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Abstract: Two Venetian types of swords coming from the “Luigi Marzoli” Arms Museum in Brescia
were characterized in this study, to understand their manufacturing process and to gather information
about their provenance. Both the blades and the hilts components are analyzed using a multi-
methodological approach, to describe possible differences in the metallurgical features that involved
classical metallographic and spectroscopic techniques. Microstructural results indicate a complex
process for the manufacturing of the blades, by hot-forging, confirmed by a sequence of different
microstructures even on the same sample. Furthermore, an interesting and unusual manufacturing
technique is used on one of the pommels, which consists of two hemispheres connected by copper
joints. Hypothesis about the ironmaking and the provenience of raw materials are obtained by the
features and composition of the inclusions. It is suggested that there is the use of both a direct and an
indirect process on the swords. It is likely that the minerals used to obtain iron and copper of the
swords come from the mines of the Brescia and Bergamo territories. All the hypotheses are consistent
with the historical documents of the time that also give information on the diffusion of such swords
in the Brescia area.

Keywords: Venetian type swords; metallography; copper joints; inclusions; EPMA-WDS

1. Introduction

The study of ancient iron swords is of common interest for the cultural heritage con-
text as it delivers information on the specific metallurgical knowledge of ancient times.
Many studies have been performed to find out the metallurgical characteristics of ancient
weaponry, most of them using a classical invasive protocol that involves the sampling of
representative parts of the object and metallurgical instrumentation to identify its exact
manufacturing process [1-4]. Through microstructural analysis, much information about
the forging processes and the thermal treatments can be extracted [5-9]. However, recently
the need for a non-invasive kind of techniques has led the researcher’s attention to some
studies that consider new analytical protocols. Nondestructive methods were carried out
on swords coming from different time periods (from the iron age to the renaissance) to
obtain chemical analyses [10-12] and combined with X-ray radiograph to observe inscrip-
tions and traces of welding at the joint of the hilt and the blade [5]. In addition, many
studies addressed the issue of ironmaking throughout history with neutron diffraction
techniques, by the analysis of the microstructural features obtained through the diffraction
patterns [13-16]. However, these techniques are very complex and require very sophisti-
cated instrumentation that cannot be affordable to anyone. To obtain reliable information
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on both the manufacturing process and the provenance, classical metallographic techniques
are still the best choice in terms of cost-effectiveness. In addition, electron microanalyses are
associated with metallurgical studies to understand the type of ironmaking process [7,17].
To our knowledge, most of the data from the literature on ancient swords were on the
blades, with very few studies carried out on the other components of the swords [18,19].
In particular, the study of renaissance swords was performed mainly by Williams et. al.,
who carried out intensive research on the evolution of both the blacksmith metallurgical
practices and the extraction techniques throughout the centuries [20,21].

In this study, we aim to provide more detailed information on the metallurgy of the
classical Venetian type of swords, largely widespread since the 15th century in the entire
Europe. Two swords coming from “Luigi Marzoli” Arms Museum in Brescia, the most
distinguished area of sword making since the 15th century, were analyzed using classical
metallographic techniques and allowed us to provide new insights on peculiar assembling
procedures and extraction techniques that could correlate the raw materials to the possible
local iron ores.

2. Historical Context

The 15th century can be defined as a century of great importance for the development
of metallurgy and, accordingly, of arms production in Italy, without considering the rest
of Europe. It was the crux of the translation in many scopes tied to the weapons” world:
from the direct to the indirect method of reducing iron, in the strategy and the forging
processes. Therefore, these objects are evidence of these changes in metallurgy between
the Late Middle Ages and the Modern Ages. One of the key elements of this development
was the affirmation of the indirect method for iron production, thanks to the development
of furnaces called “a canecchio” [22,23]. These ovens, also called “alla bresciana” (Brescia
type) or “alla bergamasca” (Bergamo type), took their name from the tower in square
stones, sealed with mortar, in which the iron ore was reduced by burning coal. In these
ovens, metal was kept (due to the introduction of long walls, to the use of bellows and, later,
hydro-wind horns) at very high temperatures that brought it in contact with the carbon
monoxide for long periods of time, generating cast iron. This alloy bears a high carbon
content and has difficult workability. Accordingly, it was transformed into iron using “large
fires” (furnaces with large central cavities where the metal was fired and later subjected to
decarburization). The spread of these units, able to provide iron of a much higher quality
than that obtained with the direct method, was one of the reasons behind the development
of the great arms centers in northern Italy, such as Brescia, Milan, Belluno, Feltre, Serravalle
and Gromo in the Bergamo area [24]. In the Venetian territory, the Bergamo area and the
Brescia area assumed great importance as sword production centers, so that the Venetian
chancellors had reported an important number of furnaces and forgings in the middle of
the 15th century [25,26]. Likely, workers from Brescia and Bergamo emigrated to contribute
to the affirmation of the Val di Zoldo, in the Belluno area, as a leading iron center from
the 15th century. Although probably the indirect method was already practiced there in
the 14th century [27], it is important to remember that the furnaces “a canecchio” and
blast furnaces have coexisted with the ancient blooming furnaces up to the 19th century in
Italy [28]. In the same period, while Serravalle and Ceneda in the Treviso area, Gromo in
the Bergamo area, and the Brescia area began to play an important role as sword production
centers [29,30], the production of swords in the Belluno area dates to the early years of the
15th century [31]. The most important ores used by the Venetians were in Val Trompia,
in the Brescia area [32], and Fursil mine [31], presently in the Belluno area, but at that
time under the Bressanone princes-bishops domination. The main iron-bearing mineral,
extracted in all the principal mines of the territory, was siderite, as a component of (often
metasomatic) carbonate rocks. With time, the affirmation of these production districts led to
a substantial transformation of the sword object, aimed at improving the grip and making
the hilt more ergonomic, the beginnings of which can be seen since the 13th century [24].
In the Spanish and Italian area, branches were introduced, rings placed on the two edges
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of the blade, which housed the index and middle fingers of the hand, while the palm was
placed on the grip. Another element added was the knuckle-guard, a curved branch that
departing from the center of the quillon reached the pommel; it also guaranteed greater
protection to the swordsman’s hand. According to the documents of the fifteenth century,
the components that changed the most were the hilts: the blades, generally wide and
not particularly long, had a lenticular section, hollowed at the forte, and were single or
double-edged [24].

The widespread diffusion of this type of sword in the Veneto area, also evidenced by
the large group of specimens kept in the armory of the Doge’s Palace in Venice [24], has led
to it being defined as the sword “alla veneta” (Venetian type) [32]. The development of
the sword in the 15th century is not only related to a new way of fighting, exemplified by
fencing treaties, but is, above all, related to the weapons production centers in the Venetian
area. The higher quality of the iron, due to the indirect method, and the specialization of
the craftsman that came with it (with new work profiles dedicated to an exclusive and
specific task) also promoted the output of a better, and more complex, product. Overall, the
arms production on the threshold of the Modern Age is the result of a complex combination
of technological and social phenomena.

3. Materials and Methods
3.1. The Swords

The two swords of this study come from the “Luigi Marzoli” Arms Museum in
Brescia. Due to their high degree of oxidation, these two swords could not be exposed
in the museum; in this light, we were allowed to perform invasive diagnostic analyses.
The first sword was defined as “G6”, according to its serial number. The sword is not
complete (Figure 1) and measures 187 mm in width and 430 mm in length; it weighs around
0.850 Kg [18]. Collected samples of the G6 sword are listed in Table 1.

Figure 1. Sword G6 sites of sampling.

Table 1. Description of sword G6 samples.

Sample Description
P1 fragment of the pommel
El fragment of the knuckle-guard
I1 fragment of the tang

L1 fragment between forte and medio
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It was found in the area of Belluno (near Brescia, ITALY) and it is presumed to be of
Venetian-Lombardy manufacturing, dated between 1480-1490 A.D. [29,32,33]. The pommel,
disk-shaped, has a lenticular section. The hilt of the sword, which has probably an octagonal
section, presents a curved quillon (the forward quillon sticks out), knuckle-guard, branches,
and ring-guard, with cuspidate quillon block buttoned up the top of branches. This type
of blade is usually subdivided into three sections called: (i) forte, close to the tang: (ii)
medio, middle part of the blade; (iii) debole, near the edge (for further information about the
components of the sword, the reader can refer to Supplementary Materials, Figure S1). The
blade has only one edge and has a triangular section. Samples collected from sword G6 are
listed in Table 1.

The second sword, with serial number “G8”, is intact. The whole length measures
780 mm and it weighs around 1.100 Kg (Figure 2). Its provenance is uncertain, even though
some speculations can be made as some stylistic features resemble those from northern
Italy swords and could be dated around 1480 [29,32]. The pommel is disc-shaped with a
groove to hit the shank. The sword-hilt has a flat and curved quillon, from which branches
arise and the blade has two edges and a central fuller. Collected samples of the G8 sword
are listed in Table 2.

Figure 2. Sword G8 sites of sampling.

Table 2. Description of sword G8 samples.

Sample Description
P2 fragment of the pommel
E2 fragment of the quillon
12 fragment of the tang
L21I fragment of forte
L2P fragment of debole

3.2. Analytical Protocols

Prior to the instrumental analyses, the objects were visually inspected to detect evi-
dence of shaping, soldering, and mechanically connected areas. Sampling fragments were
selected to be representative and to preserve, to our best, the integrity of the objects. Later,
the objects were carefully manipulated and subjected to instrumental analyses, to define
the production techniques and the possible provenance.
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3.2.1. Metallographic Examination

Samples were mounted in epoxy resin, suitably polished with SiC emery paper from
400 to 1200 grit and with diamond paste up to 1 um, according to the ASTM E3-95 standard
adjusted to cultural heritage objects. Observations through Light Optical Microscopy were
carried out after two different chemical etching: (i) Nital 1% (1% of HNOj in ethanol
v/v) to reveal the presence of different phases and possible thermo-mechanical treatments;
(ii) FeCls solution (5g) in HCI (50 mL) and ethanol (200 mL) to evidence compositional
heterogeneities and grains orientation. To estimate the grain size of the samples, an image
analysis software (Fiji-Image], version 1.49b) was used on 200x LOM micrographs [34].

3.2.2. SEM-EDS and EMPA-WDS Experiments

A JEOL JSM-IT500 LV Scanning Electron Microscope (SEM), equipped with Backscat-
tered (BSE) and Secondary Electrons (SE) detectors, was employed, at the Earth Sciences
Department of the University of Milano (ESD-UniMI), with operating conditions: 20 kV
accelerating voltage, 65 pA current beam. Quantitative/semi-quantitative chemical micro-
analysis through Energy Dispersive X-ray Spectroscopy (EDS) was carried out on the
inclusions. Prior to EDS analysis, samples were carbon-coated. The ZAF correction was ap-
plied to the chemical data, as implemented in the JEOL suite of programs. This procedure
allowed us to obtain reliable values for all elements with an atomic weight higher than
sodium (i.e., Z > 11), while for lighter elements, like oxygen, the analysis was considered
semi-quantitative. Fractions below 0.3 wt.% were also considered as semi-quantitative and
were considered only when the identification peaks were clearly visible in the acquisition
spectrum. Trace elements cannot be detected with SEM-EDS, as below the limit of detection
(LOD) of the instrument. The reported compositions of the inclusions correspond to the
average of at least three independent measurements on non-corroded areas. Additional
chemical microanalyses were performed in wavelength-dispersive mode (EPMA-WDS),
using a JEOL JXA-8200 microprobe, at the ESD-UniMI. The microprobe was operated
as follows: accelerating voltage of 15 kV, beam current of 5 nA, beam diameter of 5 um,
and counting time of 30 s on the peaks and 10 s on the backgrounds. Correction for ma-
trix effects was applied using the PhiRhoZ method, as implemented in the JEOL suite of
programs. A series of natural and synthetic standards were used.

3.2.3. Microhardness Measurements

Microhardness measurements were performed with a microdurometer (UHL VMHT
Report: ISO 6507) on 200x areas on at least 5 points per microstructure, using the Vickers
method and the following parameters: applied load 500 g; dwell time 15 s.

4. Results and Discussion
4.1. Swords Manufacturing: Microstructural Analysis

By a visual observation of the samples collected from the two swords, it is possible to
infer that the objects reproduce the period style (i.e., Venetian-Lombardy manufacturing,
dated between 1480-1490 A.D.) (Figure 3) [32,33], as described in the Materials and Methods
section. Interestingly, the pommel P1 (80,5 @ x 18 mm) is larger than P2 (55 @ x 16 mm)
but hollow.
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Figure 3. Comparison between the two pommels and the rest of the hilt. (a) G6 pommel; (b) G6
knuckle-guard; (c) G8 pommel; (d) G8 hilt. The G6 pommel is hollow and bigger than the G8 one. G6
hilt has the knuckle-guard, not present in the G8 hilt, but both hilts have curved quillons that were
useful for stopping and diverting the downward blows.

The main function of this tool is balancing the whole sword, as it weighs the same as
the rest of the weapon. This outcome is consistent with previous literature studies [32],
considering the total length of the swords (G6's preserved length is 430 mm and G8's is
780 mm). It also seems that, for P1, the two hemispheres are joined together (Figure 3a).
Both hilts present curved quillons, useful for protecting against the downward blows;
additionally, G6 has the knuckle-guard as further protection against enemies’ blows [33]
(Figure 3b,d). During the 13th century, the blacksmiths had begun to create ergonomic
hilts in different models that go back to the Venetian sword. The G6 quillons shape is quite
different from other models, and it could have anticipated the curved quillons present from
the 14th century [33]. To our knowledge, no similar swords have ever been reported and
described in the literature so far.

Microscopical observation of all samples revealed several microstructural hetero-
geneities (Figure 4), either among the samples or even in the same sample. Microstructural
differences were more evident in the hilt and the blade, according to their function.

Figure 4. LOM micrographs and microstructural details: (a) the pommel of G6 or P1; (b) the pommel
of G8 or P2; (c) the knuckle-guard or E1; (d) the quillon or E2; (e) the G6's tang or I1; (f) the G8's tang
or 2.
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Both P1 and P2 (Figure 4a,b) showed predominantly pearlite and acicular (Widmanstétten
like) ferrite with rare inclusions distributed on its surface, derived from heating above the
austenitization temperature (A3 critical point) and cooling comparable to an air quenching,
representing the typical microstructure of forged carbon steel [1]. Whereas P1 showed an almost
pearlitic microstructure, P2 exhibited a fair distribution of pearlite and ferrite, with small areas of
cementite [35]. Probably, both the G6 and the G8 sword’s pommels were warmed up on blazing
coals, hammered and air quenched. This kind of forge matches the pommel microstructure
and explains the several oxidized areas. It was also possible to observe the application of a
copper-based alloy to join the two hemispheres of the pommel P1 (Figure S2, Supplementary
Materials, as later confirmed by the SEM-EDS analyses).

The two hilts’ samples, knuckle-guard (E1) and quillon (E2), showed a microstructure
with dominant ferrite and small areas of perlite at the grain boundaries (Figure 4c,d).
The elongated ferrite grains in E2 testify to an isodirectional deformation, followed by
annealing due to the absence of strain lines and mechanical twins. The sample E1 showed
no forging layers, despite presenting two grain sizes (Table S1) and internal inclusions.
This evidence seems to corroborate the hypothesis proposed by Matteis et al. [18] that the
knuckle-guard was made of a single bar and later repaired. Also, the E2 microstructure,
typical of a very low purified carbon steel, suggests the use of a single bar, which was later
manufactured into a foil with the procedure used for the pommel.

Rapid quenching effects are only visible on the blade edges and not on the hilts
(Figure 5). As an example, microhardness measurements conducted on specific areas of the
tang of the two swords gave average values lower than 210 and 175 HV for G6 and GS8,
respectively. In addition, the tangs (I1 and 12) differ from the rest of the samples in terms
of microstructure and abundance of inclusions. In I1, it is possible to observe (Figure 2e)
two different phases: (i) pearlite and ferrite with diverse grain sizes (Table S1); (ii) pearlite
and cementite. On the other hand, sample 12 (Figure 4f) showed a higher average grain
size (Table S2) and a sequence of microstructures from the top to the bottom: (i) ferrite
and pearlite; (ii) pearlite and cementite; (iii) pearlite and acicular ferrite; (iv) pearlite and
cementite. Furthermore, hot-forged lines were observed for both samples.

Figure 5. Micrographs and microstructural details. (a) tempered martensite in sample L1; (b) detail
of (a), with hot-forged lines; (c) SEM detail of tempered martensite in L1; (d) ferrite and pearlite on
the central part of L2I, corresponding to the hollow of the blade; (e) martensite, pearlite, and ferrite
areas in L2I corresponding to water/oil and air quenching; (f) SEM detail of pearlite and ferrite; (g)
hot-forged lines in sample L2P; (h) martensite, pearlite and ferrite areas in L2P corresponding to
water/oil and air quenching; (i) SEM detail of tempered martensite with ¢ carbides of L2P.

The G6's blade (sample L1), single-edged, has a heterogeneous appearance (Figure 5a—).
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A sequence of microstructures characterizes the sample from the top surface to the bottom:
(i) tempered martensite; (ii) ferrite and pearlite; (iii) tempered martensite; (iv) ferrite and pearlite;
(v) tempered martensite. The interpretation of tempered martensite is given below: martensite
being a solid solution, when present, it would appear as a mechanical mix of acicular grains.
The size of such grains depends on the steel composition (e.g., carbon content) and the applied
cooling rate due to the cooling medium (e.g., water, oil, etc.). After chemical etching, the
martensite might appear dark at the optical microscope, while under the SEM observation it
will show only the presence of acicular grains. Conversely, the tempered martensite corresponds
to a matrix of body-centered tetragonal martensite, showing precipitated carbides (e because
in defect of C if compared with the classical cementite) [5,36,37]. The SEM images (Figure 5c)
showed that the original martensitic crystal has kept the same boundaries but results now
hollow and containing tiny precipitates. If such a microstructure is further annealed, the
martensite is transformed into ferrite (changing the grain boundaries and shape) with globular
carbides (i.e., cementite) [36,37]. The sequence of microstructures observed could be related
to several forging and folding steps above the A3 point, and two different cooling rates. The
faster cooling rate is compatible with water or oil quenching [30,31], the slower could refer
to an air quenching. The formation of tempered martensite is probably derived from further
heating (probably below 250 °C) and followed by air cooling, which allows for the precipitation
of ¢ carbides (Figure 5c) [36]. According to the microstructural features and to the hardness
measured by Vickers method, ranging between 480 and 580 HV0.5, it is, therefore, possible
to infer that the observed microstructure might result from a temper annealing performed at
intermediate temperatures [3,36]. Also, a difference was seen between the edge and the back
edge (respectively on the right and left side of inset of 5a), with tempered martensite on the
first, and pearlite and cementite on the latter. A hypothesis for the presence of cementite in the
back-edge is as follows: during the forging, the blacksmith left one side of the blade on the
blazing coals longer than the other side and applied an air cooling. Accordingly, on the back-
edge, quenched structures with an excess of carbon were produced, that formed grain boundary
cementite. This hypothesis is also supported by the microhardness measurements (Table S3)
with harder areas (480 HV 0.5 to 580 HV 0.5), corresponding to tempered martensite [4,36].
Hot-forged lines were also observed at the core of the blade (Figure 5a,b). They clearly define
the folding procedure applied during hot-forging by the blacksmith.

The G8's blade samples (L2I and L2P), double-edged, are sampled near the grip and
the edge, respectively, to observe how the microstructure differs between the forte and
the debole (Figure 5d—i). It appears that the alloy is made of iron with different carbon
content along the transversal axis (Figure 5d,g). The hardness has irregular values, and
it could be the result of different procedures: 530 HV 0.5 compared to 300 HV 0.5 [4].
Sample L2I is hollowed and has visible hot-forged lines (Figure 5e), which draw the forge
folds and divide the microstructure from side to side into: (i) tempered martensite; (ii)
pearlite and ferrite; (iii) tempered martensite; (iv) pearlite and acicular ferrite; (v) tempered
martensite (Figure 5f). The abundance of small inclusions near the hot-forged lines could
be related to the supplementation of wet clays during the hot-forging that protects the
material from oxidation and carburization [34]. In the sample L2P, the hot-forged lines
are defined clearly by two kinds of microstructures (Figure 5h): (i) ferrite and pearlite at
the center; (ii) tempered martensite on the edges (Figure 5i). The carburized layer, which
is visible in L1, is not detected in L2P, thus confirming the use of a different procedure
for the sword. The hardness profile of this sample is consistent with what was already
observed for L1: in the core, the blade measures between 150 and 250 HV 0.5 and at the
edges between 550 HV 0.5 and 600 HV 0.5 (Table S3) [4,37].

The SEM-EDS analyses provided information on the nature of the joint (Figures 6 and 7
and Tables 3 and 4). The main element detected is copper, with a low fraction of iron (average
3 wt.%, spectrum 1 in Table 3). Figure 6 shows the difference in composition of the two parts
(copper joint and iron), as reflected in a variation in greyscale, and the presence of solid-state
interdiffusion (spectrum 1 and 2).
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Figure 6. SEM-BSE micrograph of sample P1 copper joint.
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Figure 7. SEM-BSE micrograph of sample P1 copper joint.

Table 3. EDS microchemical analysis of the two points shown in Figure 6, in element wt%.

Spectrum Fe Cu
1 2.7 97.3
2 13.1 86.9

Table 4. EDS chemical microanalysis of the selected areas in Figure 7, in element wt%.

Spectrum (o] Na Mg Al Si C1 K Ca Fe Cu Pb Bi
1 3.1 96.9
2 49.5 14 47 18.1 20 20.6 3.6
3 51.2 8.2 15 0.6 229 0.4 0.8 32 9.9 13
4 264 62.9 10.7

The analysis of the microstructure (Figure 7) showed that the alloy appears homoge-
neous, with a few domains containing lead and bismuth (spectrum 4 in Table 4), usually
associated with copper in Cu-bearing mineral assemblage. In addition, dendritic grains
are distinguished by the characteristic shape and silicate inclusions are observed at the
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grain boundaries (Figure 7). The hypothesized procedure is as follows: copper chips or
grains were used to join the two hemispheres of the pommel using a clay shell that helped
preserve the heat. The shell was supposedly warmed up above 1080 °C (copper melting
temperature) and air-cooled [38]. This allowed copper and iron to diffuse easily. The
detected silicate-based inclusions (as displayed by the EDS spectra 02 and 03 in Figure 7
and Table 4), support this specific procedure. To our knowledge, such a material was never
used on components of the swords coming from this period and the correct interpretation
of these results would require further studies. However, it is not possible to exclude an
interpretation either towards the innovation of the blacksmiths welding technique or a
more recent reparation.

4.2. Provenance of the Swords: Analysis of Inclusions

The nature and distribution of inclusions can provide evidence on the provenance of
raw materials and ores used for manufacturing. Both swords show the same results for the
inclusions in terms of morphology and composition. Almost all of them appear elongated
along the manufacturing direction and either uniform (usually with deep grey tones in
BSE) or heterogeneous. Two differently shaped and sized inclusions were detected through
SEM-EDS, as visible in Figure 8. Figure 8a displays the so-called bloomery or finery slags
(according to the reducing process), which are bigger and homogeneously distributed on
the samples. They generally give information about the provenance and the nature of iron
ores [20].

c
«

10 15 20
Energy [keV]

Figure 8. SEM-BSE micrograph and SEM-EDS spectra: (a) inclusions from sample L2I; (b) inclusions from sample L1.

Often, the inclusions contain small crystals (from 30 to 50 um), with a polygonal or
round shape. From the compositional analysis (Figure 8a and Table 5), elements like Si,
Mg, Al, K, Ca, Ti, Mn, and Fe were detected. This indicates that they are made of silicates,
with an important fraction of Mn, being this element knowingly a marker for bloomery
slags [20]. It is known that Mn is preferably reduced during the smelting process and only
a small fraction of Mn is re-oxidized in the finery process.

Table 5. EDS chemical microanalyses of the selected areas in Figure 8, in element at wt%.

Spectrum O Mg Al Si K Ca Ti Mn Fe
1 45.7 2.5 42 25.5 3.2 7.3 0.2 7.2 42
2 53.1 1.4 15.3 3.2 26.9

3 46.2 53.8
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Figure 8b displays the smithing slags, derived from the hot-forging process, recog-
nizable due to their morphology and location near the hot-forged lines observed through
LOM [20]. They are smaller (around 100 um) and elongated along the manufacturing
direction. According to the literature, they are mainly composed of silicate minerals (clays)
or ground bones [39]. As expected, analysis of the domains shown in Figure 8b confirms
the presence of elements such as Si, Mg, Ca, and Fe. However, the compositional analysis
suggests the presence of two distinct phases: the dark matrix in BSE is composed of silicates,
the same composition of the inclusions in L1; the bright crystals are iron oxides. These
outcomes confirm the aforementioned hypothesis of using wet clays to protect the iron
from further oxidation. During this process, wustite or FeO (spectrum 3) is formed in lack
of oxygen. A subsequent reaction with the silicate-based clay promoted the formation of
fayalite Fe;SiOy4 (spectrum 2).

To unambiguously distinguish bloomery from finery slags, Williams et al. suggested a
protocol based on chemical quantitative analyses [20]. The compositions observed with the
EDS analysis were used to set the WDS analysis, to obtain quantitative results in terms of
chemical composition expressed as oxide wt%. According to Williams et al. [20], a direct
process of production displays ratios of K,O:MgO and/or Al,O3:CaO higher than those of
5i0;:Al,05. In addition, large quantities of Mn must be present in the silicates inclusions.
Otherwise, iron is derived from an indirect process of production [20]. We then selected
some relatively large inclusions, a reference one shown in Figure 9, to perform EMPA-WDS
analyses and to apply the Williams et al. protocol. As shown by the spot analyses in
Table 6, EMPA-WDS quantitative results confirm the heterogeneous nature of the inclusion.
The chemical data pertaining to the ref. #1 in Table 6 could be reasonably ascribed to an
Mn-rich olivine (e.g., with the general formula ((Fe2+,Mn,Mg)2(SiO4)) or to an amorphous
silicate with similar composition, whereas data pertaining to ref. #2 point to glass, with a
complex composition incompatible with the common rock-forming silicates. Unfortunately,
the small dimensions of the inclusions do not permit a characterization based on X-ray
diffraction methods, which would be decisive for the unambiguous identification of the
Mn-rich olivine and of the glass.

40 pm

Figure 9. BSE image of an inclusion in sample I2. #1 and #2 correspond to the two WDS point-analyses
of Table 6.

Table 6. EMPA-WDS analyses of sample 12, G8 sword: composition of a bloomery slag (in wt %)
from spot analyses of Figure 9 (LOQ 0.01 wt%).

Spectrum  NayO 503 MnO K0 MgO si0, TiO, FeO ca0 AL,03 Cry0y NiO

1 0.02 0.04 19.29 0.04 6.96 31.65 0.06 39.97 3.99 0.06 0.01 <LOQ
2 0.14 0.66 4.87 6.05 0.32 37.52 0.69 237 13.65 8.85 0.01 0.08
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Applying the Williams et al. protocol, results are described in Table 7. For some parts
of the blade, the 5i0;:Al,Oj3 ratio is higher than that of K;O:MgO (blade G6, pommel P1,
knuckle guard E1, and quillon E2) and for other samples, the value is lower (pommel P2
and blade G8).

Table 7. 5i0,:Al,03 and K,O:MgO ratio elaborated from the analyses via SEM-EDS and EMPA-WDS
on the samples according to the Williams et al. protocol [24]. * = only the tangs were displayed as
representative of the entire blade.

Spectrum Si0,:Al1,053 K,0:MgO

G6

P1 4.540.1 2.1+0.1

E1l 4.440.1 2.0+0.1

11+ 5.4+0.8 2.1+0.6
G8

P2 2.64+0.3 4.840.2

E2 8.0£2.0 0.7+0.6

2* 4.0+1.8 19.0+8.4

Historically, both reduction processes were common practices in the 14th—17th cen-
turies [28] and according to the outcomes obtained, the process applied for the reduction
of the swords was both direct (G8) and indirect (G6). In addition, for the sword G8, the
Si0,:Al, O3 and K,O:MgO ratio values seem at first contradictory considering the different
components. However, these outcomes are plausible if we consider that a direct process of
production was applied for the blades and an indirect one for the hilt. Consequently, we
could only consider a possible replacement of the hilt according to the changing fashion of
the time [24].

To gather information on the iron ores, the composition of the inclusions was correlated
to the minerals of the ores exploited to produce iron from the 13th century and coming from
the Venetian area [24]. The most important iron-bearing mineral of the Brescia and Bergamo
territories, probably exploited since the 6th-7th century (Lombard times), is represented by
siderite occurring at the mines of Val Trompia and Val Camonica (near Brescia), and Val di
Scalve-Val Seriana (near Bergamo). Siderite is an iron carbonate (FeCO3), which contains up
to 48 wt% of Fe. These mines consist of layers of (mainly Triassic) metasomatic carbonate
rocks (limestones, dolostones, and mudstone), with different siderite content. The richest
levels contain even up to ca. 75 wt% in siderite. A common feature of the siderite from
these ores is the high fraction of Mn. A similar geological scenario occurs even in the
Dolomites area, for example in the Fursil mine, in which Mn-rich siderite occurs [31,40,41].
Other minerals of industrial interest occur with siderite, which has been exploited over
time: in Val Trompia, for example, where fluorite (CaF,), barite (BaSOy), silver-bearing
galena (PbS), chalcopyrite (CuFeS,), tetrahedrite ((Cu,Fe)125b4S13), and sphalerite (ZnS)
occur. Therefore, even copper is a metal occurring in the minerals available and exploitable
at the Val Trompia mines, but not at all the other mines of the Brescia and Bergamo territory.
The co-presence of Pb (along with Bi or S) observed in some of the chemical analyses of
this study is compatible with the mineralogical assemblage of the ore.

The metals used to produce the swords in this study are available in the Brescia and
Bergamo territories. The chemical compositions of the previously described inclusions
cannot be used as markers for unambiguous identification of the parent ores: Si, Mg, Al,
K, Ca, Ti, Mn, and Fe, which are compatible with the mineralogical assemblages of the
metasomatic carbonate rocks (limestones, dolostones, and mudstone), found rich of siderite,
from the different mines. The multi-elemental composition of the (likely amorphous)
inclusions makes it difficult to reconstruct the melting temperature.
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5. Conclusions

Two Venetian type swords coming from the “Luigi Marzoli” Arms Museum in Brescia
were analyzed in this study. The microstructural analyses suggest that only the blade
edges were water or oil quenched, while the hilt components were probably air quenched.
Concerning the different parts of the blades, it was observed for both the swords that the
forte edges were subjected to different thermal treatments, while the debole shows the same
out-of-equilibrium microstructure on the edges. It suggests that tempering was an essential
thermal treatment for this part of the blade. The assembly procedure of the G6 pommel was
unique and, to our knowledge, never found for this type of sword. The two hemispheres
were joined together with a copper alloy to improve their cohesion.

The analyses of inclusions suggest a direct process of ironmaking for the blade and
the pommel of G8 and an indirect one for the whole sword G6. Also, the same process
(indirect), but with some uncertainty, can be assumed for the quillon of the G8, suggesting
a possible replacement. The composition of bloomery slag is consistent with the mineral
assemblage of the siderite-rich carbonate rocks (limestones, dolostones, and mudstone)
of the Brescia and Bergamo territories. The Val Trompia ore, which was one of the most
exploited of the territory (containing iron and even copper-bearing minerals) is compatible
with the chemical composition of the metal alloys of the swords and of the non-metallic
inclusions. This suggests the coexistence of both processes during this period and in
this geographical area. There are two historical pieces of evidence that can support this
hypothesis: i) the presence of “canecchio” furnace in Venetian areas during the diffusion of
the ergonomic hilts; ii) the documented use of finery iron for making armors, because of
its good mechanical properties. However, further analyses are needed to unambiguously
determine the production process of the single components of the swords, considering also
that many of them were replaced according to the fashion of the period.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/heritage4030069/s1, Figure S1: Sections of the sword-hilt, Figure S2: Hot forged lines in
sample P2, Figure S3: Dendritic structure of copper welding the two hemispheres of the pommel P1,
Table S1: Grain size of the blade G6 estimated on 200x LOM micrographs according to the different
microstructure observed, Table S2: Grain size of the blade G8 estimated on 200x LOM micrographs
according to the different microstructure observed, Table S3: Microhardness profiles of samples L1
and L2L
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