill #17 from FAS Ind-Ksm’19-
sI002A with 15-21 wt.% phosphorus. Phosphorus is higher in
the central medium grey region (21 wt.%, probably the Fe2P
phase) as compared to the surrounding Fe-Fe3P eutectic
(15 wt.%); we assume that the Fe part of the eutectic is corroded
out (now black). No silicon was found above the detection lim-
it. Scale: 50 um or 500 x. Photo: M. Desai and Th. Rehren, Ar-
chaeological Science Laboratories, The Cyprus Institute.
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Figure 13. SEM-BSE image of Prill #15 from crucible Ind-
Ibh'19-Cru003. This FAG prill contains 1.3-3.8 wt.% silicon
and 16-19 wt.% phosphorus. The main metal phase is probably
Fe3P. Corrosion primarily seen on the grain boundaries. Scale:
250 pm or 100 x. Photo: M. Desai and Th. Rehren, Archaeologi-
cal Science Laboratories, The Cyprus Institute.

S0pm

Figure 15. SEM-BSE image of Prill #1 in FAS Ind-ksm’19-s1002C.
Pearlite grains in phosphorus-rich matrix, with some corro-
sion of the pearlite. The light islands show a lower phospho-
rus (2.4 wt.%) content as compared to the darker background
(12.3 wt.%). The preferential corrosion of low phosphorus is-
land is consistent with the anti-corrosive property of phospho-
rus in steel. Area analyses report overall phosphorus in range of
7-8 wt.%. No silicon was found above the detection limit. Scale:
50 um or 500 x. Photo: M. Desai and Th. Rehren, Archaeologi-
cal Science Laboratories, The Cyprus Institute.



Figure 16a. Large prill (1cm diameter) partly embedded in FAS
Ind-Ksm’19-s1002. Photo: M. Desai and Th. Rehren, Archaeo-
logical Science Laboratories, The Cyprus Institute.

Figure 17a. SEM-BSE image of a large prill isolated from cru-
cible slag Ind-Ksm’19- S1002D. The corrosion on the outer edge
of the prill is progressing along the grain boundaries. The bulk
analysis indicates Si= 0.2 wt.% and P = 0.2 wt.%. Scale: Imm or
30 x. Photo: M. Desai and Th. Rehren, Archaeological Science
Laboratories, The Cyprus Institute.

prills are systematically much higher in silicon, reach-
ing to around 20 wt.% Si, while FAG/FAS prills are more
likely to be high in phosphorus, reaching up to around
20 wt.% P but not exceeding 1 wt.% Si (see Table 1). The
differences in prill composition do not, therefore, reflect
the bulk composition of the micro-environment within
which they formed (Table 2), but the specific mineralogy
and gas atmosphere at the point of their formation (see
below).

Figure 16b. SEM-BSE image of the prill. The light grey regions
have low phosphorus content between 2-5 wt.% and the darker
regions have 10-15 wt.% phosphorus. The specimen contains
Fe (small bright white phase, preserved only in the right part
of the image), Fe3P3 (light grey) and Fe2P2 (darker grey). The
Fe-Fe3P eutectic forms the matrix; in the left and central part
of the image, Fe is mostly corroded. Compare above, Figure 14,
for the same arrangement. Scale: 100 um or 200 x. Photo: M.
Desai and Th. Rehren, Archaeological Science Laboratories,
The Cyprus Institute.

Figure 17b. High-contrast SEM-BSE image of the microstruc-
ture of the prill, showing grain boundary cementite in a pear-
lite matrix along with some shrinkage porosity. The hyper-eu-
tectoid prill composition and microstructure correspond to the
analysed ingots from Konasamudram. Scale: 250 pm or 100 x.
Photo: M. Desai and Th. Rehren, Archaeological Science Labo-
ratories, The Cyprus Institute.

Merv results

Crucibles

The kaolinitic clay used for the Merv crucibles is high in
alumina and low in iron oxide and tempered with grog
and quartz (Feuerbach, 2002, p.49). In comparison to
the Telangana crucibles, the Merv crucibles are compact
and less porous. Silica and alumina are the major oxides
in the crucible body with some potash, around 1 wt.%
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Figure 18. High contrast image of prill #8 (crucible slag film)
from Ind-Ksm’19-Cru009A. Area analysis shows that the com-
position is low in phosphorus (0.3 wt.%). The prills shows ce-
mentite needles in austenite / pearlite matrix, indicating a high
carbon content. Scale: 50 pm or 500 x. Photo: M. Desai and
Th. Rehren, Archaeological Science Laboratories, The Cyprus
Institute.

50pm

Figure 19. High contrast SEM-BSE image of prill #6 from cru-
cible slag Ind-Ksm19-s1002D. The microstructure shows pearl-
ite with cementite lamellae and a phosphorus-rich intergranu-
lar matrix. The spot analyses show high P content in the matrix
(7.5-8.6 wt.%) demonstrating segregation of phosphorus into
the residual melt during austenite formation. The pearlite has
about 0.6 wt.% phosphorus. Scale: 50 um or 500 x. Photo: M.
Desai and Th. Rehren, Archaeological Science Laboratories,
The Cyprus Institute.

iron oxide and slightly lower lime (Table 3). A mullite
crystal network formed across the crucible body, which
is a typical characteristic of alumina rich crucibles fired
to high temperature (Lowe, Merk and Thomas, 1990;
Martinén-Torres, Rehren and Freestone, 2006). FAG
and crucible slags are higher in lime and magnesia and
lower in their silica and alumina content as compared to
the crucible body. The crucible slags also show a promi-
nent lime rich anorthite phase. Some crucible slags
contain higher manganese oxide in comparison to the
others. Feuerbach (2002, pp.75-77) divided the crucible
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slag into MnO rich and MnO poor groups based on the
MnO concentration in the slag. The crucible slag film
has a composition close to the composition of crucible
slag. The crucible slag film and crucible slag distinc-
tion seem unnecessary. However, in both the crucible
slag films i.e. in the big crucible and MGK 4 (in 2"
fragment), the MnO content is lower compared to the
crucible slags. The iron oxide concentration is more or
less consistent across the crucible profile ranging from
1-2 wt.% oxide.

Prills

The smaller sizes of the Merv prills makes them difficult
to analyse and quantification occasionally included sig-
nals from the background glassy matrix; accordingly, we
omitted any prills with more than 3 wt.% oxygen in the
EDS data (Table 4). Few prills were large enough for area
analyses, as shown in Figures 20 to 25. The little iron ox-
ide from the crucible clay reduces to prills; however, the
prills are minute white spots under the SEM and are not
as profound as those seen in Indian, Chahak (Alipour,
2017) and Kudadabad (Guder, et al., 2022) crucibles.

The FAG prills are enriched in phosphorus (especial-
ly in prill #1 in big crucible FAG and prill #6 in MGK 4:
see Table 4). All non-ferrous elements in the FAG prills
are below or about 1 wt.%. Phosphorus and silicon are
prominent in FAG prills, but follow no specific pattern.

The crucible body prills show some phosphorus en-
richment. The prills (prill 1_c. slag 3B and prill 1 big
crucible) with high phosphorus, usually form within
cavities in the ceramic matrix. However, prill 1 from the
big crucible has associated oxygen, aluminium, silicon
and nickel enrichment. Some body prills contain arse-
nic, minor quantities of copper, tin and antimony (be-
low the detection limit to 1.8 wt.%). The large prill #1
in MGK 4 fragment 2 and prill 1 in MGK 4 fragment
1, shows a high sulfur concentration (6.5 and 5.2 wt.%
respectively). The prills are formed on the edge of the
pore/void and the iron sulfide rich phase with around
25-30 wt.% sulfur is segregated on the grain boundary.
Sulfur, phosphorus and silicon show prominently in the
crucible body prills.

The crucible slag film is an extremely thin layer on
the inner wall of the Merv big crucible and MGK 4 cru-
cible (fragment 2). Crucible slag prills show no major
alloying element or enrichment. No traces of nickel, tin
or antimony are detected, but some copper content per-
sists. Both fragments of crucible slag Mgu 95 have very
high MnO concentration fragments (14-15 wt.% oxide)
whereas, crucible slags 3B and 4B have moderate MnO
(4-5 wt.%) and the two crucible slag films have even low-
er MnO content (0.5-2 wt.% oxide). The concentration
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Figure 20. SEM-BSE image of Merv crucible slag (dark grey,
upper left) from MgU 95 fragment 1 with corroded prills (light
grey). The diagonal band in the middle consists of soil particles
(felspar and quartz) trapped in corrosion. Black (lower right) is
mounting resin. Scale: 100 um or 200 x. Photo: M. Desai and
Th. Rehren, Archaeological Science Laboratories, The Cyprus
Institute.

SOum

Figure 22. SEM-BSE image of Prill #7 between crucible slag
and crucible body in MgU 95. The prill is rich in silicon, likely
reduced from excess silica from the quartz grain into the prill.
Area analysis gives high silicon (6 wt.%) and low phosphorus
(0.6 wt.%), with trace amounts of aluminium (est. 0.4 wt.%),
nickel and copper (est. 0.3 wt.% each). Scale: 50 pm or 500 x.
Photo: M. Desai and Th. Rehren, Archaeological Science Labo-
ratories, The Cyprus Institute.

of MnO in crucible slag showed no significant change in
Mn content in the crucible slag prills.

The Merv base pad (of the big crucible) prills are very
high in sulfur (30-40 wt.% nearly one-third of the nor-
malised values) with significant copper (0.5-11.5 wt.%)
(see Table 4). Some corrosion is observed in these prills.
There is no reason to assume that any of the crucibles of
our Merv analyses were used for any other metal than
crucible steel; thus, it is highly unlikely that the non-fer-
rous prills in the base pad come from the charge of a
cracked crucible.

100um

Figure 21. High-contrast SEM-BSE image of Merv crucible
slag prill 5 in MgU 95 fragment 2. The prills shows a pure
pearlitic microstructure with only trace amounts of nickel
and copper. Scale: 100 um or 200 x. Photo: M. Desai and Th.
Rehren, Archaeological Science Laboratories, The Cyprus In-
stitute.

25um

Figure 23. SEM-BSE image of crucible body prill #1 from MgK
4 (frag 1), with enrichment of sulfur (bulk 0.6 wt.%), some
phosphorus (0.2-1.1 wt.%), nickel (1-2.3 wt.%) and arsenic
(1.9 wt.%); the balance is iron. Scale: 25 um or 1 Kx. Photo:
M. Desai and Th. Rehren, Archaeological Science Laboratories,
The Cyprus Institute.

Discussion

The results have shown that iron-rich prills are wide-
spread across all three zones of the crucible profiles,
but with varying alloy compositions. We assume that all
prills contain significant carbon content, up to as much
as 2 to 3 wt.%; unfortunately, our analytical methods
did not allow for a quantification of the carbon con-
tent. Larger prills showed a microstructure typical of
high-carbon steels (see, e.g., Figures 17b, 18 and 19);
however, smaller prills did not. Here, it is the fact that
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Figure 24. SEM-BSE image of a cluster of prills in a cavity in
crucible body attached to Merv c. slag 3B. Prill #1 is the larg-
est prill with 15-16 wt.% phosphorus, while the smaller prills
show varying phosphorus content. Scale: 25 pm or 1 Kx. Pho-
to: M. Desai and Th. Rehren, Archaeological Science Labora-
tories, The Cyprus Institute.
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Figure 26. Plot of silicon vs phosphorus concentrations in
prills across Telangana crucible profiles from Table 2. Most
FAG/S prills and some C.slag prills show a lower silicon and
higher phosphorus concentration in comparison to C.body
prills. C.body prills typically have a higher silicon concentra-
tion but may contain significant quantities of phosphorus as
well. Tllustration: M. Desai and Th. Rehren, Archaeological
Science Laboratories, The Cyprus Institute.

they were evidently liquid at the time of their forma-
tion, as indicated by their roundness, which indicates
a sufficiently high carbon content to facilitate their
melting at the operating temperature. Furthermore, the
overall very carbon-rich highly reducing environment
in which they formed makes a significant carbon con-
tent in the prills highly likely.
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Figure 25. SEM-BSE image of partly corroded iron-sulfur prill
#9 in base pad glaze from the big crucible. Scale: 100 um or
200 x. Photo: M. Desai and Th. Rehren, Archaeological Science
Laboratories, The Cyprus Institute.

Telangana - iron-rich ceramics

Regardless of the size and thickness of the investigated
crucibles, the two main alloying elements in Telanga-
na iron prills beyond carbon are silicon and phospho-
rus. The crucibles with wall thickness >=1cm have a
well-developed profile of inner slag, crucible body and
outer FAG. In these cases, crucible body prills are very
variable in composition, but often high in silicon and /
or phosphorus (silicon mostly outweighing phospho-
rus). FAS/FAG prills are predominantly alloyed with
phosphorus at even higher levels than in the body prills,
but rarely contain silicon, while the crucible slag/slag
film prills may or may not be alloyed with phosphorus
(Figure 26). In contrast, in thin-walled crucibles, sili-
con is also found in FAG prills, as well as in crucible
body prills. Thus, the thin-walled crucible shows only a
subtle difference in composition between the body and
the FAG (Figure 27). Further work is needed to deter-
mine whether this is a unique feature of this particular
crucible, or a more systematic pattern.

Sources of phosphorus in iron prills

There are several possible sources for phosphorus to
enter the iron prills in highly reducing environments.
First, phosphoric iron may have been used as feedstock
for the process, based on phosphorus-rich ore (Vega, et
al., 2003; Godfrey, 2007; Thiele, Torok and Kolto, 2012).
Beyond this, there are several further sources of phos-
phorus to be considered.



Figure 27. Schematic of alloying patterns in the prills formed in
Telangana crucibles. All prills are assumed to contain carbon;
additionally, silicon is present mostly in body prills, while phos-
phorous can be present in all prills, but occurs predominantly
in FAG / FAS prills. Illustration: M. Desai and Th. Rehren, Ar-
chaeological Science Laboratories, The Cyprus Institute.

a) Apatite

Apatite is probably the most likely source of phosphorus
in iron prills in the crucible body. Apatite could be natu-
rally present in the clay used to make the crucibles or as
a contaminant of the sand used as a temper. SEM-EDS
bulk analyses of the Telangana ceramic bodies indicate
overall P,O5 contents in the order of 0.1 to 0.6 wt.%. Not
only would the total amount of apatite in the body mate-
rial be sufficient to explain the phosphorus content in the
prills across the crucible profile, but the localised nature
of discrete apatite grains would also explain the highly
variable concentrations of P in these prills.

The situation is different for the prills in the cru-
cible slag. For Chahak, the addition of apatite as part of
the additives in the crucible charge has been proposed
as the source of phosphorus in the resulting steel ingot
(Alipour and Rehren, 2023) and this is likely reflected
in the composition of the small prills trapped in the cru-
cible slag from that site. Whether this specific addition
can be assumed for any other production site is currently

unknown. For Telangana, no such mineral additives to
the crucible charge are known or suspected. However,
the crucible slag contains relatively high values of lime,
given the limited availability of wood and resulting wood
ash in the charge within the crucible cannot enrich the
lime sufficiently in the crucible slag. This leaves the pos-
sibility of additional lime coming from the bloomery
iron slag trapped in the feedstock, or the addition of an
as yet unknown other lime rich source added as a flux
into the crucible.

b) Fuel ash phosphates:

Fuel ash, is a major source of phosphorus, especial-
ly in the FAG/S prills. Wood and other organic fuels
are known to contain various amounts of phosphate
(Godfrey, 2007, p.48, 60) in addition to the other ash
components, primarily lime and silica (Reinmoller, et
al,, 2021). According to the oral histories of smelters
recorded by the Pioneering Metallurgy project (2011)
and discussed by Neogi (2017, p.121), teak and Acacia
Catechu wood, locally known as Sandra, dominates the
Northern Telangana forest flora, and are exploited for
iron smelting. Assuming the same source of charcoal has
been used as fuel for crucible steel production, we can
calculate the elemental contributions of wood ash using
published data.

The enriched lime content of the FAG and FAS com-
pared to the ceramic body can be explained through fuel
ash interaction. The wood ash data (Table 5) indicates a
P,0; to CaO ratio of 1:6; in FAG lime values average 8.5
wt.%, while phosphate values are between 0.1-1.4 wt.%,
averaging 0.5 wt.% and a ratio of 1:17. Thus, the fuel ash
provides a multiple of the phosphate actually contained
in the FAG incl. the prills, indicating that some phos-
phate is either volatilised, or removed as elemental phos-
phorus alloyed into larger iron prills that separate from
the FAS (see Figure 16b).

¢) Rice husk as a source of phosphorus in crucible body
prills

In addition to the assumed dominant role of apatite as
a phosphorus source in most body prills, there is a pos-
sibility that the rice husk used as temper in some cru-
cibles may have contributed some phosphorus. However,
the available data on the rice husk composition (Mehta,

Table 5. Teak wood ash data from torrefied teak wood from Nigeria, Africa. Indian teak wood will vary in compositions based on the
difference in soil and climate. Total ash content of 2 % for wood dried at 320 °C; adapted from Adeleke, et al. (2020).

Oxides in wt.% Sio, ALO;  TiO, FeO

Teak ash 30.3 4.9 0.3 3.2

CaO  MgO Na,0 K,0 SO,  P,0s

26.8 5.4 3.0 18.3 3.2 4.2
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1992; Ikpo and Okpala, 1992; Zhang and Malhotra,
1996; Bui, Hu and Stroeven, 2005; Ganesan, et al., 2008;
Memon, Shaik and Akbar, 2011; Chopra and Siddique,
2015; Kannan and Ganesan, 2016) shows phosphate in
rice husk as a minor constituent. However, phosphate
values are higher in the Nigerian rice husk (Raheem and
Kareem, 2017). Therefore, if the phosphates are present
in the local rice husk variety, it could contribute to phos-
phorus enrichment in the body prills.

The source of silicon in the prills

The presence of silicon in Telangana crucibles is restrict-
ed to body prills, which have an average of 10 wt.% Si and
reaching 20 wt.% in the extreme. Rostoker and Bronson
(1990, p.107-108) discuss in detail the reduction of silicon
into iron, as observed mostly in blast furnace operations;
here, we see a similar phenomenon but under different
process conditions. Notably, these prills seem to be asso-
ciated with burnt-out organic temper (e.g. Figures 6-12),
typically elongated porosity resembling the rice husk
structure (Balasubramaniam, Pandey and Jaikishan,
2007; Freestone and Tite, 1986). No dumbbell shaped
phytoliths are observed in the crucibles that could point
to adding rice straw as temper (Athira, Bahurudeen and
Appari, 2021). In contrast, Telangana FAG and crucible
slag prills show on average less than 0.4 wt.% silicon,
with individual prills not exceeding 1 wt.% Si. Since the
temperature and redox conditions between the three dif-
ferent layers were identical, it is apparent that the differ-
ent chemical environment resulted in the different com-
positions. Dry rice husk contains about 75 % of organic
matter and about 25 % ash (Raheem and Kareem, 2017)
and the vast majority of this ash is silica, ranging from 75
to 90 wt.%, with only phosphate and alumina exceeding
5 wt.% in some analyses (Mehta, 1992; Ikpo and Okpala,
1992; Zhang and Malhotra, 1996; Bui, Hu, and Stroeven,
2005; Ganesan, Rajagopal, and Thangavel 2008; Memon,
Shaikh, and Akbar, 2011; Chopra and Siddique, 2015;
Kannan and Ganesan, 2016; Singh, 2018; Siddika, et al.,
2021).

In the Telangana body prills, the silica from the rice
husk is exposed to highly reducing conditions, apparently
sufficient to convert it to elemental silicon. This reaction
reflects the microenvironment around the prills, with the
carbon from the temper itself accelerating the reduction.
However, according to the Ellingham Diagram (see Fig-
ure 3), even at temperatures around 1400 °C silica should
not be reduced to silicon by carbon alone, since the Si
+ O, = SiO, equilibrium falls below the C + O, = CO,
line. We argue that it is close enough to facilitate some
partial reduction of SiO, to Si, similar to the evaporation
of water even below the boiling point. Rather than re-ox-
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idising in accordance to the equilibrium reaction, some
of this silicon then is likely absorbed by a neighbouring
iron prill acting as a sink, thus being removed from the
system and maintaining a constant reduction to silicon,
even though the formal equilibrium requirements for
silicon reduction of the Ellingham Diagram are not met.
Thus, this formation of silicon-rich iron prills is condi-
tional on the presence of pure silica particles with a large
reactive surface, high temperature, strong reducing gas
atmosphere and a nearby iron prill collecting the silicon
as it forms: A situation uniquely present in the rice-husk
tempered iron-rich ceramics of Telangana. Since most of
these silicon-phosphorus body prills form on the edge
of the disintegrated rice husk temper, the phosphorus in
these body prills could as well come from the temper.
The need for these very specific conditions to be met and
the limited mobility of the forming prills in the rigid ce-
ramic fabric lead to the high compositional variability of
the body prills (see Table 2).

Merv

The Merv crucibles® have a similar crucible profile as
those from Telangana, but are structurally and com-
positionally different. The Merv crucibles are made of
low-iron kaolinitic clay and are tempered with quartz
and grog. No use of organic matter for tempering is re-
ported or observed. The crucible FAG and base pad FAG
is thinner than the FAG from the ferruginous crucibles
of Telangana, as the kaolin-based clays are less suscep-
tible to vitrification and glaze formation. In spite of its
non-ferruginous clay nature, some iron prills do form in
FAG, base pad FAG, base pad ceramic, crucible bodies
and crucible slag. Most Merv prills are rather small and
often at the limit of what can be analysed without ‘con-
tamination’ from the surrounding matrix, as indicated
in elevated levels of aluminium, oxygen and calcium in
several of the analyses with elevated silicon (see Table
4). However, the phosphorus concentrations in FAG and
body prills are certainly real, since the surrounding ma-
trix does not contain significant amounts of P,O;. Over-
all, alloying elements found in the Merv prills include
phosphorous and silicon and in addition nickel, arsenic,
copper and tin, as well as sulfur. In contrast to the Telan-
gana crucible prills, phosphorous is more prevalent here
than silicon and the presence of non-ferrous metals is
unique to Merv.

The source of silicon

Both the body and the FAG prills show some silicon en-
richment, most likely from the reduction of some of the
free silica in the ceramic, such as quartz particles (see



Table 4: Mgu 95 prill quartz periphery). The reduction
of silica into silicon as an alloy with iron prills follows
the same process as in the Telangana crucibles. However,
the likelihood of it happening in the Merv crucible body
prills is lower due to the lower iron oxide content in the
ceramic and the absence of the highly siliceous rice husk
temper. Thus, it appears mostly limited to the reaction
of some quartz grains. While some silicon enrichment
in FAG and body is analytically certain, some others, for
instance in MGK 4 FAG (prill 1 and big crucible, c. body
prill 1: see Table 4) could be an analytical contamina-
tion (see above). However, Feuerbach (2002, pp.96-99)
has illustrated graphite flakes in one of the prills (prill
A.4.2 B). While her data does not report any silicon, it
is known that silicon in iron prills promotes the growth
of graphite (grey cast iron) rather than cementite (white
cast iron). Thus, the presence of graphite in some prills
from Merv indicates that they did indeed contain silicon
in the alloy.

The source of phosphorus

Some of the crucible body prills show high phosphorus
enrichment, although not as much as in Telangana cru-
cibles. In line with the lower bulk P,0O; content of Merv
ceramic bodies (below the SEM-EDS detection limit)
compared to Telangana (0.2 wt.%), prills with phospho-
rus enrichment are both few and very tiny, the reservoir
of phosphorus being very little and limited. In contrast,
the FAG prills show a high average phosphorus content
(see Tables 2 and 4); as in the Telangana crucible FAG
prills, this is likely due to the capture of phosphorus from
the fuel ash during firing.

Non-ferrous alloying elements and sulfide prills
Most of the non-ferrous alloying elements are found
in the crucible body prills, with an average of 1.5 wt.%
nickel, 1 wt.% arsenic and 0.4 wt.% copper. Similar val-
ues were also found in some of the FAG prills, while the
crucible slag prills only show a slightly elevated copper
content, but none of the other elements (see Table 4).
The single base pad sample from Merv available for
our study yielded numerous iron sulfide prills, both in
the body and the FAG, containing up to about 10 wt.%
copper and a small amount of arsenic. The pads are
thought to serve to elevate the actual crucibles with-
in the furnace chamber to sit above the fuel bed at the
bottom (Feuerbach, 2002, p.111), implying that the pads
themselves were embedded in the fuel and fuel ash. We
think it unlikely that these copper- and sulfur-rich prills
are the result of spilled crucible charge, e.g. from cracks
in the vessels. Both copper and in particular sulfur are
deleterious components in crucible steel, and sulfur has

not been reported in any significant amounts in analysed
crucible steel objects. Instead, given the desert oasis en-
vironment of Merv, it is more likely that the fuel ash con-
tained a significant amount of sulfur; in addition, the soil
itself is likely to contain significant amounts of gypsum,
which under the strongly reducing conditions would be
reduced to sulfide and bond with iron oxide from the soil
to form these iron sulfide prills.

It is noteworthy that the Merv crucible slag/film prills
contain far less of the non-ferrous alloying elements than
the body and FAG prills; thus, the two main contami-
nants nickel and arsenic are likely not part of the met-
al charge. Instead, their presence in the ceramic bodies
and the outer surfaces indicates that these two elements
are from environmental contamination in the industrial
area where the crucible workshop was found. Feuerbach
(2002, p.101) offers the possibility of copper being added
as crucible charge. This is a tempting assumption given
the persistent copper quantification in the prills. How-
ever, this does not explain the Ni and As found in body
and glaze prills, but not in crucible slag or base pad prills.

Manganese content in Merv crucible slags

The crucible slag in the Merv crucibles has MnO contents
ranging from c 4 to about 15 wt.%. Despite this, the prills
are more or less homogenous and show only very little
uptake of Mn in the metal phase. This raises the question
why MnO has been added to the crucible charge, where
it affected the slag composition, but had no discernible
alloying effect on the crucible slag prills and presumably
the main ingot. This is in contrast to the observation in
Giider, et al. (2022) who report up to 1.7 wt.% Mn in an
ingot fragment and around 21 wt.% MnO in the attached
slag, but consistent with the analyses in Alipour, Rehren
and Martin6n-Torres (2021) and Alipour and Rehren
(2023) where prills embedded in high-MnO slag did not
show elevated Mn content. It is thought (Rostoker and
Bronson, 1990, pp.107-113; Truffaut, 2014) that MnO
in slag facilitates carburisation of iron, even without
contributing to the alloy itself. Thus, MnO could have
been added to the charge to reduce the time needed to
complete the crucible steel formation. Several reasons
could then explain the variability in MnO in crucible
slags, such as that taller crucibles and with heavier ingot
output were supported by MnO based additives, whereas
for smaller ingot sizes less MnO additive would be used,
particularly if MnO was sparse or expensive. Alterna-
tively, there could be different workshop practices, pro-
cess-related variations, or time difference in production.
The Ellingham diagram shows that reduction of MnO to
Mn takes place once conditions are more reducing than
needed for chromium reduction, but less reducing than

74 Metalla Nr.27.1 /2023, 55-80



for silicon formation; thus, small variations in tempera-
ture and redox conditions may have played a major ef-
fect on whether MnO was reduced to the metallic state
or not. This topic, however, is beyond the remit of this

paper.

Prills: a representation of the ingot composition?

With very few exceptions (Jaikishan, Desai and Rehren,
2021; Giider, et al.,, 2022), the study of crucible steel
production is restricted either to contemporary written
sources, or the analysis of the production waste, while
the ingots themselves are not available for characteri-
sation. The composition of the ingots, however, plays a
significant role in the literature (Verhoeven, Pendray and
Dauksch, 2018; Wadsworth and Sherby, 1980; Alipour,
Rehren and Martindn-Torres, 2021). This raises the
question whether the prills identified here can be used
as a proxy for the ingot composition. The prills across
the crucible profile are compositionally highly variable.
Clearly, the prills from the FAG/S with extremely high
phosphorus or sulfur contents are unrelated to the in-
got, since they have no mechanical connection to the
crucible charge and form in chemically different envi-
ronmental conditions. Similarly, the crucible body prills
are more likely to represent the temper and the reducible
clay components than the charge. In both these cases, the
formation conditions are similar to that of the resulting
ingot in terms of temperature and redox conditions, but
differ in their chemical environment. The crucible slag
prills have the same formation conditions and chemical
environment as the ingot itself, yet, due to the difference
in surface area and volume between the two and the sur-
rounding silicate melt for the prills, the consolidation
and alloy component enrichment patterns remain differ-
ent. The slag covering the molten iron is likely to trap
these molten prill droplets, preventing them from merg-
ing with the pool of liquid steel below. Alipour, Rehren
and Martinén-Torres (2021) argue that the chromi-
um-rich crucible slag prills in Chahak broadly represent
the assumed ingot composition, but in the absence of ar-
chaeologically surviving ingots from the site, no testable
proof for this assertion is possible. The archaeological in-
gots recently made available from Telangana (Jaikishan,
Desai and Rehren, 2021) are compositionally different to
some of the crucible slag prills analysed here, in that the
prills have higher phosphorus contents, while the ingots
are pure carbon steels (Figure 28). Only the composition
of Ind-Kp'19-S1007 (see Table 2) and Ind-Ksm’19-s1002D
(Figures 17b and 19) prills resembles closely the compo-
sition and microstructure of the ingots (see Figure 28)
from Telangana. Further systematic work on crucible

Metalla Nr.27.1 /2023, 55-80 75

Figure 28. Etched optical micrograph at 100 um of the crucible
steel ingot from Konasamudram, Ing 32. The image shows
grain boundary cementite and cementite lathes in a pearlite
matrix and an average carbon content of around 2 wt.%. Photo:
M. Desai and Th. Rehren, Archaeological Science Laboratories,
The Cyprus Institute.

prills from multiple crucible steel production sites is re-
quired to discuss the representativity of the prills for the
ingots and the crucible charge.

Conclusion

We analysed iron-based prills in crucible fragments
from Telangana, India and Merv, Turkmenistan, which
exploited ferruginous and kaolinitic clays, respectively,
for crucible production. In most fragments of both cru-
cible ceramics, prills were found in three distinct lay-
ers, namely in the FAG formed under the influence of
the fuel ash from the furnace, the body of the crucibles
and the crucible slag. Despite some degree of overlap in
composition, we found systematic compositional differ-
ences between the prills formed in the three layers. We
demonstrate that the local enrichments and microenvi-
ronments have a high degree of influence on prill for-
mation and composition. The behaviour of NRCs differs
greatly between bloomery smelting and crucible steel
production, with their reducibility changing at the high
temperature, longer firing times, element availability and
strongly reducible conditions typical of the crucible steel
process. The laws of Ellingham diagram are not fully
obeyed in crucible steel production prills, but affected by
the reaction kinetics. Iron prill formation and alloying
occur irrespective of the crucible clay type, i.e. iron rich
or iron deficit. However, the frequency, development and
prominence of prills changes greatly, with ferruginous
ceramics showing higher frequency of well-formed prills



occurring in the crucible matrix in contrast to iron poor
ceramics.

The Telangana rice husk tempered crucibles with
silica-rich phytoliths offer extra silicon to alloy with the
body prills which can average around 10 wt.% silicon,
the principle alloying element of Telangana body prills
followed by phosphorus and carbon. The highly varia-
ble nature of silicon and phosphorus content in the prills
reflects the microenvironments of the forming prills. In
Telangana, this reflects the presence or absence of rice
husk (silicon) and apatite mineral (phosphorus) close to
the prill formation site. In Merv, silicon is only incorpo-
rated into the body prills near quartz grains, while the
assumed addition of non-ferrous crucible waste as grog
is likely responsible for the elevated nickel, copper and
arsenic contents in some of the body prills.

The crucible FAG prills are a representation of the
reducible fuel ash components, particularly phospho-
rus and, where present as in Merv, non-ferrous metals
from general workshop contamination. Thus, neither of
the prills formed in crucible body or FAG/S can repre-
sent the ingot composition, while only the crucible slag
prills potentially represent the crucible charge. Analysed
crucible slag prills should be further assessed for their
relationship with the charge put into the crucible and not
just the ingot removed from it at the end. A few crucible
slag prills may represent the ingot composition, but due
to heterogeneities among the prills the accuracy with
which they represent the charge or the product is hard
to determine. They may represent some exceptional or
intermediate composition.

Overall, the metal prills within crucible steel cru-
cibles provide a wealth of information regarding the orig-
inal clay and its preparation, the temperature, redox and
firing conditions of the process and those found in the
crucible slag provide a first approximation of the com-
positional nature of the ingots produced. As so often, the
data needs to be evaluated carefully and cannot be taken
at face value, but still offer insights into the crafts people’s
choices and activities that are not available otherwise.

Acknowledgements

We thank Dr S. Jaikishan for providing us the access to
the crucible fragments from Telangana and valuable in-
sights on Telangana iron and steel production, includ-
ing the fieldwork thereof. We warmly thank Drs St John
Simpson and Ann Feuerbach for fragments from the
crucibles from Merv for analysis, first conducted as part
of Dr Feuerbach’s doctoral research. We thank the State
Archaeology Department, Telangana and the Export

Authorities for permission to study the Telangana ma-
terial. The analyses were done at the Cyprus Institute as
part of the doctoral research of the first author. Financial
support for her doctoral studies from the Gerda Henkel
Foundation and from the A.G. Leventis Foundation for
the operation of the laboratory to the first and second
author, respectively, is gratefully acknowledged. Com-
ments by the editor and two anonymous reviewers great-
ly enhanced the quality of the manuscript; all remaining

€rrors are ours.

Notes

1 The discussion of the different production processes is
an important topic, but for the current project, we focus
on the observation and interpretation of prills, which are
unrelated to the actual steel-making process. Production
technology is discussed, e.g. by Rostoker and Bronson,
1981; Craddock, 1998; Juleff, 1998.

2 'There is no archaeological record on the pre-firing of
crucibles. The best and only description comes from S.
Jaikishan and R. Balasubramaniam (2007), reporting an
interview with wootz steel worker from Konapuram village
in Northern Telangana. They mention shade drying of the
crucibles for several days, but no pre-firing.

3 The Merv crucible steel making process has been inter-
preted variously over time as being either co-fusion (e.g.
Feuerbach, et al., 1998; Merkel, 2013) or cementation (e.g.
Feuerbach, 2002). Here is not the place to discuss this in
depth, but we note the absence of cast iron production in
Central Asia at the time in question, making co-fusion
unlikely. The similarity of some Merv crucible slag com-
positions to early modern blast furnace slags reflects in
our view not a similarity of process, but the similarity of
process conditions, i.e. being reducing enough to reduce
nearly all iron oxide from the melt to iron metal, irrespec-
tive of whether the carbon in the system comes from cast
iron or added organic matter in the crucible.
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