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Metallurgical characterization of a sword blade fragments dating from the second half of
the 15th century found in central Slovenia was performed in order to determine its
chemical composition, microstructure, microhardness, and to obtain insight into the
methods of manufacture of a late-medieval Messer sword. As the artefact was broken,
examinations were limited to six very small fragments that were allowed to be removed
from the cutting edge, core and the back of the blade. Light optical microscopy, scanning
electron microscopy, energy dispersive X-ray spectroscopy, energy dispersive X-ray
fluorescence spectrometry, differential scanning calorimetry, thermodynamics approach
and Vickers micro-hardness tests were employed to analyze the microstructure and
mechanical properties. The results show that the sword was manufactured from a single
wrought iron billet. The surface of the sword was carburized. No evidence of quenching was
found. The ferritic microstructure is concentrated in the core, and the pearlitic in the outer
layer of the blade. All metal fragments contained non-metallic inclusions that were derived
mostly from slag and some from hammer scale.
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1. Introduction

The so-called Messer was a distinct Central European weapon
that enjoyed great popularity in the 15th and 16th centuries. Its
nondescript name, meaning simply ‘knife’ in German, applied
to a wide family of one- or two-handed swords. Generally, the
‘Messer’ can be defined as a cutting sword with a straight or
slightly curved single-edged blade. It was usually fitted with a
cruciform hilt provided with a small lug on the right side to
protect the user's hand. But it was the construction of the grip
that separated it from most contemporary ‘knightly’ swords.
The ‘Messer’ had no massive pommel to counterbalance the
weight of the blade. Instead, its grip was designed much like
fax: +386 1 4704560.
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that of anordinary knife,with a full tang andgrip scalesmadeof
wood or horn [1–5].

These long fighting ‘knives’ were once common throughout
central Europe and beyond, from the Low Countries to Eastern
Europe and the Balkans. Their use was taught by famous
fencingmasters [6,7] (Fig. 1). They were even depicted regularly
by such famous artists as Albrecht Dürer and Pieter Bruegel
the Elder [8]. Yet for all its historical importance, the Messer
remains relatively unknown and poorly understood. Whereas
the medieval double-edged sword has been the subject of
numerous studies, very little solid research has been published
on the Messer [9]. Without doubt, this can be largely attributed
to the Messer's modest origins. It was a weapon of the masses,
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Fig. 1 – Fencing with the Messer as depicted in Hans Talhoffer's fighting manual from 1459 (Det Kongelike Bibliotek
København, Thott 290 2°, fol. 122r).
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not the aristocratic elite, and would not have appealed to later
generations nearly as much as the iconic knightly sword.

Clearly, the Messer had always been a plain sidearm of little
symbolic value. This explainswhy few reasonably intact originals
survive to this day — they were simply not considered valuable
enough to be treasured for later generations. However, many
more examples have been uncovered archaeologically, attesting
to itswidespreaduse. In the collection of theNationalMuseumof
Slovenia (Narodnimuzej Slovenije) alone, there are several dozen
long ‘fighting knives’ from the 15th and early 16th century.
However, for the most part, the results of the research of the
collection have not been systematically published to this date
[10]. One of these swords, hitherto unpublished, is catalogued
under inventory number N 32526 and is quite typical of its kind.
It entered themuseum's collection around 1908, apparently as a
chance find from the village of Spodnje Bitnje near Kranj. The
site lies in the North West part of central Slovenia (Fig. 2). The
sword cannot be dated with absolute precision, but seems
relatively consistent with a Messer from the second half of the
15th century, based on a typological analysis and comparison
with similar archaeological finds from a dated context. A
similar sword with a broken blade of nearly identical length
has also been found inCelje, dating from the sameperiod [11] as
the sword investigated.

It is often assumed that the Messer was a cheap weapon
made by unskilled local labour using inferiormaterials. However,
a closer look at the originals often reveals surprisingly good
Fig. 2 – The location of Spodnje Bitnje.
workmanship — evenly forged, straight, beautifully tapering
blades that could only have been produced by experienced
craftsmen.

The primary aim of the research was to establish whether
the Messer was made from quality steel or merely inexpensive
wrought iron, how itwas forged – froma single billet ormultiple
metal bars of varying content – and whether it was subjected to
an effective heat treatment. Answers to the above questions
may seem quite technical in nature but their implications are
wide-ranging, for they may well help to explain the Messer's
actual role in the social and cultural context of late-Medieval
central Europe [12–14].
2. Experimental

The overall length of the weapon is now 493 mm, of which the
surviving portion of the blade measures 372 mm (Fig. 3). It
weighs 748 g. The single-edged blade is straight and quite
wide, 52 to 44 mm, with a flat V-shaped cross-section. The
back of the blade is 7.5 mm thick at the hilt but tapers quickly
to just 2.4 mm at the fracture point. There is a small maker's
mark stamped on the left side of the blade in the shape of a
Latin cross, although at this stage it is impossible to safely
attribute it to any documented workshop (Fig. 3). The tang is
stout and relatively short, with three round holes for securing
the now missing grip scales. The hilt consists of a massive
crossguard 145 mm in length decorated with a pair of incised
rings on each arm. Typically for the central European Messer,
Fig. 3 – BrokenMesser from the National Museum of Slovenia
showing the location of samples (Photo: Tomaž Lauko, Tomaž
Lazar, National Museum of Slovenia, inv. no. N 35256).
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Fig. 5 – Location and orientation of removed samples.
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the crossguard is fixed to the tang with a round rivet that
extends into a curved parrying lug on the right side of the hilt.

The blade is broken. It can be estimated that about half of
its original length is missing. Nonetheless, the rest of the
weapon is reasonably well preserved.

2.1. Non-destructive methods

For chemical analysis of the sword, energy dispersive X-ray
fluorescence spectrometry (EDXRF) was used. The locations
of the EDXRF measuring are given in Fig. 4. The Cd-109
radioisotopic disc source was mounted in a holder which was
placed on a vertical Si(Li) detector. The artefact was placed on
the holder and the area of the sample analysed was 0.6 cm2.
Fluorescent radiation was excited in the samples by the 10 mCi
excitation source of Cd-109 from Isotope Products Laboratories,
U.S.A. The fluorescence radiation emitted was measured by an
energy dispersive X-ray spectrometer composed of a Si(Li)
detector (Ortec EG&G), a spectroscopy amplifier (Canberra
M2025), an ADC (Canberra M8075) and a PC-based MCA (S-100,
Canberra). The energy resolution of the spectrometer was
175 eV at 5.9 keV. Analysis of the complex X-ray spectra was
performed by the AXIL spectral analysis program [15]. The
program yields the intensities of fluorescent as well as of
scattered lines. Quantification of the content ofmetals after the
necessary calibration of the EDXRF systemwas then performed
by the quantitative analysis of environmental samples (QAES)
software developed in our laboratory [16].

Thermo-Calc software was used to predict the possible
existence of fayalite in the non-metallic inclusions and for
calculation of the Fe–Fe3C phase diagram.

2.2. Destructive methods

Small samples (approximately 2 mm × 2 mm) (Fig. 5) were
removed from the core (1), cutting edge (2) and back (3) of the
blade (Fig. 3). The samples marked ‘a’ in Fig. 3 were used for
thermal analysis, using differential scanning calorimetry
(DSC) and those marked ‘b’ in Fig. 3 for metallurgical analysis.
The samples 1a and 1b were cut in the transverse direction,
the samples 2a and 2b were cut in the longitudinal direction
and the samples 3a and 3b at a 45 degree angle perpendicular
to planar section according to the ASTM-E3 Standard
(Fig. 6). They were mounted using VAriDur 200 Buehler
cold mounting compound, and then grinded on paper of
decreasing grain size of 400, 600, 800, 1200 to 2400.
Further preparation of the metallographic specimen included
polishing with 3-micron diamond abrasive, followed with
1-micron suspended aluminium oxide and the final polishing
with 0.15 micron diamond abrasive, and etched with Nital
(a solution of 2 vol.% HNO3 in ethanol).
Fig. 4 – Locations of EDXRF measuring.
The microstructure was investigated using light optical
microscopy (Olympus Microscope BX61) and a Jeol-JSM6500F
scanning electron microscope (SEM).

The size, shape and chemical composition of the non-
metallic inclusions were defined using the SEM equipped with
an energy-dispersive X-ray spectroscope (EDS).

Thermal analysis is a widely used experimental method
intended mainly for microstructure and sample history study
[17].Microstructural changes, aswell as samplehistory, have an
influence on the measured DSC response. DSC was performed
using an STA 449c Jupiter, Netzsch apparatus in a corundum
crucible. Measurements were performed in a protective
atmosphere of argon 5.0. Samples were heated and cooled at a
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Fig. 6 – Schematic showing locations of examination:
(a) cutting edge; (b) core; (c) back.
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rate of 10 K min−1 since lower heating/cooling rates could lead
to decarburization of the samples.

A Vickers micro-hardness instrument Instron Wilson-
Wolpert Tukon 2100B was used to indicate differences in
micro-hardness values of the samples. The load used was set
to 300 g.
3. Results

3.1. Energy dispersive X-ray fluorescence spectrometry
(EDXRF)

In order to obtain the general chemical composition of the
sword, the EDXRFmeasurements were carried out at different
parts of the sword (Fig. 4). Four measurements were carried
out on the blade in the middle (points 1 and 2), the edge (point
5) and the back (point 6), two on the tang (points 7 and 8), and
a single measurement on the crossguard and on the rivet. The
chemical composition of the blade measured by EDXRF is
given in Table 1. The results confirmed that the dominant
element in the sword was iron (94.4–99.9 wt.%). Other elements
found in the swordwere zinc (0.6–2.6 wt.%), copper (0.2–0.6 wt.%),
lead (up to 1.0 wt.%) and calcium (0.1–0.2 wt.%).

The evaluated uncertainty of this procedure included the
statistical uncertainty of the measured intensities and the
uncertainty of themathematical fitting procedure. The overall
uncertainty of spectral measurement and analysis was in
most cases between 5 and 10%.
Table 1 – Chemical composition of investigated blade by
EDXRF (wt.%).

Composition weight percentage (wt.%)

Point Fe Cu Zn Ca Pb

1 99.9 0.3 0.7 0.1 0.1
2 96.8 0. 6 1.2 0.1 0.1
3 97.4 0.4 0.6 0.1 0.1
4 97.1 0.2 0.6 0.2 0.1
5 96.7 0.2 1.6 0.1 1.0
6 96.8 0.3 1.0 0.2 0.2
7 97.5 0.3 0.7 0.1 0.1
8 94.4 0.4 2.6 0.2 0.9
3.2. Light optical microscopy (LOM)

Each of three sampleswas investigated at two sites (A–F). Marks
A, C, D and E are located at the surface layers,whilemarks B and
F are located towards the inside of the blade (Fig. 5).

Fig. 7 shows the microstructures of samples of the
investigated artefact. The fractions of total ferrite and pearlite
phases are listed in Table 2. In the outer layers of the blade
pearlite is the dominant microstructure constituent (Fig. 7b–d),
while in the core of the blade mainly ferrite was found (Fig. 7a,
e). In the microstructure of the back, close to the core of the
blade (Fig. 7f) 47% ferrite and 53% pearlite were found. It was
observed that the ferritic structure is gradually converted into
the pearlitic structure (Fig. 8).

3.3. Scanning electron microscopy with energy dispersive
X-ray spectroscopy (SEM-EDS)

The chemical composition of the blade at two characteristic
locations (cutting edge and core) of the blade was obtained by
SEM-EDS analysis (Fig. 9). Traces of aluminium were found.
The quantitative phase analyses performed on backscattered
micrographs revealed that the cutting edge of the blade
contains a higher amount of carbon than the core.

The non-metallic inclusions found in this study were of two
shapes, namely as lumpy ones (Fig. 10a) or as elongated strings
(Fig. 10b). The chemical composition of the non-metallic
inclusions is given in Table 3. Samples 1–3 correspond to the
lumpy inclusions, while the samples 4–7 correspond to the
elongated inclusions. The lumpy inclusions are enriched
mainly on FeO. Such inclusions are hard and susceptible to
cracking during hammering. This implies that the (pressure)
ratio of CO2(g)/CO(g) by reduction was such that equilibrium
between FeO/Fewas reachedbefore complete ore reduction and
that the inclusions were already present in the wrought iron.
Reactions involved in the reduction of iron ore are as follows:
Fe2O3 → Fe3O4 → FeO → Fe. The correlation of pCO2(g)/pCO(g)
will be given further in this paper. Some of inclusions, enriched
in SiO2, were plasticized and elongated in the direction
perpendicular to the direction of hammering (Fig. 10b).

3.4. Differential scanning calorimetry (DSC)

DSC was used for investigation of the phase transitions
occurring as a consequence of heating small samples taken
from the investigated artefact. A series of endothermic peaks
was found on heating the samples to 1550 °C. The DSC curves
are represented in Fig. 11. The DSC heating curves obtained
reveal the complexity of the investigated sample which was
already evident from the microstructural observations. First
the endothermic peak at approximately 727 °C, found in all
three samples, matches the calculated Fe–Fe3C phase diagram
and is related to the eutectoid phase transformation, denoted
as temperature A1. The second, less intense, peak is in
agreement with the temperature A3 confirming the presence
of pro-eutectoid ferrite in the lower carbon region. Some of
the absorbed heat can be attributed to themagnetic transition
of ferrite. At approximately 1000 °C, energy is absorbed for
dissolution of secondary cementite present on grain boundaries
in the carbon enriched regions. From 1000 °C there is also
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Fig. 7 – Optical micrographs of the investigated blade: (a) cutting edge, point A; (b) cutting edge, point B; (c) core, point C, (d) core,
point D; (e) back, point E; (f) back, point F.
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exothermic release of stored energy (fromhot-cold hammering)
for the recovery and recrystallization of austenite grains. The
very intensemain peaks, at approximately 1360 °C and 1530 °C,
Table 2 – The fractions of total ferrite and pearlite phases
(Fig. 4).

Mark Ferrite Pearlite

A 0.81 0.19
B 0.22 0.78
C 0.10 0.90
D 0.06 0.94
E 0.68 0.32
F 0.47 0.53
represent themelting of the primary austenitic anddelta ferritic
phases, respectively. The temperature at approximately 1400 °C
could be related somehow to the reaction γ-iron → δ-iron
allotropic point (A4) at 1394 which is typical for relatively pure
iron, denoted as A4.

3.5. Microhardness measurements

Vickers microhardness tests were performed on samples
removed from the artefact (Fig. 5a–c). For each location five
measurements were carried out and the average values were
calculated, as shown in Table 4. The microhardness of the
samples varied between 151 HV and 377 HV. The average
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Fig. 8 – Optical micrograph of the region where a mainly
ferritic microstructure is converted to a mainly pearlitic one
(at the cutting edge).
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microhardness of the sample 1 (the edge) was 220 HV, of the
sample 2 (the core) 353.8 HV, and of the sample 3 (the back)
190 HV.
Fig. 9 – SEM micrographs of investigated blade and related EDS s
mainly pearlitic. (b) Corresponding EDS spectra of the mainly pe
mainly ferritic. (d) Corresponding EDS spectra of the mainly ferri
4. Discussion

In the present work, non-destructive and destructive testing
was used to characterize the chemical composition, the
structure, the non-metallic inclusions and the microhardness
of the medieval sword.

Since the artefact belonged to the national heritage, the
metallurgical investigations allowed were of limited scope. To
define the overall chemical compositions of the sword, the
EDXRF method was used, which is the most widely used
non-destructive method in archaeology [18–21]. The presence
of copper and zinc seemed somewhat surprising at first.
However, it might be explained as a later contamination. In
the past, brass brushes were commonly used at the National
Museum of Slovenia for cleaning metal, particularly iron
objects. This process could leave a small residue on the
surface of the object. To confirm the theory, several test
plates of homogeneous low-carbon steel (St 37) were exposed
to manual and machine cleaning with brass brushes. XRF
measurements indeed detected similar quantities of copper
and zinc. Clearly, the presence of copper and zinc on the knife
blades must be attributed primarily to recent conservation
procedures.
pectra. (a) Microstructure of the cutting edge of the blade is
arlitic microstructure. (c) Microstructure of the blade core is
tic microstructure.
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Fig. 10 – SEM micrographs of non-metallic inclusions.
(a) Lump shaped non-metallic inclusion; (b) Deformed
elongated non-metallic inclusions.
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In addition to non-destructive analyses, the destructive ones
enabled a deeper insight into the technology of the late-Medieval
Messer production [22]. In general, destructive analyses such as
metallography are undesirable formuseum objects, whichmust
be carefully preserved for posterity. However, in this particular
case the structure of the blade had already been exposed along
the fracture line. This allowed us to carefully remove nearly
Table 3 – Chemical composition of non-metallic inclusions
(wt.%).

Composition weight percentage (wt.%)

Sample SiO2 CaO FeO Al2O3 MgO MnO ZnO

1 1.4 0.5 93.8 0.0 0.0 0.0 4.3
2 3.3 0.6 93.6 0.0 0.0 0.0 2.5
3 52.6 14.9 10.5 12. 5 4.1 5.4 0.0
4 2.1 0.6 90.9 6.4 0.0 0 0.0
5 6.0 1.2 80.6 9.8 0.0 2.4 0.0
6 13.8 43.0 26.0 6.5 0.0 10.8 0.0
7 48.8 9.3 9.9 8.2 3.6 21.2 0.0
microscopic fragments from the cutting edge (Fig. 5a), core
(Fig. 5b) and the back (Fig. 5c) of the blade for further study
without causing undue damage.

The sword is heavily and unevenly corroded. Therefore, the
investigated surface actually represents the microstructures in
different layers of the original blade geometry. This is why the
results must be carefully interpreted.

In the current investigation no distinctmultilayer structures
were observed. These facts indicate that the bladewas probably
made from a single wrought iron billet. To achieve the required
mechanical properties of the blade – a hard outer layer and a
tough core – the billet was placed into carbonaceous material
after forging. At a sufficiently high temperature the austenite
phase was enriched with carbon which diffused from the outer
layers. Afterwards the blade was air cooled, resulting in
equi-axial grains. If the sword had been fabricated below the
critical temperature (A1), elongated grains would have been
expected.

The presence of non-metallic inclusions in the medieval
bloom of iron was a normal phenomenon [23,24]. The relation
between slag, ore and inclusions in bloom is a very complex
one. Threemain inclusions are possible. The so-called smelting
inclusions are produced by direct ore reduction (enriched on
FeO). The modified smelting inclusions could be formed due to
interactions with the hammer scale, and/or due to preparation
of the surface before welding using siliceous sand (formation of
fayalite 2FeO.SiO2). If the workpiece was folded and then
forge-welded during hammering, then bi-phase structures of
inclusions with FeO in the centre and layered by 2FeO.SiO2

would be found [25].
In the manufacture of wrought iron, Fe(s), iron ore is

reduced by CO(g) where CO(g) can also be oxidized to CO2(g).
From the thermodynamic point of view, the pressure ratio
between CO2(g)/CO(g) has an important role in the efficiency
of manufacturing relatively pure Fe(s), regardless of the type
of furnace. To achieve equilibrium between FeO(s), Fe(s), CO(g)
and CO2(g), the total Gibbs energy (GTotal) of the smelting
system is the sum of all the partial Gibbs energies (G):

GTotal ¼ nFeG
−

Fe þ nFeOG
−

FeO þ nCO G
−

CO þ nCO2 G
−

CO2 ð1Þ

After differentiation and taking the Gibbs–Duhem equation
into account:

dGTotal ¼ GFednFe þ GFeOdnFeO þ GCOdnCO þ GCO2dnCO2 ¼ 0 ð2Þ

where the partial Gibbs energy is:

Gi ¼ G0
i þ RT Inai ð3Þ

and i = FeO, Fe, CO and CO2. R is the molar gas constant and T
temperature. The activity of a species is described by ai.Gi

0

represents the standard Gibbs free energy (pure state).
Considering the mass balance:

dmFe ¼ 0 ¼ dnFe þ dnFeO ð4aÞ

dmC ¼ 0 ¼ dnCO þ dnCO2 ð4bÞ

dmO ¼ 0 ¼ dnCO þ 2dnCO2 þ dnFeO ð4cÞ
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Fig. 11 – DSC heating curves for samples 1 (core), 2 (cutting
edge) and 3 (back). Fig. 12 – Calculated metastable Fe–Fe3C phase diagram.
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Combination of Eqs. (2) – (3) and themass balance (4) results
in following reaction:

FeO sð Þ þ CO gð Þ ¼ Fe sð Þ þ CO2 gð Þ

And the relation for the pCO2/pCO ratio:

aFePCO2ð Þ= aFeOPCOð Þ ¼ exp − G0
Fe þ G0

CO2

� �
− G0

FeO þ G0
CO

� �� �
=RT

� �
ð5Þ

The chemical composition of the potential inclusions is
also related to the temperature and partial pressure of the
gases present (5).

Nevertheless, all inclusions are heterogeneous and no
strict correlation exists between their chemical compositions.
The inclusions were probably formed not only from slag but,
also from refractory material rich in SiO2, Al2O3, MgO and CaO
(Table 3).

Studies on pure iron or Fe–C alloys using thermal analysis
may be found in ref. [26–28]. The data were further compared
with the metastable Fe–Fe3C phase diagram, calculated using
the ThermoCalc software (TCFE7 thermodynamic database).
Additionally, calculated enthalpies (also using ThermoCalc)
were used for modelling the combined DSC response from
ambient temperature to 1550 °C, Fig. 12.

The calculated DSC heating curve, Fig. 13, for two different
compositions (ferritic and carbon-rich regions) displays a
complexity relatively similar to that of the experimentally
obtained DSC curves. Calculation of the DSC curves was done
using the Boettinger and Kattner model [29].

Due to the higher carbon content at the surface layer of the
blade, the highest microhardness values of 199–377 HV were
Table 4 – Averaged microhardness measurements.

Vickers (HV)

Specimen Mark Min Max Average Standard Deviation

1 A 180 217 200 11.9
B 227 248 239 7.0

2 C 321 343 336 7.54
D 363 377 371 4.3

3 E 199 234 219 12.3
F 151 171 161 6.6
measured in this zone (Fig. 5a–c: marks: B, C, D, E). These
values correspond to a mainly pearlitic microstructure. The
microhardness values decreased in the core to 151–171 HV
(Fig. 5a–c: marks: A, F). The microstructure in the core of the
blade consisted mainly of ferrite. These results are similar to
those found elsewhere [30,31].

The analyses suggest that the weapon was made by an
experienced smith. The smith was able to produce a useable
blade with a soft, tough core and a harder carburised edge. A
similar method of manufacture can be observed inmany of the
analysed cutting weapons from the Middle Ages and the early
Modern Period, including expensive double-edges swords used
by the elite troops and aristocracy. The investigated Messer
was clearly a plain, inexpensive weapon, but its performance
would not have been inferior to most swords used by
professional soldiers and men-at-arms. It is worth noting
that an almost identical Messer from the Czech Republic
displays a very similar microstructure and microhardness
values [22,31–33].
5. Conclusions

The metallurgical characterization of a medieval Messer
sword was performed. Though the investigations were limited
Fig. 13 – Example of a modelled DSC heating curve as the
combination of a hypo and hyper eutectoid composition.
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to six very small samples taken from three characteristic
locations (cutting edge, core and the back) of the blade, the
following conclusions can be drawn:

• The swordwasmanufactured froma singlewrought iron billet
without intermediate folding or twisting during hammering.
After hammering it was carburised and slowly air-cooled
to achieve the required mechanical properties. The carbon
content and hardness decrease from the surface to the core of
the blade. The microstructure in the outer layer is mostly
pearlite and in the core mostly ferrite.

• The non-metallic inclusions were derived mostly from slag
and some as hammer scale. It is assumed that the slag was
probably formed by the so called direct (‘bloomery’) method
which uses iron oxide-enriched slag. The inclusions are of
two shapes: some are lump-shaped, but for the most part
they are elongated and arranged in strings in a direction
perpendicular to the hammering direction.

• TheVickersmicrohardness results correspond to the observed
microstructures.

• A good correlation was found between the recorded and
modelledDSCheating curveswhere, similarly to theobserved
microstructures, the presence of different microstructural
zones was confirmed. The endothermic peaks recorded were
typical of zones relatively low in carbon and those enriched in
carbon.

• Though the Messer is considered an inexpensive weapon of
the masses it was not necessarily an inferior product. The
investigated sword has satisfactory mechanical properties
entirely comparable to edged weapons used by professional
soldiers and even the noble classes. It was evidently well
designed and made by a highly skilled craftsman.
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