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Abstract

A group of iron artefacts were excavated from the stratigraphic layers at Kaman-Kalehdyiik in Central Anatolia, which were
dated to the Middle and Early Bronze Ages. Some of them were re-analysed to discuss the state of iron production during
such early periods, in terms of intentional carburization. The artefacts were re-examined via a minimally invasive approach
by using optical microscope, scanning electron microscopy and energy dispersive spectroscopy to determine their chemical
composition and microstructure. It was observed that the artefacts are composed of iron and/or steel. However, it is difficult to
assert that they were produced as steel intentionally, because of their varying C contents and the lack of correlation between
C content and artefact type. Such a finding could highlight the range in early efforts to smelt iron, while ancient metal work-
ers were trying to figure out how to control furnace conditions during the Bronze Age in Central Anatolia.
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Introduction

Iron production mainly consists of three main steps [1, 2]:
(1) Smelting iron ore to produce bloom, (2) primary smith-
ing to consolidate the iron and remove some impurities by
hammering the bloom into a bar, thus creating a semi-prod-
uct, and (3) secondary smithing to give the final shape to
the object through a series of annealing and forging steps.
Since metallic iron is soft, making an alloy with carbon (iron
with up to 2 wt.% C is called steel) is one way of making
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iron harder and sturdier, which is termed carburization and
is commonly viewed as a more advanced technology than
iron smelting and forging alone. Pearlite, which is a lamellar
structure with alternating cementite (Fe;C) and ferrite layers,
forms as a result of the carburization process [3—6]. There-
fore, the presence of the pearlite and/or cementite structures
in an ancient object indicates that it may have been originally
crafted with a steel composition.

However, according to previous studies [4, 7], a tech-
nical difference was suggested between unintentional and
intentional steel manufacturing, termed: primary and sec-
ondary carburization, respectively. The authors point out
that the random absorption of C into the bloom might occur
during smelting if a very C-rich and reductive environment
is formed in the furnace. The result is the formation of
cementite and pearlite in an ancient object, but its forma-
tion is unintentional [4, 7]. On the other hand, when an iron
object with its final shape is immersed into a hearth with
C-rich environment for a considerable time, it increases the
C content in the iron object and makes the iron object harder,
especially inwards from the edge of the object [2, 4]. If this
step is performed in addition to simple forging and heating,
it might indicate that the steel composition is formed inten-
tionally. Furthermore, Eliyahu-Behar and Yahalom-Mack [2]
state that even the secondary carburization is not enough
to make iron harder and preferable over other metals like
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bronze. A series of heat treatments like quenching and tem-
pering should be also undertaken to make iron harder and
preferable in comparison with bronze, which was the most
processed metal during the Bronze Age [2]. This complete
chaine operatoire also demonstrates a more advanced tech-
nology than simple iron production. Iron objects produced
by such an advanced technology started to be seen in signifi-
cant numbers from the Iron Age onwards in Central Anatolia
[8, 9] and evidence for their production prior to the Iron Age
is not quite definitive.

However, based on cuneiform tablets from the Bronze
Age, it is believed that the Hittites were skilled in ironmak-
ing (ca. 1700-1200 BCE). In the Hittite texts, iron appears
as a scarce source of valuable metal, which is used mostly as
offerings in temples and gifts for the kings [10, 11]. When
tracing back earlier, iron is one of the metals asserted in the
ancient texts from the Assyrian Colony Period (ACP, ca.
2000-1700 BCE) [12] and iron is described as a very pre-
cious metal [13, 14]. Veenhof [15] also points out that iron
was traded in small amounts, a couple of hundred grams
at most. One story from the ancient texts [16] gave a clear
picture of how lucrative the iron trade was during the ACP.
Larsen [16] mentioned a venture in an ancient text from the
archive of the Assyrian merchant Salim-Assur. The adven-
turous trade was to sell iron in the form of rings with the
weight of 18% shekels of iron (ca. 156 g) for silver which
was planned to pay the debt of 22%2 minas of silver (ca.
11 kg). This corresponds to the exchange rate 73:1 [15,
16]. Why was iron so incredibly expensive? Dercksen [14]
points out the inadequacy in ironmaking, which must have
made iron so expensive when compared to other metals. The
authors [14, 15, 17] also draw attention to the wide scale
of prices for iron: from 11%2 to 140 shekels of silver for 1
shekel of iron. Dercksen [14] considers ‘the greatly varying
degrees of purity’ as the reason behind this wide scale of
prices. The difficulty in controlling the iron smelting process
with a high reducing atmosphere and high temperature [18]
might thus lead to the changes in quality of iron. However,
this discussion based on textual sources poses the question:
can such discussion be supported by archaeological evidence
and were the iron materials in the archaeological record dif-
ferent enough in purity or quality to reflect on iron prices?
Although which types of iron mentioned in the ancient texts
are not distinguished clearly, it is commonly asserted that
ore and iron bloom were mainly sold [14, 15]. Meanwhile, a
group of iron artefacts were excavated from the stratigraphic
layers of Kaman-Kalehoyiik in central Anatolia, which were
dated to the Middle Bronze Age (MBA, ca. 1930-1400 BC)
and Early Bronze Age (EBA, the intermediate phase ca.
2100-1930 BC) (Fig. 1). Such artefacts may thus hold clues
that can be used to answer the above question.

The above iron artefacts from the Bronze Age were
studied in Akanuma [19-25]. Some of the artefacts were
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described in terms of their microstructure and composition.
Subsequently, the steel composition with bright cementite
lamella was recognized in the microstructural analysis. How-
ever, it was not thoroughly discussed if this steel composi-
tion was intentionally formed or not. Therefore, a group of
iron artefacts from the MBA and EBA were re-examined in
this study.

Also, another concern about such early iron artefacts
is whether they were made from the iron extracted from
terrestrial iron sources and thus smelted or were obtained
from meteoric iron, which is composed of Ni—Fe alloy [26]
and one of the main sources for iron during the Bronze Age
[27-30]. The artefacts were thus re-analysed in terms of
morphology, composition (dominant phases), concentra-
tion and distribution of C, in order to discuss their source
(meteoric and terrestrial) and if intentional carburization was
possible at such early periods.

Materials
Excavation and Stratigraphy

Kaman-Kalehoytik is an ancient mound in central Anatolia,
about 100 km southeast of Ankara in Turkey. The ancient
mound is 16 m in height and extends over a circular area
280 m in diameter [31] (Fig. 1). The excavation of the ancient
mound is still ongoing, being undertaken by a team from the
Japanese Institute of Anatolian Archaeology (JIAA) under
the direction of Sachihiro Omura in 1985. There are three
main excavations being conducted on the site: North Trench,
South Trench and City-Wall Trench [31]. In the north trench,
the excavation is being conducted on a smaller area but to
greater depth to understand the overall stratigraphy of the
ancient mound. The stratigraphy of Kaman-Kalehdyiik has
thus been established by the team throughout the excava-
tions of the North trench, especially through tracing the
main burnt stratigraphic layers between and within the main
periods (Fig. 1). Accordingly, four main strata were deter-
mined in the ancient mound: Stratum [-Ottoman Empire
and Byzantine Periods; Stratum II-Iron Age; Stratum III-
Hittite Empire (IlIa), Old Hittite Period (IlIb) and Assyrian
Colony Period (IIlc); Stratum I'V-Intermediate Period (IVa)
and Early Bronze Age (IVb). Radiocarbon analysis [32]
was also performed on the charred wood and burnt wheat
grains, which were collected from the stratigraphic layers
with burnt architectural remains or burnt soil context, from
Stratum IVb (EBA) to Stratum IId (Early Iron Age). Radi-
ocarbon dating supplies the 1o ranges of 2130-2105 and
2055-2030 cal. BC for the boundary between the Stratum
IVb (Early Bronze Age) and the Stratum IVa (Intermediate
Period); and 1o ranges of 2045-2010 and 2030-1890 cal.
BC for the boundary between the Stratum IVa (Intermediate
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Fig. 1 (a) Location, (b) aerial view, (c) stratigraphy and chronology of Kaman-Kalehoyiik, the group of iron artefacts in this study were exca-

vated from the stratigraphic layers highlighted in yellow

Period) and the Stratum IIlc (Assyrian Colony period) [32].
Radiocarbon dating supplies the 1o ranges of 1765-1700
and 1745-1680 cal. BC for the boundary between the Stra-
tum IIlc (Assyrian Colony period) and the Stratum IIIb (Old
Hittite period) [32]. Therefore, the MBA covers the Strata
IIIb and Illc; and the EBA covers the Strata IVa and IVb.
To find out the status of Kaman-Kalehdyiik in the his-
torical landscape, some of the distinguishing features of the
ancient site during the MBA and EBA will be mentioned
here. A group of enormous Round Structures, which are up
to 10 m in diameter and up to 5 m in height, were uncov-
ered from Stratum IIIb. In one of these structures, a great
amount of fossilized remains of wheat was found [31].
This finding thus raised the possibility that these Round
Structures might have been used as grain storages. If all
of these enormous Round Structures were assumed to have
been used as grain storage, the amount of wheat that could
have been stored would be excessive, being much more

than the local population would have required, considering
the size of the site [31]. It thus strengthens the status of
Kaman-Kalehoyiik as a regional distribution center during
the Old Hittite period [31]. From the Stratum Illc, a nine-
room complex which was completely burnt with a group
of severely burnt skeletons including adults, children and
infants was unearthed [31]. Many metallic items such as
copper alloy daggers and spearheads were found together
with the deceased burnt skeletons. When also considering
the city wall, which was partly uncovered [33], the complex
architectural remains and the finds made of gold such as
an adornment for crown with a lion figure [34], Kaman-
Kalehoyiik might have had an important position during the
MBA. During the EBA, the destroyed burnt context was also
observed in the architectural remains from the Stratum [Va.
The Stratum I'Va is considered as a transitional period from
the EBA to the ACP in the overall stratigraphy of the ancient
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mound, because of the mixture of wheel-made and hand-
made pottery in almost similar ratios [31].

Of the artefacts considered here, three were excavated
from the Stratum Illc of the MBA (Table 1), and two were
from the stratigraphic layers between the Stratum Illc and
IIIb. These five artefacts are defined as the MBA artefacts
in this paper. One iron artefact, which was excavated from
the Stratum I'Va of the EBA, is defined as the EBA artefact
in this paper.

Morphology and Sample Conditions

The six iron artefacts, which are included in this study, were
found as fragments with lengths of 1.5-4.2 cm. Although
the artefacts are severely corroded and it is thus difficult to
describe their morphology precisely, the EBA iron artefact
K6 had a bar-like shape. From the MBA, two had a pin-like,
one had pin- or nail-like shape, one had a knife-like, and one
had a bar-like shape (Fig. 2).

Methodology
Sample Preparation

All sample preparation and analyses were conducted in the
Pheasant Memorial Laboratory, Institute for Planetary Mate-
rials, Okayama University (Japan). The artefacts were re-
examined in this study via a minimally invasive approach by
analysing the surface that was exposed from cross-sectioning
of the sample in the previous study. Only dry-polishing with
a 3M™ Al,O; lapping film was undertaken on the exposed

sample surface, to remove a tiny layer of corrosion and the
saw marks left from the previous study. Subsequently, the
iron artefacts were analysed using an Olympus DSX-1000,
optical microscope and a JEOL, JSM-7001F, field-emission
scanning electron microscope (FE-SEM), without carbon-
coating since they were conductive enough that severe elec-
tric charging did not occur. Furthermore, no chemical etch-
ing process was applied to the samples.

Analysis

To examine the microstructure and chemical composition,
the artefacts were analysed using the FE-SEM, equipped
with an Oxford, INCA X-act, energy dispersive spectrom-
eter (EDS) with a silicon drift detector and Be window, and
using the Oxford, AZtec software. The analyses of all the
samples were conducted under operating conditions with
an accelerating voltage of 15 kV, beam current of 5 nA and
working distance of 10 mm. A series of spot analyses were
conducted on the samples. The results of the spot analyses
were calculated using the elements C, O, Na, Mg, Al, Si, P,
S, Cl, K, Ca, Ti, Cr, Mn, Fe, Co, Ni, and Cu, and normal-
ized to 100% in total. In this study, concentrations of Fe,
O, and C were determined for the main phases like metal-
lic iron, iron oxides in corrosion, iron carbide compounds.
Nickel and Co were also analysed to evaluate whether or
not the iron artefact was made from a material of a mete-
oric source. The results are displayed in weight percentages
(wt.%) in Table 2. To evaluate the analytical results, stand-
ard error (wt.% sigma) is acquired from the EDS software.
Each individual analysis has its own wt.% sigma deviation.
Thus, there is a range of wt.% sigma values for each element,

Table 1 Excavation information concerning the iron artefacts in this study

Sample No Morphology Excavation Trench Sector Provi- Context Chronology Stratum  Period
Archive No sional
Layer No
K1 knife-shaped 06000691-1 North VI 70 Artefact K2 Middle Bronze  IIIb-Illc Assyrian Colony
Age Period—Old
Hittite Period
K2 pin-shaped 060006912 North VI 70 Artefact K1 Middle Bronze  IIIb-IIIc Assyrian Colony
Age Period—Old
Hittite Period
K3 pin-shaped 07000281 North VII 56 Middle Bronze  Illc Assyrian Colony
Age Period
K4 nail- or pin- 13000297 North V 136 One slag piece Middle Bronze 1llc Assyrian Colony
shaped Age Period
K5 bar-shaped 13000299-2 North V 172 One slag piece Middle Bronze  1Illc Assyrian Colony
Age Period
K6 bar-shaped 01000854 North IV 73c Early Bronze IVa Intermediate

Age

Period

Context indicates if there was any related architectural remain, e.g. a hearth or a material-like slag, which could be associated with iron smelt-

ing/smithing processes or another iron artefact from the same findspot
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Fig.2 Morphology of the iron artefacts. The photographs of the sam-
ples and their cross-sectional view in BSE mode under SEM-EDS.
From the Middle Bronze Age (K1) knife-shaped iron artefact, (K2)

which is obtained from the series of spot analyses (Table 2).
If the element concentration is lower than wt.% sigma devia-
tion, it is not included in the data set and shown as ‘-’ in
Table 2.

Estimation of C Content and Distribution

Although the sample surfaces contain corrosion pits [4],
the surfaces were examined carefully in order to detect any
area with pearlite remnants under SEM observation. Pearl-
ite remnants could be detected in a lamellar pattern with
relatively brighter or darker iron carbide layers [3] and were

pin-shaped iron artefact, (K3) pin-shaped iron artefact, (K4) pin- or
nail-shaped iron artefact, (K5) bar-shaped iron artefact. From the
Early Bronze Age (K6) bar-shaped iron artefact

distinguished using the contrast enhancement and binary
functions of the image processing software, NIH Imagel
1.52a (Fig. 3). Subsequently, the relative percentage of the
areas with pearlite remnants on the sample surface was cal-
culated by the threshold function of the software (Fig. 3c).
The percentage of pearlite remnants was multiplied by 0.8
which is the approximate weight percent of C in a pearlite
compound [35]. A series of image analyses (n=4-6 for each
artefact, depending on the size and condition of the sample
surface) were performed by applying the estimation method.

After all areas with pearlite remnants were examined,
each analysed area is recorded with its location and C

@ Springer



294 Metallography, Microstructure, and Analysis (2023) 12:289-305

Table 2 Average chemical compositions (wt.%) of the dominant phases in the iron artefacts

wt.% Sigma (min—max) C (0] Na Mg Al Si P S
0.3-0.9 0.1-0.8 0.07-0.20 0.04-0.13 0.04-0.11 0.03-0.09 0.04-0.1 0.03-0.09

Sample No. Phase

K1 Metallic iron
Bright-lamellar avg (n=3) 9.6 11 - - - - - -
std 0.9 5 - - - - - -
Light grey avg (n=16) - 34.1 - - - 0.2 - 0.12
std - 0.9 - - - 0.1 - 0.05
Grey avg (n=9) 09 429 - - 0.15 0.5 - 0.08
std 0.1 0.4 - - 0.07 0.2 - 0.01
K2 Metallic iron
Bright-lamellar avg (n=4) 8 5 - - - - - 0.18
std 2 1 - - - - - 0.01
Light grey avg (n=9) - 34 - - - 0.3 - 0.16
std - 2 - - - 0.2 - 0.04
Grey avg (n=7) - 42 - - 0.14 0.3 0.11 0.3
std - 2 - - 0.05 0.1 0.03 0.1
K3 Metallic iron avg (n=5) - - - - - 0.23 - -
std - - - - - 0.04 - -
Bright-lamellar avg (n=9) 55 0.8 - - 0.17 0.25 = N
std 0.9 0.2 - - 0.02 0.03 - -
Light grey
Grey avg (n=3) 1.1 39.1 - - - 0.3 - 0.9
std 0.2 0.6 - - - 0.1 - 0.1
K4 Metallic iron avg (n=24) 1.3 - - - 0.18 - 0.3 -
std 0.2 - - - 0.02 - 0.1 -
Bright-lamellar avg m=3) 7.5 30.0 - 0.26 0.15 0.38 - -
std 0.8 2.1 - 0.03 0.01 0.03 - -
Light grey avg (n=8) - 343 - - - 0.12 0.2 0.18
std - 2.0 - - - 0.01 0.0 0.03
Grey avg (n=34) 3 39 - 04 0.3 0.7 0.2 0.25
std 1 3 - 0.2 0.2 0.4 0.1 0.05
K5 Metallic iron avg (n=2) 1.6 0.3 - - - - - -
std 0.8 0.1 - - - - - -
Bright-lamellar n=1 8.4 12.0 - - - - - -
Light grey avg (n=28) - 32 - 0.11 - 0.2 0.10 0.16
std - 1 - 0.01 - 0.1 0.04 0.05
Grey avg (n=22) 0.8 43 0.18 0.3 - 0.8 0.2 0.11
std 0.2 1 0.05 0.1 - 0.5 0.1 0.03
K6 Metallic iron avg (n=3) - 2.9 - - - - - -
std - 0.5 - - - - - -
Bright-lamellar avg (n=11) 4.8 25 - - - 0.2 - 0.16
std 1.3 3 - - - 0.1 - 0.03
Light grey avg (n=16) - 34.1 - - - 0.3 - 0.18
std - 0.9 - - - 0.1 - 0.07
Grey avg (n=19) 1.0 42 - 0.3 - 0.5 - 0.15
std 0.2 1 - 0.2 - 0.4 - 0.04

@ Springer



Metallography, Microstructure, and Analysis (2023) 12:289-305 295
Table 2 (continued)
Cl K Ca Ti Cr Mn Fe Co Ni Cu
wt.%Sigma (min-max) 0.03-0.09 0.04-0.10 0.04-0.10 0.05-0.12 0.05-0.13 0.1-0.2 0.3-1.0 0.17-0.38 0.1-0.3 0.3—
1.0
Sample No. Phase
K1 Metallic
iron
Bright- avg (n=3) - - - - - - 80 - - -
lamellar «td B B B B B B 4 B B B
Light grey avg 0.11 0.11 - - - - 66 0.40 - -
(n=16)
std 0.02 0.00 - - - - 1 0.03 - -
Grey avg (n=9) 0.08 0.08 0.17 - - - 55.5 0.50 - -
std 0.01 0.00 0.03 - - - 04 0.05 - -
K2 Metallic
iron
Bright- avg (n=4) - - - - 0.26 0.50 86 - - 1.9
lamellar g - - - - 0.04 005 3 - - 0.1
Light grey avg (n=9) - - - - 0.20 - 65 — - -
std - - - - 0.02 - 2 - - -
Grey avg (n=7) - 0.16 0.12 - 0.4 - 56 - - 1.5
std - 0.02 0.01 - 0.3 - 2 - - 0.3
K3 Metallic avg (n=5) - - - - - 0.5 99.3 - - -
iron std - - - - - 0.1 0.1 - - -
Bright- avg (n=9) - - - - - 0.5 93.2 - - -
lamellar - giq - - - - - 0.1 08 - - -
Light grey
Grey avg (n=3) - 0.20 - - - 0.3 58 0.39 - -
std - 0.08 - - - 0.1 1 0.03 - -
K4 Metallic  avg - - - - - - 99.1 0.73 - -
iron (n=24)
std - - - - - - 0.8 0.04 - -
Bright- avg (n=3) - - 0.18 - - - 62 - - -
lamellar  gq - - 0.04 - - - 1 - - -
Light grey avg (n=8) - - 0.3 - - - 65 - - -
std - - 0.1 - - - 2 - - -
Grey avg 0.2 0.12 0.3 0.15 - - 58 0.6 0.46 -
(n=34)
std 0.1 0.2 0.1 0.00 - - 2 0.1 0.02 -
K5 Metallic avg (n=2) - - 0.12 - - - 97.9 - - -
iron std - - 0.00 - - - 0.7 - - -
Bright- n=1 - - - - - - 79.5 - - -
lamellar
Light grey avg 0.10 0.14 0.2 - - - 68 0.5 - -
(n=28)
std 0.02 0.06 0.1 - - - 1 0.1 - -
Grey avg 0.08 0.16 0.3 - - - 55 0.44 - -
(n=22)
std 0.01 0.07 0.2 - - - 2 0.07 - -
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Table 2 (continued)

Cl K Ca Ti Cr Mn Fe Co Ni Cu
wt.%Sigma (min-max) 0.03-0.09 0.04-0.10 0.04-0.10 0.05-0.12 0.05-0.13 0.1-0.2 0.3-1.0 0.17-0.38 0.1-0.3 0.3-
1.0
K6 Metallic avg (n=3) - - — - - - 96 - - -
iron «td B B B B B B 1 B B B
Bright- avg - - - - - - 70 - - -
lamellar (n=11)
std - - - - - - 2 - - -
Light grey avg - - 0.16 - - - 65 1.5 - -
(n=16)
std - - 0.05 - - - 2 0.2 - -
Grey avg 0.11 0.10 0.17 - - - 56 1.2 - -
(n=19)
std 0.02 0.03 0.04 - - - 2 0.2 - -
wt. %Sigma (min—max): The range of standard error which is acquired from the EDS software
—: not available for discussion since the element concentration remains below the wt.% sigma deviation
ca. 17% area 9 ca. 0.1 wt. %
i
I 2 L ﬂ'g “ e '
- 6‘-) : . - LA
t T e
\? . f . -
. J \ |
L of o
 Bum e ,
Fig.3 (a) BSE image showing the pearlite remnants in lamellar pat- which cracks and small preserved iron were excluded, (c) the estima-

tern on the sample surface of the artefact K4, (b) Image showing the tion of C content based on the relative percentage of pearlite rem-
relatively distinguished pearlite remnants after the image analysis, in nants over the sample surface
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content on the sample surface. At the end, the distribution
of all these analysed areas was reviewed to determine how
homogeneously scattered these areas were on the sample
surface. The C content and distribution was thus estimated
semi-quantitatively, considering the obstacles caused by the
corrosion of the sample surface, the degeneracy of pearlite
remnants, and the spheroidization of cementite.

Result and Discussion
Meteoric Source

Since iron meteorite is composed of Ni—Fe alloy [26], a
high Ni concentration of around 6-20 wt.% is assumed to
originate from a meteoric source [36]. However, Jambon
[30] points out that Ni values could diminish during the
weathering of a given iron artefact. The study reported a
wide range of Ni concentrations for the iron objects from the
Bronze Age, with high Ni concentrations in the uncorroded
parts and low concentrations (even < 1 wt.%) in the corroded
parts of a given iron artefact. The ratio of Fe:Ni:Co for the
weathered iron artefacts from the Bronze Age were also
found to have similar trends with weathered iron meteorites
[30]. Together such evidence indicates that Ni abundance
alone cannot be used to rule out a meteoritic origin for iron
artefacts [30]. Instead, Co should also be examined, along
with Fe and Ni, and Ni concentrations of different regions
of the artefact should be assessed in context of the corrosion
observed within these regions [30]. The Fe, Ni and Co con-
centrations of the EBA iron artefact K6 in Akanuma [25] are
compared with meteoritic iron data from Jambon [30], and
the results confirmed that the concentrations are consistent
with terrestrial sources and not iron meteorites.

In the current study, EDS analysis was conducted on both
the corroded parts and metallic iron islands if any were pre-
served in the artefacts. The results of 205 point-analyses
indicate that the Ni (0-0.49 wt.%) and Co (0-1.79 wt.%)
concentrations within the iron artefacts are very low, mostly
being below the detection limit of the instrument.

Furthermore, Widmanstitten structure with Ni-rich
kamacite and taenite bands was not detected for any of the
artefacts. However, since the Widmanstitten structure might
be demolished during the smithing process at a high temper-
ature (e.g. around 1000 °C) [28], the presence of other min-
eral phases, which could be observed in meteoritic-sourced
artefacts, was also considered in the current study. Such
meteoritic phases include: cohenite (Fe, Ni);C, schreibersite
(Fe,Ni);P, chalcopyrite (CuFeS,) and troilite (FeS), which
are observed in ancient iron artefacts made from meteor-
ites [7, 28, 29, 37]. However, any composition related to
these phases was not detected. Any weathered Ni-rich min-
eral phases like gamma-(Fe,Ni),0; [38, 39] were also not

observed in the corroded parts of the artefacts. Therefore,
it is unlikely that the early iron artefacts from Kaman-Kale-
hoyiik were made from materials of a meteoric iron source.

Dominant Phases

After analysis of the iron objects by SEM-EDS, four main
phases were determined: (1) metallic iron, (2) corrosion
products (3) slag inclusions, and (4) cementite (Fig. 4).

Metallic Iron

Two iron artefacts K3 and K4 are mainly composed of
the metallic iron preserved. In the MBA artefact K3, cor-
rosion started to penetrate up to 25 um from the edge. In
the MBA artefact K4, a considerable amount of corrosion
penetrated from the edge towards the centre of the artefact.
Other artefacts were completely corroded, with only very
tiny islands of ferrite (2.5-5 um in size) being found within
some of them (Fig. 5). As a result of their small size, carbon
and oxygen contribution from the surrounding iron oxide
matrix with cementite lamella might affect the EDS results
(Table 2, Figs. 5, 6).

Corrosion Products

At least some corrosion was observed in all of the artefacts.
The main purpose of determining the composition of the
corroded matrix was to establish the nature of the compo-
sitional difference between the bright lamellar structures
and the surrounding corroded iron matrix, and to identify
the main phases within the corrosion products. A series of
spot analyses (n=3-50 for each artefact, depending on the
size and heterogeneity of the texture of the artefact) were
performed on the corroded parts. Two sub-phases were
mainly recognized on the corroded parts of the artefacts
under SEM-EDS observation, and these were represented
by light grey and grey phases on a back-scattered electron
(BSE) image. The Fe content of the artefacts enabled these
two sub-phases to be distinguished. The Fe content is equal
to or greater than around 33 at. % for the light grey phase;
and lower than around 33 at.% for the grey phase (Fig. 5).
Due to the inability of the instrument to reliably estimate the
ferric-ferrous ratio, it is difficult to determine the iron oxide
phases on the corrosion precisely. However, to compare
with the compositions of these phases observed by using
SEM-EDS, the ideal compositions of iron oxides, magnetite
(Fe;0,), maghemite (y-Fe,O3) and goethite (a-FeO(OH)),
which are generally observed in the corrosion of the iron
objects from the literature [40-44], are shown in Fig. 5. As
such, on comparison with the literature values, the results of
the EDS analyses were found to be scattered within a certain
range rather than exactly corresponding with the ideal ratios.
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Fig.4 (a) Optical microscope
image of the artefact K4. The
closer view of the rectangular
area is shown in b. (b) The
dominant phases in the iron
artefacts on BSE image. Grey
and light grey phases can be
observed in the corrosion
products. (c¢) Slag inclusions,
composed of grey wiistite and
dark grey silicate glass, in a
parallel alignment
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Fig.5 Iron and oxygen contents 100
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This is probably because the phases within the corrosion
products are intermixed with each other at a smaller scale
than the spatial resolution of our EDS analyses. Accordingly,
Grevey et al. [44] applied X-ray diffraction, FE-SEM—-EDS
analysis and micro-Raman spectroscopy to examine such
phases within the corrosion products, and found that the
different iron oxide phases were intermixed, which would
cause the EDS results spreading over the compositional
ranges of the iron oxide phases. Such a finding also supports
the occurrence of heterogeneously distributed iron oxide
phases at the pm scale in our study. The lower Fe-content
grey phase might contain a significant contribution of amor-
phous iron (oxy)hydroxides, when considering the long-term
burial of the iron objects in soil and exposure to atmospheric

bright lamellar

60 80 100 0 20 40 60 80 100
Fe at.%

light grey phase @ grey phase x magnetite X maghemite X goethite

conditions after their excavation and the results of previous
studies. Indeed, such amorphous iron (oxy)hydroxide phases
are observed in ancient iron materials exposed to soil and
air [7, 43, 45, 46]. Therefore, a mixture of iron oxide and
(oxy)hydroxide phases could be observed in the corroded
portions of the artefacts.

Slag Inclusions

Slag inclusions were also recognized in all of the iron
artefacts. The slag inclusions mostly exhibit nodular shape
from less than 5 um to a few ten um in width. Only in
the MBA artefact K4, the slag inclusions in the dendritic
structure also occur, and demonstrate a parallel alignment

@ Springer



300

Metallography, Microstructure, and Analysis (2023) 12:289-305

Fig.6 Iron and carbon contents 60
(at.%) of the dominant phases K1/MBA K2/MBA
in the iron artefacts. Bright
lamellar structures can be seen
in Figs. 7 and 8 40
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along the edge of the artefact (Fig. 4c). This artefact was
the only sample which was cross-sectioned in a longitu-
dinal direction. The slag stringers in a parallel alignment
along the edges, which may have been generated by ham-
mering, were thus clearly observed only in this artefact.
Although the small sizes of the slag inclusions limited the
precision of the EDS analysis, because of interferences
from the surrounding iron oxide matrix [47], the slag
inclusions were found to be composed mainly of wiistite
(FeO) and silicate glass. The presence of trapped slag
inclusions supports the idea that the early iron artefacts

@ Springer

were produced by smelting [4, 36]. Nevertheless, such
inclusions might also be formed while forge welding dur-
ing the smithing process [4, 36]; hence, further analysis
is necessary.

Cementite

The C-rich phase observed in bright lamellar structures (up
to 1.5 pum in thickness) was recognized in all of the artefacts
except the artefact K3 from the MBA, with cementite or
pearlite remnants being a likely candidate for this phase. On
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the artefact sample K3 mainly composed of metallic iron,
the compositional difference between C-rich dark areas and
bright areas with pure metallic iron was recognized by using
SEM-EDS. However, it was difficult to trace their boundary
precisely because of the limited polishing quality on a soft
metallic surface, and chemical composition of the artefact
was determined less precisely.

There are usually three main conditions in which cement-
ite or pearlite structures can be observed in the corroded iron
matrix [3, 4, 6]: (1) preserving the original composition, (2)
being partially replaced by corrosion, and (3) being com-
pletely corroded, but still keeping the texture of the original
structures. Therefore, the EDS spot analyses were performed
on the bright lamellar structures corresponding to the first
and second conditions. The results of EDS point-analyses
(Fig. 6) indicated that the bright lamellar structures are
richer in carbon than the surrounding iron oxide matrix, and
contain a recognizable amount of oxygen (Fig. 5). Therefore,
the bright lamellar components might have been oxidized
throughout the burial period, but they still preserve their
carbon content. Alternatively, the cementite or pearlite may
be largely intact, but due to the small size of the features

they are within, a contribution of the surrounding iron oxide
matrix is also observed in the EDS spectrum (Figs. 6, 7).

Implications of the Presence of Cementite
or Pearlite Remnants

The microtextures of the artefacts and the chemical com-
positions of the dominant phases suggest the presence of
cementite or pearlite remnants in the iron artefacts. If this
is the case, were the artefacts made of an iron alloy with
carbon intentionally, at such early periods?

Scott [4] and Scott and Eggert [7] have pointed out that
the random absorption of C into bloom occurs under a sig-
nificantly C-enriched reducing environment inside the fur-
nace, during primary carburization. Eliyahu-Behar et al.
[48] have suggested that the C content of an iron artefact
and its distribution within the sample matrix are required, in
order to find out whether the steel composition was formed
intentionally in the artefacts during the secondary smithing
[2, 48] because the outer edge of the iron objects are usually
intruded by corrosion. Additionally, any correlation between
the artefact type and C content should also be checked to

60 60
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40 40
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Fig.7 The microtextures, and iron and carbon contents (at.%) of the dominant phases, including cementite remnants. Bright lamellar structures

are pointed by the arrows on BSE images
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further investigate whether secondary carburization was
involved [48].

Considering the possible correlation between the artefact
type and the C content for the assemblage of the iron arte-
facts in this study, the knife-shaped or pin-shaped artefacts
are supposed to be harder and include a higher C content. On
the other hand, the bar-shaped artefacts, as a semi-product,
would not have a high C content for an easier smithing pro-
cess, only if there was such an awareness among the metal
workers at those periods.

The image analysis, which was undertaken to determine
the C content of the samples and examine its distribution
on the sample surfaces, indicated that the C content of the
iron artefacts from the MBA ranged from less than 0.02 to
0.2 wt.%. The MBA knife-shaped artefact K1 contained a C
content of between 0.06 and 0.2 wt.% (Fig. 8), and included
regions with a low C steel composition, which resulted from
the cementite and pearlite compounds having a heterogene-
ous distribution in the matrix.

The pin-shaped artefact K2, which was found from the
same context as the knife-shaped artefact K1, consisted
of only a few networks of cementite flakes (Fig. 8). These
cementite flakes were distributed irregularly in the matrix.
The C content estimated was less than 0.02 wt.%, which is
comparable to the composition of ferrite. A similar com-
position within a few networks of cementite films could be
observed in the iron materials with almost pure iron content
in [49-51]. Therefore, this artefact was made from iron and
does not contain any steel composition regions.

The artefacts K1 and K2 were the latest samples within
the MBA group. On the other hand, the iron artefact K6 from
the EBA demonstrates a high C content up to 0.6-0.8 wt.%,
especially in the inner part of the artefact (Fig. 8). Akanuma
[25] discovered that the artefact was a nicely formed pris-
matic bar, in terms of its shape, using X-ray photography.
In the stratigraphy of the ancient mound, the iron artefact
was uncovered from the Stratum IVa (Intermediate Period),
in which the pottery assemblage consisted of both wheel-
made pottery from the ACP and hand-made pottery from
the EBA [31]. In the ancient texts from the ACP, a bar is one
of the forms in which iron was traded [14]. Considering the
probable morphology of the artefact and textual evidence,
the iron artefact K6 could be an iron bar. However, if the
intention was to produce an iron bar as a semi-product, it
was supposed to have a low C content; hence, the intended
final shape could be given later during secondary smithing.
Such a high C content must have made the bar brittle and
harder to give a shape later. From this perspective, its possi-
ble functional type does not match its high C content. When
considering such early periods, the main aim would be to
smelt the iron source. It must have still been hard to control
the atmospheric conditions inside the furnace, which could
be a bowl-furnace, a pit-furnace or a small shaft-furnace

@ Springer

Fig. 8 Pearlite structures of the iron artefacts. (a) The knife-shaped
artefact K1 from the MBA, (b) the pin-shaped artefact K2 from the
MBA, (c) the bar-shaped artefact K6 from the EBA with bright and
dark trapped slag inclusions. Bright lamellar structures are pointed by
the arrows

[18, 52, 53]. As suggested in Scott [4], Scott and Eggert [7]
and Eliyahu-Behar et al. [48], if it was a C-rich reducing
atmosphere inside the furnace, the spontaneous absorption
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of C from the furnace environment might have occurred in
a small bloom that was subsequently forged into a bar-like
shape. As also another archaeological evidence, Eliyahu-
Behar et al. [54] pointed out the ancient blooms with C con-
tent up to 0.6-0.7 wt.% from the ancient sites Hazor and
Beer-Sheba (Israel) to demonstrate that primary carburiza-
tion could occur.

Considering the pin-shaped artefact K2 with a pure iron
composition, the knife-shaped artefact K1 with low C con-
tent or the possibly bar-shaped artefact K6 with a high C
content, it is still difficult to assert that they were produced
as steel intentionally, because of the variety of C content
among the artefacts and the lack of correlation between C
content and artefact type. On the other hand, such a variation
in C content, could simply be indicative of the large range in
furnace conditions achieved by early smelters of iron arte-
facts. In the latter case, the varying conditions would have
had major implications in terms of the C abundance acquired
by a bloom during iron smelting in the Bronze Age. As a
tentative suggestion here, the variation in C content might be
one of the reasons behind the wide scale of prices for iron in
the ancient texts, which was caused by the variation in purity
or quality as discussed by Dercksen [14].

Conclusion

A group of iron artefacts, which were excavated from the
MBA and EBA stratigraphic layers at Kaman-Kalehdyiik in
Central Anatolia, were re-analysed via a minimally invasive
methodology in this study. The main aim was to describe
the early iron artefacts in terms of their morphology, domi-
nant mineral phases, C content and distribution, in order to
discuss the state of iron production at such early periods,
especially in terms of intentional carburization. After the
SEM-EDS analysis, the composition and microstructure of
the samples were determined, and it was concluded that the
early iron artefacts are composed of iron and/or steel. There-
fore, the ancient metal workers managed to smelt iron, but it
is still difficult to tell if the early artefacts in this study were
produced as steel intentionally, because of the variation in
microstructures and C contents found within the artefacts.
Such a finding could highlight the range in early efforts to
smelt iron, while the ancient metal workers were trying
to figure out how to control furnace conditions during the
Bronze Age in Central Anatolia. Furthermore, the resulting
variation in C content and the corresponding differences in
the physical properties of such iron objects, suggests that
varying iron quality could be responsible for the large dis-
parity in the prices of iron artefacts recorded within ancient
texts from the Bronze Age.
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