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Abstract
A fragment from a medieval sword blade was investigated by metallography, Vickers microhardness tests and slag inclu-
sions analysis are to extract technological information about its manufacturing process. Optical microscopy observations 
and microhardness measurements indicated that the sword blade was forged via hammer welding, combining different 
steel bars for an optimal balance of hardness and toughness. A steeling technique involved wrapping a steel bar around a 
composite billet, crafted by enclosing a hypoeutectoid steel bar around a near-eutectoid steel core. Moreover, it was found 
that the hardness of the cutting edges was increased with a quenching heat treatment. After quenching, the blade exhibited 
martensitic microstructure with Vickers microhardness ranging from 500 to 640 HV0.3. The compositional data of a large 
set of nonmetallic inclusions were collected by scanning electron microscopy coupled with X-ray dispersive spectroscopy. 
Slag inclusion analysis and multivariate statistics confirmed the blade's composite nature and revealed distinct smelting and 
forging-related SI groups. Liquidus temperatures indicated smelting temperatures of at least 1156°C for the external section 
and 1031°C for the internal. The forging temperature was estimated at a minimum of 1143°C. These findings provide insight 
into the blade’s metallurgical history.
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Introduction

Medieval swords, intertwining functionality with aesthetic-
symbolic power, stand as one of the most advanced expres-
sions of medieval metallurgical craftsmanship. In this light, 
they potentially contain key technological information 
that is crucial in advancing the knowledge of the history 
of European ironmaking and forging processes. It is worth 
noting that high-quality swords needed to exhibit essential 
mechanical properties such as high yield strength and frac-
ture toughness as well as valuable aesthetic features [1, 2]. 
To fulfil these requirements, it was important to use suit-
able iron and steel in terms of homogeneity and cleanliness, 
along with proper forging strategies. During the Middle 
Ages, the European production of wrought iron and steel 

required for sword making encompassed the utilization of 
both direct and indirect ironmaking methods [3]. Specifi-
cally, the direct method involved the solid-state reduction 
of iron ore (typically a mixture of iron-rich minerals and 
nonmetallic siliceous gangue) fed with charcoal and fluxes 
into the “bloomery” furnace. In particular, charcoal com-
bustion generated a reducing environment highly enriched 
in carbon monoxide gas. The interaction between reducing 
gas and the iron ore promoted the formation of metallic iron 
particles. Moreover, a fluid iron silicate slag was gener-
ated at a temperature of ~ 1200°C by the chemical reaction 
between iron oxides and gangue compounds. Metallic iron 
particles embedded within the slag were protected from re-
oxidation and sintered together at the bottom of the furnace 
into a sponge-like iron mass referred to as “bloom.” After 
smelting, the bloom was homogenized and partially puri-
fied from slag through hot hammering and multi-folding [3]. 
From the Late Middle Ages onward, the introduction of the 
indirect method allowed the mass production of wrought 
iron and steel by decarburization of cast iron produced in 
a shaft furnace. This process consists of the oxidation of 
cast iron fragments blended with charcoal and fluxes in an 
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open hearth [4]. In the past years, many studies based on 
destructive (e.g., metallographic analysis) and noninva-
sive analysis (e.g., X-ray computer tomography) have been 
conducted to reconstruct the manufacturing techniques of 
medieval swords [5–7]. Based on these research works, the 
most advanced method for the fabrication of early medieval 
swords (namely, double-edged spathae) integrates both “pat-
tern welding” and “steeling” techniques. In particular, pat-
tern-welded sword blades were skillfully crafted by assem-
bling in various arrangements multiple folded or twisted 
steel bars with different phosphorous and carbon content 
[8, 9]. Subsequently, post-forging grinding and etching of 
the blade surface revealed wonderful ornamental decora-
tions arising from the complex welding patterns [10, 11]. 
On the other hand, the steeling technique was employed to 
equip the pattern-welded blade with two steel cutting edges 
that could be hardened by quenching heat treatment [12]. In 
the Late Middle Ages, the adoption of the pattern-welding 
technology declined almost entirely and sword blades were 
mainly realized in a less elaborate and aesthetic-focused 
fashion [13]. In particular, sword blades could be produced 
from a single piece of steel or by combining iron and steel 
bars following different assembling strategies. This could 
be achieved by joining steel edges to an iron body, insert-
ing a steel bar between two layers of iron, or wrapping a 
layer of steel around an iron core. It should be emphasized 
that the execution of all these techniques required the ability 
to master the solid-state joining of iron and steel by ham-
mer welding. In particular, the metal pieces to be joined 
were heated up to an approximate temperature of °C. Their 
surfaces were coated with silica-rich smithing flux which 
reacting with the iron oxide scale formed a fluid fayalite 
slag. This slag could be easily expelled under the hammer 
blows pressure facilitating intimate contact between the two 

surfaces and enabling their welding by an interatomic diffu-
sion mechanism [12, 14, 15]. In this context, the objective 
of this research was to examine a fragment from a medieval 
sword blade donated from a private collection with the aim 
to provide a comprehensive reconstruction of the smelting 
and forging processes involved in its production. To achieve 
these objectives, a state-of-the-art methodology based on 
metallography and slag inclusions (SI) analysis was adopted 
[16–25].

Materials and Methods

The Sword Blade Fragment: Preliminary Description 
and Macro‑observation

Visual examination revealed that the blade fragment was 
highly affected by corrosion phenomena and featured a 
deteriorated surface (Fig. 1a). The fragment belonged to 
a tapered double-edged sword with a lenticular cross sec-
tion. In addition, the terminal portion of a narrow tapered 
fuller runs in the middle of the blade fragment (Fig. 1a). 
The main sword measurements are as follows: total 
length = 270 mm, maximum width = 46 mm, and minimum 
blade width = 39 mm. The blade and fuller morphology sug-
gest that the blade fragment likely belonged to a medieval 
sword, possibly of type XII in the typological classification 
framework designed by Oakeshott [1, 26]. However, cau-
tion should be exercised regarding the proposed hypothesis 
about the exact sword type due to the impossibility to collect 
dimensional data of the whole blade and other sword compo-
nents such as pommel, cross, and tang. It is worth noting that 
the fullers present in swords of type XII generally extend 
longitudinally for approximately three-quarters of the total 

Fig. 1   (a) Photographic image 
of the blade fragment and (b) 
sampling scheme; the analyzed 
sections (S1, S2, and S3) belong 
to the samples highlighted with 
striped backgrounds
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blade length. Based on this premise, it can be deduced that 
the sword fragment should be probably positioned within the 
initial three-quarters of the blade length. Two cross-sectional 
segments (S1, S2) along with a longitudinal section (S3) 
were extracted from the sword blade fragment for analysis. 
The sampling methodology is illustrated in Fig. 1b.

Experimental Methods

The samples were extracted from the sword fragment using 
a Struers cutoff machine and cooled with cutting fluid to 
ensure that the original steel microstructure remained unal-
tered during the sampling process. Each blade section was 
prepared following a standard metallographic procedure by 
grinding with silicon carbide abrasive papers (grades rang-
ing from 80 to 1200) and polishing with polycrystalline dia-
mond pastes (3 µm and 1 µm). The morphology and spatial 
distribution of micron-sized slag inclusions (SI) entrapped 
within the metal matrix were observed utilizing light opti-
cal microscopy (LOM) on the as-polished sections using a 
LEICA DMI 5000 M optical microscope.

Subsequently, all specimens were etched by immersion 
in 1 pct Nital solution (1 vol pct HNO3 in ethanol) to inves-
tigate the nature and distribution pattern of the steel micro-
structural constituents. This methodology permits a detailed 
characterization of the microstructural features that are 
essential for the reconstruction of the manufacturing process 
of ferrous composite artifacts [16, 17, 19–21]. As an illus-
trative instance, welding lines are typically demarcated by 
microstructural discontinuities and SI alignments. Vickers 
microhardness measurements were taken using a Mitutoyo 
HM-200 tester, under a 300-g load applied for 15 seconds 
on the polished and etched samples to check the identifica-
tion of each microstructural constituent. Subsequently, the 
chemical composition of 66 SI on repolished transverse S2 
section and longitudinal S3 section was semiquantitatively 
measured by X-ray energy-dispersive spectroscopy (EDS) 
coupled with LEO EVO-40 XVP Scanning Electron Micro-
scope (SEM). The analyses were performed by examining all 
SI surfaces through area acquisition. The chemical data are 
given in terms of the following stoichiometric oxides: Na2O, 
MgO, Al2O3, SiO2, K2O, CaO, TiO2, MnO, FeO, SO2, and 
P2O5. The mineralogy of slag inclusions was investigated by 
SEM in backscattering mode (BSD). Moreover, the area of 
each SI was measured with the software ImageJ [27].

Slag Inclusions Classification and Data Treatment

Medieval ferrous alloys are generally characterized by a 
significant amount of SI [28]. In particular, SI can remain 
embedded in the metallic matrix during both smelting and 
forging processes. The entrapment of slag inclusions (SI) 
associated with the smelting process was facilitated by the 

partially solid-state characteristics inherent to iron produc-
tion techniques during the Middle Ages, encompassing 
both direct processes such as iron ore reduction within the 
bloomery furnace, and indirect processes like the refine-
ment of cast iron. This technological feature prevented 
an effective separation between the liquid metallurgical 
slag and the solid ferrous alloy. On the other hand, SI can 
also be derived from the forging process. In fact, join-
ing operations via hammer welding required necessitated 
the application of a sand flux onto the metal surfaces The 
chemical interaction between the silica-rich smithing flux 
and the iron oxide scale promotes the formation of fayalitic 
slag whose remnants can eventually remain entrapped at 
welding interfaces as forging SI. It is important to note 
that SI potentially retain a chemical signature linked to 
specific smelting and forging systems (mainly defined by 
the chemical features of iron ore, lining, charcoal, and 
fluxes) [29]. In addition, smelting and forging-derived SI 
can contain thermo-chemical information about the reduc-
tion and smithing processes, respectively [18]. There-
fore, it is essential to determine the formation origin of 
each analyzed SI. For this purpose, two complementary 
SI classification strategies introduced by Dillmann and 
L’Héritier [22] and Charlton et al. [30] were employed in 
this research work. Following these approaches, SI can be 
described as multicomponent oxide systems constituted 
by two main types of oxides: reduced compounds (RCs) 
and nonreduced compounds (NRCs). Notably, only NRCs 
(e.g., Al2O3, K2O, MgO, CaO) carry useful information to 
select SI families linked to different smelting and forging 
systems. Conversely, the amounts of RCs (e.g., FeO, P2O5) 
are strongly influenced by the variation of redox condi-
tions (i.e., oxygen chemical potential and temperature) 
even within the same technological system. Therefore, 
RCs can be heterogeneously scattered inside SI groups 
with the same origin. Conversely, the homogeneity of 
NRCs ratios is assumed by Dillmann and L’Héritier [22] 
as a key criterion to recognize smelting-related SI with a 
similar genesis. In addition, forging SI can be marked by 
more variable NRCs ratios and higher SiO2–Al2O3 ratios 
than smelting-derived SI if silica-rich smithing flux was 
used. Moreover, Charlton's method employs multivariate 
statistical analysis techniques, i.e., principal component 
analysis (PCA) coupled with hierarchical cluster analysis 
(HCA). The elemental chemical data acquired by SEM/
EDS were converted to oxides weight percentages (wt.%) 
by stoichiometry. In addition, PCA was performed on log-
ratio transformed compositional data to equalize both the 
magnitude and variance of NRCs [31]. Only well-quanti-
fied NRCs were considered: Al2O3, SiO2, CaO, and MnO. 
The data pre-processing transformation is expressed by 
Formula (1):
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where XiNRC is the ith transformed value for each NRC (i.e., 
Al2O3, SiO2, CaO, MnO), EiNRC is the amount of the ith 
NRC, and g(log ENRC) is the geometrical mean of the logged 
NRCs.

To distinguish the main SI clusters, HCA based on the 
Ward method with Euclidean distance was adopted. The 
data treatment was performed using R 3.6.1, Excel, and 
OriginLab software environment for statistical computing 
and graphics [32].

(1)XiNRC = log
(

EiNRC
)

−g
(

logENRC

) Results and Discussion

Metallographic Examination and Microhardness 
Measurements

Three sections (Fig. 1b) sampled near the lower (S1, S3) and 
upper (S2) ends of the sword blade fragment were investi-
gated by light optical microscopy. The examination of the 
sections in as-polished condition revealed the presence of 
multiple SI bands oriented along the main hot plastic defor-
mation directions (Figs. 2, 3, and 4). The continuity of the 
SI stringers near the outer surface of the blade fuller in the 
S1 and S2 sections indicates that it was shaped by hot plastic 
deformation (Figs. 2b and 3b). Corrosion-induced cracks 

Fig. 2   (a) As-polished 
transverse section S1 (col-
lage of micrographs with 50X 
magnification), (b) continuous 
SI lines near the outer surface of 
the fuller, and (c) crack due to 
corrosion

Fig. 3   (a) As-polished transverse section S2 (collage of micrographs with 50X magnification), (b) continuous SI lines near the outer surface of 
the fuller, and (c) crack due to corrosion
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partially filled with oxidation products were detected in S1 
and S2 sections (Figs. 2c and 3c). Furthermore, a higher 
density of SI lines was observed near the inner and outer 
zones in the longitudinal section S3 (Fig. 4b).

Each section was analyzed via optical microscopy after 
1 pct Nital etching. The position of the identified micro-
structural constituents in the S1 section is shown in Fig. 5a. 
Most of the section outer zone, encompassing the left and 

Fig. 4   (a) As-polished lon-
gitudinal section S3 (collage 
of micrographs with 50X 
magnification) and (b) multiple 
SI stringers

Fig. 5   (a) Distribution map of the main microstructural constituents and features observed in the S1 section and (b-g) some representative 200X 
magnification optical micrographs (F = ferrite, P = pearlite, P* = nodular pearlitic colonies, M = martensite, WL = white line)
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partially the right cutting edge, exhibits a martensitic micro-
structure (M) (Fig. 5b, high-magnification image in Fig. 6) 
often accompanied by pearlitic nodules (P* + M) localized at 
prior austenitic grains boundaries in certain regions (Fig. 5c, 
high-magnification image in Fig. 7). The complete transi-
tional region demarcating the outer and inner segments of 
the section is seamlessly marked by a sharp “white line” 
(WL), indicative of a light-etched band (Fig. 5d and e). It 
is of noteworthy significance that this attribute can be reli-
ably recognized as a distinctive indicator for the discern-
ment of hammer-welding interfaces [33, 34]. In fact, due 
to the smithing oxidizing environment, an oxide scale layer 
(termed “hammer scale”) was usually formed on the sur-
face of the ferrous lumps to be joined by hammer welding. 
If iron and steel contained alloying elements that oxidize 
less rapidly than iron (e.g., phosphorus and arsenic), then 
the sub-scale metal matrix becomes selectively enriched 
with these alloying elements. Moreover, this phenomenon 
promotes a local increase in etching resistance which can 
explain the presence of light-etching bands at the hammer-
welding joint interface. On the other hand, the inner part 
of section S1 featured a banded-like microstructure. Spe-
cifically, the central portion is marked by traces of allotrio-
morphic ferrite and nodular pearlitic colonies at the prior 
austenitic grain boundaries embedded within a martensitic 
matrix (P* + M + F) (Fig. 5f, high-magnification image in 
Fig. 8). In addition, a significant portion of this region is sur-
rounded by two ferritic–pearlitic (F + P) layers which exhibit 
a stratified and distinctive layered structure, attributed to the 
presence of well-defined white lines (WL) (Fig. 5g). This 
feature is compatible with the execution of multiple folding 
and hammer-welding cycles. Moreover, an asymmetry in 
the distribution of microstructural constituents was noted 
within both the outer and inner segments of the cross section 

(Fig. 5a). The presence of this characteristic is plausible due 
to the V-shaped joining of distinct steel bars.

Similar results were obtained by investigating the etched 
S2 transverse section. The distribution of the microstruc-
tural constituents is shown in Fig. 9a. In the outer region, a 
fully martensitic microstructure (M) was observed (Fig. 9b). 
The inner zone is constituted by three layers. The core fea-
tured traces of allotriomorphic ferritic and nodular pearlitic 
colonies at the prior austenitic grains boundary in a mar-
tensitic matrix (P* + M + F) (Fig. 9c). This core is wrapped 
externally by two layers which are characterized by a fer-
ritic–pearlitic (F + P) microstructure (Fig. 9d). As noted in 
the S1 section, a white line (WL) sharply demarcates the 

Fig. 6   Martensitic microstructure (500X magnification)

Fig. 7   Nodular pearlitic colonies in a martensitic matrix (500X mag-
nification, P* = nodular pearlitic colonies, M = martensite)

Fig. 8   Nodular pearlitic colonies and traces of allotriomorphic ferrite 
in a martensitic matrix (500X magnification, F = ferrite, P* = nodular 
pearlitic colonies, M = martensite).
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boundary between the martensitic and ferritic–pearlitic 
regions (Fig. 9e).

The microstructure observed in the longitudinal section 
S3 is compatible with the results reported for the transverse 
sections S1 and S2 (Fig. 10a). The section is marked by 
a multi-layer appearance (Fig. 10b). In particular, a fully 
martensitic microstructure (M) was detected in the two 
external layers (Fig. 10c). The inner portion of the section 
is constituted by a core interposed between two other layers. 
The core is marked by nodular pearlitic colonies and fer-
ritic traces in a martensitic matrix (P* + M + F) (Fig. 10d). 
Conversely, the two enveloping layers exhibit bands of fer-
ritic–pearlitic composition (F + P) (Fig. 10e). Moreover, SI 
stringers were identified within the ferritic bands (Fig. 10e). 

This aspect reinforces the hypothesis that multiple folding 
and forge welding cycles were performed. The demarcation 
interface between the ferritic–pearlitic domains and the outer 
martensitic regions is distinctly marked by white lines (WL) 
and SI alignments (Fig. 10f).

Concerning the hardness analysis, Vickers microhardness 
measurements were taken for all three sections. The distribu-
tion map of microhardness indentations and measurement 
data for section S1 is shown in Fig. 11a and b-c, respectively. 
Further information regarding the other investigated sec-
tions and a comprehensive summary of the microhardness 
measurements can be found in Supplementary Electronic 
Material, specifically in Figures S-1 and S-2, and Table 
S-I. Considering all the results achieved, the microhardness 

Fig. 9   (a) Distribution map of the main microstructural constituents and features observed in the S2 section and (b-e) some representative 200X 
magnification optical micrographs (F = ferrite, P = pearlite, P* = nodular pearlitic colonies, M = martensite, WL = white line)
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values in the ferritic–pearlitic (F + P) zones vary in the range 
of 145 to 293 HV0.3. The zones marked by a martensitic 
microstructure with nodules of pearlite (P* + M) feature a 

microhardness in the range of 427 to 477 HV0.3, whereas the 
microhardness values decrease in the range 292 to 420 HV0.3 
where ferrite is also present (P* + M + F). Additionally, in 

Fig. 10   (a) Distribution map of the main microstructural constitu-
ents and features observed in the S3 section, (b) detail of the layered 
microstructure (collage of micrographs with 50X magnification), and 

(c-f) some representative 200X magnification optical micrographs 
(F = ferrite, P = pearlite, P* = nodular pearlitic colonies, M = mar-
tensite, WL = white line)

Fig. 11   (a) Distribution map of 
Vickers microhardness indenta-
tions on S1 section and resulting 
measurements along (b) hori-
zontal (L1) and (c) vertical (L2- 
L6) lines (F = ferrite, P = perlite, 
P* = nodular pearlitic colonies, 
M = martensite)
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the fully martensitic (M) zones the microhardness measure-
ments vary between 500 and 640 HV0.3.

The comprehensive analysis of the metallographic char-
acteristics and Vickers microhardness data enables the 
reconstruction of the principal stages involved in the manu-
facturing process of the medieval sword blade to which the 
analyzed fragment belongs. The construction of the internal 
part of the blade seemingly followed a sequential approach: 
A hypoeutectoid steel bar was V-shaped, wrapped around, 
and forge-welded to a more carburized steel billet, which 
represents the blade core (Fig. 12a). It was noted that the 
hypoeutectoid steel bar exhibited a layered and stratified 
microstructure potentially arising from multiple and itera-
tive sequences of folding and forge-welding cycles. Sub-
sequently, a steel bar, corresponding to the blade cutting 
edges, underwent enwrapping and joined via hammer weld-
ing to the composite billet (Fig. 12b). The blade shaping 
and refinement were performed through hot plastic defor-
mation by means of hammering processes. Moreover, the 
presence of martensite is congruous with a quenching heat 
treatment strategy involving rapid cooling, aimed at increas-
ing the hardness of the blade cutting edges. It should be 
observed that in some regions and especially in the central 
core, the cooling rate was insufficient to achieve a fully mar-
tensitic microstructure. Overall, this manufacturing process 
was applied to achieve a good balance between the desired 
hardness of the cutting edges and the necessary resilience 
of the blade [6].

Slag Inclusions Classification

The chemical composition of 66 SI was obtained by SEM/
EDS (Supplementary Table S-II). The main results of PCA 
coupled with HCA are illustrated in Fig. 13. In particular, 
SI were clustered into three groups within the PC space 
(Fig. 13a) by cutting the dendrogram plot at a height of 15 
(Supplementary Figure S-3).

For each SI group, the area-weighted mean percentages 
of oxides were calculated using Formula (2):

where wt.% Oxide*
j represents the weighted average per-

centage of a specific oxide for the jth group, wt.% Oxideij 
denotes the oxide weight percentage for the ith SI in the 
jth cluster, Sij corresponds to the ith SI surface in the jth 
group, while STj is the total surface area of the jth group. The 
weighted average percentages of oxides for each SI group 
are listed in Table 1.

Group 1 (orange diamond symbols) is separated along 
the two variables SiO2 and Al2O3 which are positively cor-
related as indicated by the small angle between their load-
ing vectors in the PC1–PC2 plane (Fig. 13a). Indeed, group 
1 exhibits higher amounts of SiO2 and Al2O3 and a lower 
amount of MnO compared to groups 2 and 3 (Table 1). It 
is important to observe that group 1 encompasses all the SI 
located at white lines (star symbols). White lines represent 
the hammer-welding joining interface separating the exter-
nal martensitic and internal ferritic–pearlitic zones of the 
blade (Fig. 13c and d). Hence, it is plausible to categorize 
these SI as forging-related, presumably formed through the 
chemical interaction between the iron oxide scale and smith-
ing flux during the hammer welding joining process. This 
hypothesis prompts the question of whether all constituents 
within group 1 share a forging-related origin. To further 
explore the chemical variability of group 1, a subsequent 
PCA/HCA analysis was conducted, focusing selectively on 
SI of group 1. It was found that three subgroups of group 1 
can be identified (Fig. 13b). Specifically, subgroup 1(1) (red 
circles) tends to separate along the single-variable MnO in 
the PC1–PC2 plane because the amount of MnO is greater 
compared to the other subgroups (Table 1). It is worth not-
ing that MnO derives from manganiferous iron ore gangue. 
Therefore, subgroup 1(1) probably was generated during the 
smelting process. Subgroup 2(1) (yellow inverted triangles) 
is demarked by the positively correlated oxides SiO2 and 
CaO (Fig. 13b). This feature can be explained by the con-
tamination of SiO2-rich SI with CaO-bearing ash. Notably, 
subgroup 2(1) encompasses three of the four SI located at 

(2)wt.% Oxide∗
j
=

nj
∑

i=1

wt.% Oxideij ×
Sij

STj

Fig. 12   Manufacturing process of the composite steel block: (a) production of the internal part of the blade and (b) steeling
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white lines (star symbols). Considering all these results, sub-
group 2(1) can be classified as forging-related. Subgroup 
3(1) (violet star symbol) includes only one SI located on a 
white line. Moreover, the chemical composition of this SI is 
dominated by FeO (Table 1). Consequently, it can be classi-
fied as a residue of the iron oxide scale that originated during 
the forging process. Group 2 (blue squares) is positioned 
at the upper extreme of the MnO loading vector which is 
anti-correlated to SiO2 and Al2O3 in the PC1–PC2 plane 
(Fig. 13a). Indeed, group 2 is characterized by a higher con-
centration of MnO and a lower content of SiO2 and Al2O3 
compared to the other groups, as illustrated in Table 1. As 
previously noted, the significant amount of MnO serves as 
a definitive indicator that enables the classification of group 
2 as smelting-related. Group 3 (green triangles) is located 
near the origin of the PC1–PC2 plane (Fig. 13a) and exhibits 
chemical features that are intermediate between groups 1 
and 2 (Table 1). In addition, the high concentration of MnO 
points out that the genesis of group 3 is smelting-related.

To further the SI classification, FeO–SiO2 (Fig. 14a) scat-
terplot was examined, along with three NRCs bivariate scat-
terplots: SiO2–Al2O3 (Fig. 14b), MnO–SiO2 (Fig. 14c), and 
CaO–SiO2 (Fig. 14d). In accordance with the PCA/HCA 
results, the point clouds corresponding to group 1 (compris-
ing subgroups 1(1), 2(1), and 3(1)) and group 2 display dis-
tinct linear trends due to the different NRCs ratios. Accord-
ing to Dillmann and L’Héritier [22], these results confirm 
that the genesis of groups 1 and 2 is different. In particular, 
group 1 exhibits higher SiO2–Al2O3 and MnO–SiO2 ratios 
than group 2, while the CaO–SiO2 ratio is lower. Group 3 is 
characterized by similar SiO2–Al2O3 and CaO–SiO2 ratios 
with respect to group 1. However, the MnO–SiO2 ratio of 
group 3 is intermediate between groups 1 and 2. Within 
group 1, subgroup 2(1) exhibits a lower MnO–SiO2 ratio as 
expected in the case of low-MnO forging SI.

The positions of the SI groups on the microstructural con-
stituents maps of sections S2 and S3 are shown in Fig. 13c and 
d. Notably, smelting-related groups 1(1) and 2 are located in 
the external and internal parts of the blade, respectively. On 

Fig. 13   (a-b) Projection of SI chemistry on PC1–PC2 plane (solid 
and open versions of the same symbol refer to transverse S2 and lon-
gitudinal S3 sections, respectively) with loading vectors plot (the per-
centage of variation explained by each PC is indicated in brackets) 

and position of SI groups on microstructural constituents maps of (c) 
section S2 and (d) section S3 (F = ferrite, P = pearlite, P* = nodular 
pearlitic colonies, M = martensite, WL = white line)
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the other hand, smelting-related group 3 and forging-related 
groups 2(1) and 3(1) are preferentially positioned near the 
interface between these two zones. This distribution pattern 
clearly reflects the composite nature of the blade. Consistent 
with the metallographic analysis results, the distinct chemical 
features of smelting-related groups 1(1) and 2 suggest that the 
outer and inner zones of the blade were manufactured at least 
with two steel bars produced in different technological sys-
tems. Furthermore, despite group 3 being located in the micro-
structurally heterogeneous inner part of the blade, the chemical 
composition of its SI is relatively homogeneous. This observa-
tion supports the hypothesis that the inner portion of the blade 
consists of a composite billet manufactured combining low- 
and high-carbon steels with a similar origin. A mineralogical 
investigation was carried out by SEM/EDS analysis to extend 
the SI characterization. Two main SI petrological classes were 
identified, i.e., two-phase wüstite–olivine SI (Fig. 15a) and 
single-phase glassy SI (Fig. 15b). Example chemical data for 
the main mineralogical phases shown in Fig. 15 are reported 
in Table 2. It was found that the wüstite–olivine SI predomi-
nantly belong to forging-related groups 2(1) and 3(1). On the 
other hand, single-phase glassy SI having low iron oxide con-
tent are most prevalent in smelting-related groups 1(1) and 3. 
Moreover, it was observed that all SI located in the external 
martensitic zone of the blade sections S2 and S3 belong to 
the single-phase glassy type. On the other hand, no clear pat-
tern has been found for SI in the inner portion of the blade. In 
fact, single-phase glassy and two-phase wüstite–olivine SI are 
spread in both ferritic–pearlitic (F + P) zones and in the blade 
core layer which is characterized by nodular pearlitic colonies 
and ferritic traces in a martensitic matrix (P* + M + F).

Analysis of the Steel Technological Origin

To assess the technological origin of the blade steel in terms 
of direct and indirect processes, the logistic regression method 
suggested by Disser et al. [29] was adopted. The data-driven 
model was built and tested starting from a learning set of sam-
ples with known technological origin [29]. It is worth noting 
that this statistical approach was applied in the present study 
under the assumption that the learning set includes samples 
that are representative of the unknown ironmaking process 
used to produce the sword blade steel. Given the chemical 
composition of smelting-related SI, this statistical model quan-
tifies the probability of a binary variable (Y), classifying the 
process as direct (Y = 0) or indirect (Y = 1).

The model requires to transform the average weight oxides 
percentages of smelting-related SI (Oxide*) into subcompo-
sitional ratios (Oxide**) using Formula (3):

(3)
wt.% Oxide∗∗ = (wt.% Oxide∗ × 100)∕(100−wt.% FeO ∗)
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Fig. 14   Bivariate scatterplots: (a) FeO–SiO2, (b) SiO2–Al2O3, (c) MnO–SiO2, and (d) CaO–SiO2 (solid and open versions of the same symbol 
refer to S2 and S3 section, respectively; WL = white line)

Fig. 15   SEM micrographs of 
the two main SI mineralogical 
types: (a) two-phase wüstite 
(grey)–olivine (dark grey) SI, 
(b) single-phase glassy SI; Wus: 
wüstite, Ol: olivine, Gl: glass 
(abbreviations after Whitney 
and Evans [35]). The letters 
A, B, and C indicate the zones 
chemically analyzed by SEM/
EDS
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where “Oxide” indicates each oxide involved in the statis-
tical analysis (i.e., MgO, Al2O3, SiO2, P2O5, K2O, CaO, 
MnO). The logistic model can be expressed with Formula 
(4):

In Formula (4), p is the probability that the binary vari-
able Y equals unity (i.e., indirect process). The parameters 
of logistic regression (β0, βMg, βAl, βSi, βP, βK, βCa, βMn) are 
reported in Table 3.

If p < 0.3 or p > 0.7, it is possible to identify the iron-
making technology as direct or indirect, respectively, as per 
reference [29]. Otherwise, the pyrometallurgical method is 
deemed undetermined. In the present study, the smelting-
related SI of groups 1(1) and 2 were considered. The calcu-
lated oxides subcompositional ratios for these two groups 
are presented in Table 4.

The model yielded p values of 0.32 for group 1(1) and 
0.63 for group 2. Given that these outcomes lie within 
the 0.3–0.7 range, it is not possible to definitely attribute 
groups 1(1) and 2 to direct or indirect process. However, 
based on these results, groups 1(1) and 2 seem to be more 

(4)
Logit(p) = log

[

p∕(1 − p)
]

= �0 + �Mg
[

wt.% MgO∗∗
]

+ �Al
[

wt.% Al2O
∗∗
3

]

+ �Si
[

wt.% SiO∗∗
2

]

+ �P
[

wt.% P2O
∗∗
5

]

+ �K
[

wt.% K2O
∗∗
]

+ �Ca
[

wt.% CaO∗∗
]

+ �Mn
[

wt.% MnO∗∗
]

compatible with the direct and indirect ironmaking pro-
cesses, respectively.

Estimation of Smelting and Forging Temperatures

The temperature reached during the smelting and smithing 
manufacturing stages was evaluated by Rhyolite–MELTS 
v.1.0.2 software [36, 37]. The smelting and forging tempera-
tures were assessed by estimating the liquidus temperature of 
smelting and forging SI, respectively. To this aim, the aver-
age chemical compositions of smelting-related SI groups 
1(1) and 2 and forging-related SI group 2(1) were consid-
ered (Table 1). The thermodynamic modeling of liquidus 
temperatures was performed assuming a pressure of 1 bar 
(0.1 MPa) and iron–wüstite (IW) oxygen fugacity buffer 
(input files are provided in Electronic Supplementary Mate-

rial). The results for smelting-related groups 1(1) and 2 are 
1156°C and 1031°C, respectively. On the other hand, it was 
computed a liquidus temperature of 1143°C for the forging-
related group 2(1). These values can be considered reason-
able estimations of the lower limits of the maximum tem-
peratures reached during the smelting and forging processes.

Conclusions

This archeometallurgical investigation was focused on a 
fragment of a medieval sword blade. Technological informa-
tion about the manufacturing process employed to produce 
the sword blade was extracted from the object through a 
methodology based on metallography, Vickers microhard-
ness tests, and slag inclusions analysis. Observations of the 
blade's microstructure, along with Vickers microhardness 

Table 2   SEM/EDS Microchemical analyses of the areas highlighted in Fig. 12

MgO (wt.%) Al2O3 (wt.%) SiO2 (wt.%) K2O (wt.%) CaO (wt.%) TiO2 (wt.%) MnO (wt.%) FeO (wt.%)

A (wüstite) 0.00 0.00 0.00 0.00 0.00 0.00 0.94 99.06
B (olivine) 0.00 1.58 27.91 0.00 5.13 0.00 1.57 63.81
C (glass) 3.36 7.37 46.98 1.81 14.93 0.51 17.22 7.82

Table 3   Logistic regression 
model parameters

Parameter Value

Intercept β0 5.22
MgO βMg 0.13
Al2O3 βAl  − 0.95
SiO2 βSi 0.007
P2O5 βP 0.16
K2O βK  − 0.84
CaO βCa 0.088
MnO βMn 0.018

Table 4   Oxides Subcompositional Ratios for Smelting-Derived SI of group 1(1) and 3

Group MgO** (wt.%) Al2O3** (wt.%) SiO2** (wt.%) K2O** (wt.%) CaO** (wt.%) MnO** (wt.%) P2O5** (wt.%)

1(1) 2.49 6.87 72.47 1.46 9.31 6.09 0.00
2 3.93 6.91 47.97 1.29 14.99 22.18 2.28
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measurements, unveiled an intricate forging process involv-
ing the meticulous assembly of diverse steel bars through 
hammer-welding techniques.

This process was aimed at achieving a delicate equilib-
rium between the hardness of the cutting edges and the over-
all toughness of the blade.

Notably, a steeling technique was applied by wrapping a steel 
bar around a composite steel billet which, in turn, was produced 
enveloping a hypoeutectoid steel bar around a near eutectoid 
steel core. Following the forging phase, the blade underwent 
heat treatment via quenching, giving rise to a martensitic micro-
structure at the outer steel layer that includes the cutting edges. 
An extensive dataset of slag inclusions (SI) compositional data 
was amassed through SEM/EDS analysis. The analysis of this 
dataset by multivariate statistics (PCA/HCA) and nonreduced 
compounds (NRCs) bivariate plots confirmed the composite 
nature of the blade and allowed to distinguish smelting and 
forging-related SI groups.

Specifically, it was found that the external portion and the 
blade core were made of steel produced in different techno-
logical systems. Moreover, the analysis of smelting-related SI 
groups by a classification model based on logistic regression 
indicated that the outer and inner portions of the sword blade 
were made of steel that possibly derived from the direct and 
indirect ironmaking processes, respectively. Finally, the lower 
limits of the maximum temperatures reached during both the 
smelting and forging phases were estimated by computing the 
liquidus temperatures of smelting and forging-derived SI using 
the Rhyolite–MELTS software. The analysis revealed that the 
smelting processes for the steel used in the external and internal 
parts of the blade reached temperatures of at least 1156°C and 
1031°C, respectively. On the other hand, the peak forging tem-
perature was determined to be at least 1143°C. These findings 
unveil the complex metallurgical history underlying the produc-
tion of this medieval sword blade, enriching our understanding 
of ancient metallurgical techniques.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13632-​024-​01064-3.
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