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Metallographic examinations of the Roman Republican weapons
from the hoard from Grad near Smihel

Dimitrij KMETIC, Jana HORVAT and Franc VODOPIVEC

Izvlecek

Za metalografske preiskave je bilo izbranih pet predmetov
iz zaklada rimskega oroZzja z Gradu pri Smihelu, ki je datiran
v konec 3. oziroma v prvo polovico 2. st. pr. Kr. Mec¢, katapult-
na konica in preprosta ost z nesimetri¢no konico imajo pretezno
feritno ali feritno perlitno mikrostrukturo. Prav tako imata fe-
ritno mikrostrukturo vratova dveh pilumov s plo§catim nasa-
dis¢em. Konica enega od pilumov je bila kovasko zvarjena iz
mehke (feritne) sredine in trSe (perlitne) plasti na povrsini.
Ocitno je bila Ze pri najstarejSih pilumih v rabi trda konica z
mehkim vratom, Kkar je izpri¢ano tudi v mnogo poznejsih lite-
rarnih virih. Sorazmerno slabo kakovost orozja (mehko jeklo)
razlagamo z naglico izdelave, oziroma s tem, da gre pri kata-
pultnih konicah in preprostih osteh z nesimetri¢no konico verjetno
za oroZje za enkratno uporabo.

Kljuéne besede: Smihel, 2. st. pr. Kr., rimska republikanska
doba, zaklad, orozje, gladius, pilum, katapultni izstrelek, Zelezo,
metalografska preiskava

1. INTRODUCTION

A hoard was found at the prehistoric hillfort of
Grad near Smihel that contained at least 473 iron
objects. The majority consisted of Roman offen-
sive weaponry: pila, javelins, catapult bolts, arrow-
heads, swords and many simple rods with triangu-
lar unsymmetrical heads. The hoard is dated to
the end of the 3™ or in the first half of the 2™
century BC and it represents one of the earliest
closed finds of weapons reliably known to be Roman.
It is important for understanding the development
of individual forms (particularly swords and pila)
and offers a valuable insight into the Roman tech-
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niques of waging war in the period of the Repub-
lic. The fact that it was discovered at a settlement
of the prehistoric Notranjska (Inner Carniola)
cultural group can be explained as the result of
one of the first military interventions in the south-
eastern Alpine region, through which the Romans
established control over the trade route from Ita-
ly towards central Danubia and the northern Bal-
kans (Horvat 2002).

Important metallographic investigations of steel!
objects have been undertaken on Celtic weapons
(e.g. Pleiner 1993) and on Roman weapons and tools
from the end of the 1% century BC onwards (e.g.
Pleiner 1970; Horstmann 1995). Weapons from the

I There are no objects made of pure iron. There is always a use of steel, which is an alloy of iron and carbon as well as other alloy
elements. The characteristics of steel depend on the contents of the alloy elements, the hot and cold working, and the heat-
treament, the basis of which are phase transformations. Thus the expression “steel” is consistently used in the present article,
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Fig. I: Objects from the hoard with the places marked where the metallographic samples had been taken. Steel. 1 = 1:4, 2-5 = 1:2.
SI. 1: Predmeti iz zaklada z oznacenimi mesti, kjer so bili izrezani metalografski vzorci. Jeklo. 1 = 1:4, 2-5 = 1:2.

while also describing the microstructure. The expressions “soft steel” or “low carbon steel” are used for the ferrite microstructure,
and the expressions “hard steel” or “high carbon steel” for the pearlite microstructure. This differs from part of the archaeological
literature, where the expression “iron” is used for steel with a ferrite microstructure, and the expression “steel” for steel with a
pearlite and martensite microstructure.

Some metallurgical expressions are explained at the end of the article.
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Roman Republican period have previously not been
included in metallographic examinations. Conse-
quently all the data that we could acquire about
the Roman weapons from Smihel seemed very
important. The intention was to acquire as much
information as possible about the technology of making
iron from ore and about the technology of manu-
facturing the weapons. One particular aim was to
verify the conjecture of Alfons Miillner that one of
the swords (Fig. I: 1) had been manufactured in a
special manner (Miillner 1892, 115-116; Miillner 1909,
49-50). We were also especially interested in the
pila, as on the basis of classical literary sources it
can be concluded that their points had been man-
ufactured from a harder steel than their shafts
(Schulten 1950, 1360-1364).

Metallographic examination methods are destruc-
tive, and thus the research was limited to the smallest
possible number of samples. Five objects were
chosen from the storerooms of the National Museum
of Slovenia:

1. a sword - gladius (Fig. I: 1), inv. no. P 3621
(Horvat 2002, P1. 1: 1);

2. point of a pilum with a flat haft, type 1 (Fig.
1: 2), inv. no. P 3720 (Horvat 2002, P1. 3: 3);

3. point of a pilum with a flat haft, type 1 (Fig.
1: 3), inv. no. P 3721 (Horvat 2002, PI. 3: 4);

4. a catapult bolt (Fig. I: 4), inv. no. P 3659
(Horvat 2002, PI1. 14: 2);

5. a simple rod with a triangular unsymmetri-
cal point (Fig. I: 5), inv. no. P 3702/1 (Horvat
2002, PL. 16: 2).

The sword was chosen to verify Miillner’s con-
jecture about a special technology of production.
The hoard contains three types of pila with flat hafts,
socketed pila, and incendiary pila (Horvat 2002,
129-133). From all these only two pila with simple
flat hafts and a broad triangular point (type 1) were
chosen for metallographic examination. As these
were relatively large objects, it was hoped that the
samples would also be sufficiently large to verify
the hypothesis about the varied manufacture of the
point and the shaft. Catapult bolts with a massive
pyramidal point were characteristic of the Repub-
lican period, very widespread and thus also inter-
esting from the technological standpoint (Horvat
2002, 133, 138). The hoard contained at least 265
simple rods, most of which were hammered on one
side into an asymmetric triangular point. Their function
has still not been entirely explained, but it is thought
that they could be quickly manufactured heads for

projectile weapons or points rammed into wooden
obstructions (Horvat 2002, 135-137). One of the
simple rods with an unsymmetrical triangular point
was included in the metallographic analysis with
the intention of examining the archaeological age
of the object. Despite the destructiveness of the
method, because of the large number of very sim-
ilar rods it was possible to examine a relatively large
metallographic sample from them.

Small samples were cut from the objects for
analysis so as to cause the least amount of dam-
age possible (Fig. 1). The metallographic exami-
nation was performed using optical and SEM (scan-
ning electron microscope) and EPMA (electron
probe microanalysis) examinations. The micro-
hardness of the steel according to the Vickers
hardness testing was measured with a load of 100
g. The samples were too small for chemical anal-
ysis in a quantometer, as the preparation of chips
for classical chemical analysis would destroy the
samples. Only sample no. 5 (P 3702/1; Fig. 1: 5)
was large enough for quantometric analysis, although
because of too high quantities of slag and nonme-
tallic silicate inclusions the results of the chemi-
cal analysis cannot be considered accurate.

2. THE METALLOGRAPHIC EXAMINATIONS
2.1 Sword P 3621 (Fig. I: 1)

Parallel oblique bands, 6 to 7 mm wide, are vis-
ible on the part of the sword where the surface lay-
er has partly broken away (Fig. 2). This caused Miillner
to suggest that perhaps the sword had not been forged
from a single piece of metal, but rather using a
technology similar to the damascene technique. A
steel rod spirally wound with wire would have been
forged into a sword with a double-edged blade. The
bands of wire would be from a “bright grained steel”
(“weisser korniger Stahl”) of medium hardness. Two
thin plates of gray steel (“grauer Stahl”), which is
very hard, would be forged onto the surface. The
core made of oblique bands would occasionally rust
at the contact with the covering plates (Miillner 1892,
115-116; Miillner 1909, 49-50).2

A sample for metallographic examinations was
cut in the upper part of the sword to its center
(Fig. I: 1). The sample is thin, and thus we could
perform microstructural examinations only on the
surface transverse to the axis of the sword.

2 Miillner 1909, 49, described another sword from Grad near Smihel, which was preserved in the Windischgritz Collection: the
core would have been forged from a soft band that was covered on both sides by platelets of hard steel. The sword, which may
or may not have been a part of the hoard, could not be identified; Horvat 2002, 128.
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Fig. 2: Sword P 3621. Macro photograph of the upper part of
the blade from both sides. Photo T. Lauko, National Museum
of Slovenia.

SI 2: Mec¢ P 3621. Makroposnetka zgornjega dela rezila z obeh
strani. Foto T. Lauko, Narodni muzej Slovenije.

The surface of the sword has a layer of slag on
one side, and a layer of rust on the other side and
along the edge of the blade (Fig. 3). The slag comes
from the process of ironmaking and can be noted
on the micrograph as a gray phase in the crevices
along the edge of the blade. The steel contained
numerous relatively large nonmetallic inclusions
of two types. The large inclusions that are mul-
tiphase in appearance are the remains of slag (Fig.
3). The second type of inclusions of a dark gray
color that are vitreous phase in appearance is silicate
(Fig. 4). Inclusions of both types are deformed in
the direction of plastic deformation (forging) and
sometimes lie along the boundaries of crystal grains
(Fig. 4; 5). Very tiny globular nonmetallic inclu-
sions were noted only at one place.

The slag on the surface and the inclusions of
slag in the steel have a similar chemical composi-
tion. The inclusions are not homogenous and their
composition changes from place to place.

100 pm

— xR -

Fig. 3: Sword P 3621. Oxidized surface and multiphase inclu-
sions of slag in the steel.

SI. 3: Me¢ P 3621. Oksidirana povrsina in vec¢fazni vkljucki
Zlindre v jeklu.
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Fig. 4: Sword P 3621. Silicate inclusions in the core of the
sword.

SI. 4: Mec P 3621. Silikatni vkljucki lezijo na sredini tudi po
mejah kristalnih zrn.
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Fig. 5: Sword P 3621. The silicate inclusion elongated and cracked
during forging.
SL 5: Mec¢ P 3621. Silikatni vkljucek se je podaljsal in razpokal
med kovanjem.

The composition of nonmetallic inclusions was
qualitatively analysed by EPM. The elements in
the inclusions of slag and in the silicate inclusions
(the elements bonded to oxygen) are shown on
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Fig. 6: Sword P 3621. Image of the electron composition (ES)
and specific X-ray images of iron, silicon, calcium, potassium,
and phosphorus in the inclusion of slag.

SI. 6: MeC P 3621. Posnetek elektronske sestave (ES) in speci-
fiéni X posnetki Zeleza, silicija, kalcija, kalija in fosforja v vkljucku
Zlindre.

the ES backscattered electron image and specific
X-ray images (Fig. 6, 7). The concentration of
elements on the images is proportional to the relative
density of white dots.

The slag (Fig. 6), which is non-homogeneous
in composition, can be seen to contain large ar-
eas corresponding in composition to fayalite
(2Fe0.8i0,). Individual places show great amounts
of calcium and potassium, and small amounts of
phosphorus. There is no iron in the silicate inclu-
sions (Fig. 7). They contain much silicon, calci-
um, and potassium, some aluminum, and a little
titanium. The composition of the inclusions is ho-
mogeneous in comparison to the slag inclusions.

The microstructure of the sword is varied in
cross-section. The blade of the sword, rusty on
the surface, has a quite ferrite microstructure
(content of C under 0.01%) (Fig. 8). The crystal
grains are polygonal and relatively large. The surface
of the sword is decarburized, although not equally
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Fig. 7: Sword P 3621. Image of the electron composition (ES)
and specific X-ray images of iron, silicon, calcium, potassium,
aluminum and titanium in the silicate inclusion.

SIL. 7: Mec P 3621. Posnetek elektronske sestave (ES) in speci-
ficni X posnetki Zeleza, silicija, kalcija, kalija, aluminija in ti-
tana na silikatnem vkljucku.

deeply on both sides. The band of ferrite of var-
ied width is followed by a ferrite pearlite micro-
structure (Fig. 9). The center of the sword also
has a ferrite pearlite microstructure (Fig. 10). The
carbon content in this area is 0.3%. The form of
the cementite lamellae (Fe,C) in pearlite is shown
on the SEM image (Fig. 11). Cementite lamellae
are coarse and the interlamellar spacing (the total
thickness of the cementite and ferrite lamellae
in pearlite) is relatively large. A more precise
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Fig. 8: Sword P 3621. Ferrite microstructure of the blade. A
layer of corrosion products on the surface.

S 8: Me¢ P 3621. Feritna mikrostruktura rezila. Na povrsini
je plast korozijskih produktov.

Fig. 9: Sword P 3621. Decarburized ferrite area along the sur-
face merging into a ferrite pearlite microstructure.

SI. 9: Me¢ P 3621. Razogljiceno feritno podrocje ob povrsini
prehaja v feritno perlitno mikrostrukturo.

Fig. 10: Sword P 3621. Ferrite pearlite microstructure in the
center of the sword.

SI. 10: Me¢ P 3621. Feritno perlitna mikrostruktura na sredini
meca.

examination of the sample showed tertiary ce-
mentite along the crystal grains boundaries in
the area with a ferrite microstructure, and tiny
precipitates in the ferrite matrix (Fig. 12).

Fig. 11: Sword P 3621. SEM image of the ferrite pearlite mi-
crostructure.

SI. 11: Mec P 3621. SEM posnetek feritno perlitne mikrostruk-
ture.

Fig. 12: Sword P 3621. Tertiary cementite at the ferrite grain
boundary and tiny precipitates in the ferrite matrix.

SL 12: Mec¢ P 3621. Terciarni cementit na meji feritnih zrn in
drobni izlocki v feritni matici.

The average micro-hardness of the steel was 87
HV on the edge of the sword, where the micro-
structure is ferrite. The micro-hardness in the area
with a ferrite pearlite microstructure was greater,
from 95 to 115 HV.
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Fig. 13: Macro photograph of pila with the areas of metallo-
graphic examination marked. 1 pilum P 3720, 2 pilum P 3721.
SI. 13: Makroposnetka pilumov z oznac¢enimi mesti metalografskih
preiskav. 1 pilum P 3720, 2 pilum P 3721.

2.2 Pilum P 3720 (Fig. 1: 2; 13: 1)

The point of the pilum was roughly made, with
clearly visible traces of forging without any addi-
tional finishing (Fig. 13: 1).

Two samples were taken from the pilum for
metallographic examination, from the point (lon-

Fig. 14: Pilum P 3720. Microstructure of the edge of the point.
The center is ferrite, and despite the corrosion damage it can
be seen that the surface has a pearlite microstructure.

Si. 14: Pilum P 3720. Mikrostruktura roba konice. Sredina je
feritna, na povrsini pa se kljub korozijskim po§kodbam opazi,
da je ta perlitna.

Fig. 15: Pilum P 3720. At greater magnification, corrosion products
can be seen on the surface of the point, with the pearlite
microstructure laying under it.

SI. 15: Pilum P 3720. Pri vecji povecavi se ob perlitni mikro-
strukturi na povr§ini konice opazijo korozijski produkti.

Fig. 16: Pilum P 3720. Pearlite microstructure along the surfa-
ce of the point - 20 mm from the lateral edge.

Si. 16: Pilum P 3720. Perlitna mikrostruktura ob povrsini konice
- 20 mm od stranskega roba.

gitudinal), and from the shaft (longitudinal and
transverse) (Fig. 1: 2).

The point of the pilum, which is highly damaged
because of corrosion, has a layer of rust. The steel in
the middle of the point has a ferrite microstructure.
Despite corrosion damage it can be seen that the
microstructure of the surface layer was pearlite (0.7%
C) (Fig. 14; 15). At 20 mm from the lateral edge of
the point (interior limit area of the sample), the
microstructure was quite pearlitic next the surface
on one side (Fig. 16), while on the other side, which
was heavily damaged by corrosion, the microstruc-
ture consists of ferrite and pearlite. The sharp boundary
between the totally pearlite and ferrite microstruc-
ture indicates that the point of the pilum was forge
welded from hard steel on the surface and a soft core.

The microstructure of the sample cut from the
shaft is mostly ferrite, and only a small amount
of perlite is present in individual bands in the
center.
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Fig. 17: Pilum P 3720. A large slag inclusion and a cluster of
silicate inclusions.

SI. 17: Pilum P 3720. Vecji vkljuCek zlindre in niz silikatnih
vkljuckov.

Fig. 18: Pilum P 3720. Image of the electron composition (ES)
and specific X-ray images of iron, calcium, silicon, potassium,
and phosphorus in the slag inclusion.

SI. 18: Pilum P 3720. Posnetek elektronske sestave (ES) in specifi¢ni
X posnetki Zeleza, kalcija, silicija, kalija in fosforja v vkljucku
Zlindre.

The steel contained numerous relatively large non-
metallic inclusions of two types. The long inclu-
sions, two-phase in appearance, are remains of slag.
The other types of inclusions, of a dark gray color,

are of the vitreous phase in appearance and are silicate.
The silicate and the slag inclusions are elongated,
as they were plastic at the forging temperature and
were deformed longitudinally. The sample cut from
the shaft of the pilum has more nonmetallic inclu-
sions, which are mostly arranged in clusters. Inclu-
sions of slag are larger than inclusions of calcium
silicates (Fig. 17). The analysis of a large slag in-
clusion is shown on Fig. I8. Beside iron, the slag
contains large amounts of calcium and silicon, some
potassium, phosphorus and manganese. The slag

N

P

Fig. 19: Pilum P 3720. Image of the electron composition (ES)
and specific X-ray images of iron, silicon, calcium, potassium,
manganese and phosphorus in the silicate inclusion.

SI. 19: Pilum P 3720. Posnetek elektronske sestave (ES) in speci-
fiéni X posnetki Zeleza, silicija, kalcija, kalija, mangana in fosfor-
ja na silikatnem vkljucku.
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is two-phase. The pale gray phase is mostly iron
and in composition corresponds to wiistite (FeO).
The concentration of the other elements is greater
in the darker phase. The silicate inclusions contain
much silicon, calcium, and potassium, a little man-
ganese, and traces of phosphorus (Fig. 19). These
inclusions contain no iron.

The average microhardness of the steel with the
ferrite microstructure is 88 HV. The quite pearlite
area on the surface of the point is harder, the greatest
value measured is 135 HV.

2.3 Pilum P 3721 (Fig. I: 3; 13: 2)

The pilum was very roughly made, so that trac-
es of forging are clearly visible (Fig. 13: 2).

The sample for metallographic analysis was tak-
en from the shaft of the pilum (Fig. I: 3). Micro-
structural examination was performed longitudinal-
ly and transversely. The surface of the sample is rusted
and shallow corrosion crevices are seen along the
crystal grain boundaries in several places. The layer
of the steel along the surface consists of completely
decarburised ferrite coarse grains. Below this layer,
the ferrite microstructure, in which the crystal grains

0 5cm

Fig. 20: Catapult bolt P 3659. Macro photograph with area of
examination marked.
S1. 20: Katapultni izstrelek P 3659. Makroposnetek z oznace-
nim mestom preiskav.
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Fig. 21: Catapult bolt P 3659. Ferrite microstructure.
SI. 21: Katapultni izstrelek P 3659. Feritna mikrostruktura.

are smaller, contains numerous tiny precipitates. There
are no precipitates in the center of the shaft. There
are numerous nonmetallic inclusions of various siz-
es in this area, which in terms of composition are
mostly slag, with fewer silicate inclusions. The mor-
phological characteristics and composition of the
nonmetallic inclusions of slag and silicates are iden-
tical to the inclusions of pilum P 3720.

The microhardness of the steel is 87 HV on the
edge of the shaft of the pilum, where the micro-
structure is ferrite. The microhardness is some-
what greater in the center of the shaft, where pre-
cipitates in the ferrite are numerous. The greatest
value measured is 95 HV.

2.4 Catapult bolt P 3659 (Fig. I: 4; 20)

The sample for analysis was cut transversely on
the point (Fig. 20). It was prepared for metallographic
examination in a longitudinal direction (Fig. I: 4).
The point of the bolt has a completely ferrite mi-
crostructure (Fig. 21). Under greater magnification,
grains can be noted of tertiary cementite precipi-
tated along the ferrite grain boundaries. The fer-
rite grains contain tiny precipitates (Fig. 22). The
microhardness of the steel is 92 HV.

The surface of the point is covered with a layer
of scale (iron oxides, which were created on the
surface during heating for forging), which is shal-
lowly indented into the ferrite matrix along the crystal
grain boundaries (Fig. 23). The analysis of the
scale at the boundary with the steel is shown on
Fig. 24. The scale contains only traces of calcium,
potassium, and phosphorus, while the steel contains
a small amount of nickel and traces of copper. The
concentration of the nickel in the steel is increased
in the boundary layer with the scale.

Nonmetallic inclusions in the steel are remains
of slag and silicate inclusions. They are relatively
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Fig. 22: Catapult bolt P 3659. Tertiary cementite at the boundary
of three ferrite grains and tiny precipitates in the ferrite matrix.
S1. 22: Katapultni izstrelek P 3659. Terciarni cementit na meji
treh feritnih zrn in drobni izloc¢ki v feritni matici.

Fig. 23: Catapult bolt P 3659. Scale on the éurface.
SI. 23: Katapultni izstrelek P 3659. Skaja na povrsini.

large and are oriented variously because of defor-
mation during hot forging. The slag inclusions are
distinctly two-phase. The pale gray phase is iron
oxide. The darker phase contains in addition to oxides
of iron, also oxides of calcium, silicon, and potas-
sium, as well as traces of phosphorus. The silicate
inclusions contain no iron. They are composed of
oxides of silicon, calcium, and potassium, with traces
of aluminum, phosphorus, manganese, and sulfur.

2.5 Simple rod with an unsymmetrical point
P 3702/1 (Fig. I: 5; 25)

The hoard contained at least 265 simple rods
of square section, hot forged at both ends into points.

Fig. 24: Catapult bolt P 3659. Image of the electron composi-
tion (ES) and specific X-ray images of iron, nickel, and cop-
per in the scale at the boundary with the steel.

SI. 24: Katapultni izstrelek P 3659. Posnetek elektronske se-
stave (ES) in specifiéni X posnetki Zeleza, niklja in bakra v
§kaji na meji z jeklom.

Most have a triangular tooth or prong on one side
at approximately one third of the length, which
continues into a point, while the other end has a
spiked point - possibly for placing in a haft or socket.

Fig. 25: Rod P 3702/1. Macro photograph with the area of
examination marked.

SI. 25: Ost P 3702/1. Makroposnetek z oznaéenima mestoma
preiskav.
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Fig. 26: Rod P 3702/1. Microstructure at the tip of the point.
Sl 26: Ost P 3702/1. Mikrostruktura ob vrhu osti.

Fig. 27: Rod P 3702/1. Microstructure of the rod in a distance
of 10 mm from the tip.

SI. 27- Ost P 3702/1. Mikrostruktura osti v oddaljenosti 10 mm
od vrha.
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Fig. 28: Rod P 3702/1. Tertiary cementite and precipitates in
the ferrite matrix.

Sl 28: Ost P 3702/1. Terciarni cementit in izloc¢ki v feritni
matici.

The sample for examination from rod P 3702/
1 was taken from the area of the triangular tooth
and from the tip of the point (Fig. I: 5; 25).
Metallographic examination was performed in a
longitudinal direction.

The steel at the tip has a ferrite microstructure,
in which there are numerous precipitates, mostly of
lamellar form, and partly also globular (Fig. 26, 27).
Identical precipitates were noted on the catapult bolt
P 3659. Tertiary cementite can also be noted along
the boundaries of the crystal grains. The surface of
the tip is covered with corrosion products. Shallow
corrosive crevices along the grain boundaries extend
into the metal matrix. In the area of the triangular
tooth, scale was noted on the surface, although signs
of corrosion processes (rusting) could also be not-
ed. The density of precipitates is greater in the fer-
rite phase, increasing with the distance from the tip
of the point. Pearlite grains can also be noted in the
microstructure, containing coarse cementite lamel-
lae that were created because of relatively slow cool-
ing from the temperature of hot forging. These mi-
crostructure characteristics can be even more mark-
edly noted on the SEM images (Fig. 28; 29).

The transition from the haft to the tooth is of
steel with a ferrite pearlite microstructure (0.15%
C), in which a distinct difference can be seen in
the size of the crystal grains. The haft has a fine-
grained recrystalized microstructure because of the
greater deformation caused by forging. The degree
of hot forming of the broader section (tooth of

Fig. 29: Rod P 3702/1. Coarse cementite lamellae in the pear-
lite and in the precipitates in the ferrite.

SI. 29: Ost P 3702/1. Grobe cementitne lamele v perlitu in
izlo¢ki v feritu.
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Fig. 30: Rod P 3702/1. Microstructure at the transition from
the haft to the tooth of the rod.

SI. 30: Ost P 3702/1. Mikrostruktura na prehodu iz nasadisca
v zob osti.

the point) was lesser, and hence the crystal grains
are larger (Fig. 30).

Just as for the other samples, two types of non-
metallic inclusions were noted in the steel, inclu-
sions of multiphase slag and silicate inclusions.
A relatively high content of manganese was ob-
served in the slag (Fig. 3/), in addition to iron,
silicon, calcium, and potassium, as had been noted
on the other samples. The pale gray phase in the
slag represents iron oxides. Similarly, the silicate
inclusions contained a high manganese content in
addition to silicon, calcium, and potassium.

The microhardness of the steel at the tip of the
point is 87 HV. The greatest microhardness val-
ues, from 110 to 115 HV, were measured in the
area with the ferrite pearlite microstructure (at
the transition from the haft to the tooth).

2.6 Composition of the slag
and the silicate inclusions
Semi-quantitative analysis of the nonmetallic in-

Table 1: Composition of the slag in mass percentage.

Phase | Sword P 3621 | Simple rod P 3702/1
FeO 52.3 54.6
F6203 - -
Si0, 32.3 19.6
Al,O4 1.4 1
CaO 7.2 3
MgO -
MnO - 16.8
K,O 1.5 0.8
P,0s 0.2 0.1
TiO, 0.1 0.1
S B -

Fig. 31: Rod P 3702/1. Image of the electron composition (ES)
and specific X-ray images of iron, manganese, silicon, calci-
um, and potassium in the slag inclusion.

SI. 31: Ost P 3702/1. Posnetek elektronske sestave (ES) in spe-
cificni X posnetki Zeleza, mangana, silicija, kalcija in kalija v
vkljucku zlindre.

clusions of slag and silicate inclusions was performed
on the samples from the sword, catapult bolt, and rod.

The slag inclusions are non-homogeneous, and
thus it is difficult to determine their composition
with electron probe microanalysis. The average
composition of the inclusions of slag in the sword
and the rod is shown in table 1. The composition
of the slag is similar, with a high FeO content, much
SiO, and a little CaO, which is characteristic for
bloomery ironmaking in a shaft furnace (Pleiner
2000, 251-253). The slag of the rod contains a
relatively high content of manganese oxide, simi-
lar to the analyzed slag from the Roman period at
Lolling (12.1% MnO; Neumann 1954, 36) and the
slag in the loup from Magdalensberg (sample D,
36% MnO) in Austrian Carinthia (Straube 1996,
98-99). Iron ore from Carinthia and Burgenland is
characterized by a high manganese content, which
is also retained in the slag (Sperl 1985, 412-413;
Straube 1996, 55, 98, 111).
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Table 2: Composition of the silicate inclusions in mass per-
centage.

Phase Sword Cat. bolt Simple rod
P 3621 P 3659 P 3702/1
MnO 0.6 0.8 32.5
Si0, 50.1 49.5 40.5
Al O5 7.6 4.3 1
CaO 29.3 33.2 21.5
MgO - - 0.4
K,O 9 7 2.2
P,0s 1 1 0.6
TiO, 0.4 <0.1 0.4
S - <0.1 -

The composition of the silicate inclusions analyzed
in the samples from the sword, catapult bolt, and
simple rod is given in table 2. The high contents of
SiO, and K,O meant that they had a low melting
point and had plasticity at the forging temperature.
The silicate inclusions of the rod contain a high fraction
of MnO, just like the slag of the rod.

The contents of elements that are otherwise usually
present in steel were also analyzed in the steel.
The metal matrix is almost pure iron with only a
very small manganese content (under 0.1%).

3.0 DISCUSSION

Iron was made in shallow pit and shaft furnaces
up to the late Middle Ages in Europe. To success-
fully smelt forgeable (ductile) iron and to work it
knowledge was required, which is significantly dif-
ferent than today, when numerous examination
methods and experiments are available to determine
the suitable quality of steel. The iron had to have
a low carbon content (to 0.7% C) to achieve a plas-
ticity that would allow it to be forged. A sufficient-
ly high temperature and gas for reduction (CO) were
gained with the combustion of charcoal. With low
carbon content in the iron, part of the FeO (melt-
ing point 1377°C) remained in the slag, in which
because of the presence of SiO, fayalite was creat-
ed (2Fe0.Si0,), which has a low melting point
(1217°C). Successful low temperature production
of iron (1200°C) occurred only with tiny grained
ore. Reduced metallic particles coalesced together
at higher temperatures into a large doughy clump,
from which most of the slag was removed by forg-
ing. The presence of CaO increases the melting point
of slag, and MnO and K20 decreases it. The ore
thus had to contain under 10% CaO. Iron from shaft
furnaces was inhomogeneous, and the carbon con-
tent was varied. The iron was decarburized or car-

burized, depending on the atmosphere, during heating
on the forging hearth (Craddock 1995, 234 ff.).

The metal matrix of all the examined samples
was quite pure iron with a relatively low carbon
content (0.01 to 0.3% C). The steel of the simple
rod has more manganese than the other samples,
while the steel of the catapult bolt has traces of
nickel and copper. This indicates that the steel from
which the weapons were made had been acquired
from iron ores with different trace elements.

The steel contained two types of nonmetallic
inclusions, inclusions of slag and silicate inclusions.

The slag inclusions result from the process of
ironmaking from ore (the reduction of iron oxides)
and are two-phase. The phase that corresponds to
wiistite in composition (FeO), has a higher melting
point and during solidification of the slag solidifies
first, and thus has a prevalently dendritic microstruc-
ture. The other phase has less iron, and contains
large amounts of silicon and calcium, a little potas-
sium, aluminum, and manganese, as well as traces
of phosphorus and titanium. A high manganese content
was noted only in the slag inclusions of the steel of
the simple rod (P 3702/1).

The second type of nonmetallic inclusions consists
of silicates with high contents of calcium and
potassium. The aluminum, titanium, phosphorus,
manganese, and sulfur contents are low, or are present
only as trace elements. A higher manganese con-
tent was noted for the inclusions of the simple
rod (P 3702/1). As the silicate inclusions do not
contain iron, they probably did not come from the
ore. It is our opinion that they could derive from
the walls of the smelting furnaces, which contained
silicates rich in potassium (clay). Part of the po-
tassium entered into the slag and into the silicate
inclusions from the charcoal.

The examined objects were well forged. The mi-
crostructural characteristics that would indicate
quenching were not noted on any of the samples.
Nor were signs of cold deformation noted on the objects,
which is also one of the technologies of hardening
the surface and increasing the total hardness.

3.1 Sword

The blade of the sword from the hoard has a
quite ferrite microstructure on the surface (under
0.01% C), while the center has a ferrite pearlite
microstructure (0.3% C). The ferrite grains along
the blade are essentially larger than elsewhere on
the surface of the sword, as well as the grains of
the ferrite pearlite microstructure in the core. The
crystal grains are also larger in comparison with
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the crystal grains on the other samples, which
indicates that the sword was forged at a relatively
high temperature (ca 1000° C). The boundary
between the ferrite and ferrite pearlite microstruc-
ture did not exhibit oxide inclusions that would
indicate the production of the sword from sever-
al bands or wound wires. The surface of the sword
is corroded to such an extent that on the basis of
metallographic analysis it cannot be established
if lamellae of a harder steel were forged onto the
surface. A sample for examination was taken from
only one spot on the sword, but nonetheless we
consider that it was most probably made from
one piece or perhaps from several bands or wires
with an approximately equal carbon content. Such
an explanation is also confirmed by the layer of
slag on one side of the sword, which remained
on the surface of the product and prevented the
rusting of the steel, which has a ferrite micro-
structure in this area. Thus Miillner’s hypothesis
can be rejected that the sword had been made
from several bands and layers (Miillner 1892, 115-
116; Miillner 1909, 49-50). The surface of the sword
was subjected to decarburization during heating
for forging. The blade thus has a relatively low
hardness (87 HV) and the weapon cannot be
considered a top rate product.

3.2 Pila

The point of pilum P 3720 has an area with a
strongly pearlite microstructure (0.7% C) lying under
corrosion products. The pearlite area continues
into a strongly ferrite core. The surface of the point
of the pilum is badly damaged by corrosion, al-
though the pearlite microstructure on the surface
and the sharp transition to the ferrite region in
the core indicate that the pilum point P 3720 was
forge welded of hard and soft steel. Hard steel with
a high carbon content is less resistant to corro-
sion, and thus the surface of the weapon was more
damaged by corrosion. The shafts of both pila (P
3720, P 3721) have a ferrite microstructure with
a very small element of a pearlite phase, meaning
that in contrast to the point of pilum P 3720, they
had been made from a single piece of soft steel.

3.3 Catapult bolt and simple rod

The point of the catapult bolt and the simple
rod have a strongly ferrite microstructure, and only
on the thickened part of the rod (the tooth) the
microstructure consists of ferrite and pearlite (0.15%

C). Both objects were forged from non-homoge-
neous blanks with varied carbon contents, but the
iron was decarburized during heating for forging
in a blacksmith’s hearth.

The ferrite of both objects exhibited more or
less distinctive precipitation of tertiary cementite
along the crystal boundaries and precipitation of
tiny, mostly lamellar carbides from the matrix.
Precipitation could occur only during extremely
slow cooling.

3.4 The place of the Smihel weapons
in technological development

The majority of the important processes of forging
were already known in the Hallstatt period in central
Europe and in the Mediterranean, although the
technological knowledge was not equally distrib-
uted. Individual combinations of hard and soft steel
occasionally appear, and only exceptionally do we
come across quenching and secondary carburiza-
tion (Pleiner 1962, 50-63, 259-261; Tylecote 1992,
52-53; Craddock 1995, 238, 260).

Bloomery advanced greatly in the La Téne pe-
riod (Pleiner 1962, 64-101, 261-267). The metal-
lographic analysis of 122 Celtic swords has shown
that the steel was mostly heterogeneously carbur-
ized. The knowledge of forging was at various lev-
els, and thus the swords were of varied quality.
Only 36% of the analyzed swords were made en-
tirely of soft steel with a carbon content under
0.3% (ferrite or ferrite pearlite microstructure).
Swords forged from one piece of steel are rare,
the majority were forged from several layers, which
were of identical or varied quality. More than half
of the swords had at least one blade from middle
carbon (0.3-0.5% C; ferrite-pearlite microstructure)
or high carbon steel (0.6-0.8% C; pearlite micro-
structure). Some swords were made entirely from
middle or high carbon steel, while the majority
was produced from alternating low, medium, and
high carbon steel. The various systems of arrang-
ing the layers indicate that the majority of smiths
were uncertain in distinguishing between soft and
hard steel. Secondary carburization of a blade was
rare, and quenching and cold forging were not ap-
plied (Pleiner 1993).

In the lands of the Norican Kingdom, present
day Carinthia and Burgenland, ironmaking was
prominent owing to the greater carbon content
(Schaaber 1963; Sperl 1985; Straube 1996). Tools
and weapons from such steel appeared in this area
as early as the Hallstatt period (Plockinger 1976).
The production of hard steel was very widespread
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in the late La Téne and Roman periods. The pro-
duction of and trade in steel was controlled by
the Romans from the middle of the 1% century
BC (Dolenz 1996; Dolenz 1998).

In the Roman Imperial period, the production
of iron increased greatly, and the knowledge of
carburization and quenching spread. The Roman
weapons and tools include exceptional, very good,
and plain products, the latter predominating (Schaab-
er 1963; Pleiner 1970; Tylecote, Gilmour 1986, 18-
108; Tylecote 1992, 65-68). The high level of
knowledge of the materials and bloomery proce-
dures can be seen above all in the weapons (Tyle-
cote 1992, 65-68). The best daggers of the Augustan
period were made so that the center and the blades
were particularly hard, and between them lay bands
composed of alternating strips of hard and soft
steel (lamellar damascene). The blade of the dag-
ger from Oberaden was first quenched, and then
tempered at a raised temperature. Such weaponry
had excellent mechanical properties; it was hard
and tough (Pleiner 1970, 118-120, 128-130; Horst-
mann 1995; Westphal 1995; Lang 1995). The swords
between the Augustan period and the 2" century
AD have a more simple structure. They were com-
posed of several layers of identical, carburized steel.
Quenching and tempering were used on the blades
(Williams 1977, 78; Biborski et al. 1987; Lang 1988;
Lang 1995, 127; Dieudonné-Glad, Parisot 1998).
Pattern welding or true damascening of swords
appear in greater amounts from the end of the 24
century onwards (Ypey 1984, 195 ff.; Tylecote 1992,
66-68).

The weapons from Smihel stand out in terms
of their microstructural characteristics and low
hardness (87 - 135 HV). The hardness of the blades
of the Celtic swords was from 170 to 577 HV (Pleiner
1993, 138-140, 149-150), and products made of
Norican steel can have even greater hardness (Schaab-
er 1963), as was true of the cutting edges of the
better Roman Imperial period weapons and tools
(Pleiner 1970; Horstmann 1995; Dieudonné-Glad,
Parisot 1998). The analysis has proven that the
weapons from the Smihel hoard were certainly not
high quality products. Almost all of them were
produced from soft steel (ferrite, ferrite and pearlite),
the only exception being the point of pilum P 3720,
whose surface was forge welded with hard steel
(pearlite). A high quality of weapons would par-
ticularly be expected of the Roman army in a period
of extensive expansion, which was in contrast to
the results of our research. It can be hypothesized
that the highest quality Roman products of the
Republican period most probably were no poorer
than the contemporary Celtic products. But very

likely the production of weapons in the Roman
military workshops in the 2™ century BC was not
at the level known from the Augustan period. It
can be conjectured that the manner of production
of the Smihel weaponry from exclusively soft steel
had been deliberately chosen. The causes of this
could be various. On the one hand, this could reflect
the lack of a harder steel. The Norican kingdom,
which was later an important source of hard steel,
was neither economically nor politically tied closely
to the Roman state at the end of the 3" or in the
first half of the 2" century BC. On the other hand
and even more likely, the choice of material was
predicated by a desire for the quickest production
of weapons. Thus a softer steel in a single piece
was deliberately chosen. It can be seen on the pila
that they were merely forged and the surface was
not later worked more finely with a file and grind-
stone. The simple rods and catapult bolts were mainly
weapons for one-time use, and too great an invest-
ment of labor wasn’t worthwhile. Objects from soft
steel are also easier to repair. Simple repairs could
be carried out by the owner himself, while a dam-
aged piece of hard steel required repair by a smith
(Sim 1992, 115-116). A catapult bolt, even if made
from soft steel, probably caused sufficient harm.
Practical experiments have shown that swords made
from soft steel could also be used in battle (Plein-
er 1993, 163-164). Spear heads and arrowheads
of soft steel were sufficiently hard for using in hunting.
They could pierce a shield, but not the best kinds
of armor (Tylecote, Gilmour 1986, 109).

The manner of producing pila is particularly
interesting, as it is also mentioned by several clas-
sical sources. Polybius noted in the first half or
the middle of the 2" century BC that a soldier
armed with a light javelin would thrust it into the
enemy’s shield, thus bending the javelin so that
the shield became unusable (Poly. VI, 22, 4). Such
light javelins with characteristic damage to the points
were identified in the Smihel hoard (referred to
as socketed pila with a pin-shaped point; Horvat
2002, 133). They were not subjected to metallo-
graphic analysis. Later historical sources report
for other forms of pila that deformation was also
desirable upon hitting an obstruction. Marius in
the war against the Cymbri (at Vercellae in 101
BC) replaced one of two iron rivets with which
the metal part of a pilum was attached to the wooden
helve with a wooden one. Upon thrusting into the
shield, the joint with the helve loosened, the pi-
lum bent, and the shield became unusable (Plut.
Mar. 25). Marius’ experiment was probably short-
lived. Gaius Julius Caesar noted that in the battle
with the Helvetii in 58 BC the iron pila bent in
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the enemy’s shields (Caes. bell. Gall. I 25, 3). On
the basis of this report, it has been thought that
a new element was introduced in the period be-
tween Marius and Caesar: the point of the pilum
was made of hard steel, and the shaft from soft
steel (Schulten 1950, 1360). Appian, who wrote
in the 2" century AD, specifically stated that the
complete pilum, with the exception of the point,
was made from soft steel (Appian Celt. 1). He was
probably describing the pila of his time, although
the text is related to the battle with the Celts in
358 BC (Schulten 1950, 1363). Arrian (2" centu-
ry AD) also wrote that the long and thin iron of a
pilum would bend from the blow to the enemy’s
defensive equipment (Arrian, contra Alanos 17).
The Roman army used several types of pila in
the period when the Smihel hoard was formed.
The simple socketed pila with a pin-shaped point
had a clearly offensive function, as probably also
did the long pila with a flat haft (forms 2 and 3
from Smihel). The damage indicates that the points
often bent from blows to obstacles. The short pila
with a flat haft, with a wide point with barbs and
a massive shaft (form 1 from Smihel), probably
had a different function. Connolly explained them
as a distinctly defensive weapon, which did not
deform quickly (Connolly 1997, 44; Horvat 2002,
138). This thesis was confirmed by the greater weight
of the objects and the lack of damage. The metal-
lographic examination of a pilum of type 1 estab-
lished that the point was cladded with a layer of
harder steel. Although the pila were merely forged
and were not finely worked later, care was evidently
taken in the production of the points. The combi-
nation of hard point - soft shaft probably did not
occur because of a wish for quick deformation of
the shaft. Rather this would confirm Connolly’s
idea that this type of short pilum was actually a
defensive weapon that a soldier would have by his
side for a longer time and that had to be durable.
The analysis of the Smihel pila thus proves that
the points of the pila were forged from hard steel
and the shafts from soft steel, at least as early as
the first half of the 2" century BC. It also shows
that this manner of production was not related
merely to a desire for the shaft to bend under a
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blow, but rather to raise the quality of the weap-
onry. As a rather later example of this combina-
tion, Appian’s description from the 2™ century
(Appian Celt. 1) can be mentioned, as well as the
analysis of a Roman period arrowhead from Wan-
borough in Britannia that had a hard point (mar-
tensite, 390 HV) welded to a soft shaft (Tylecote,
Gilmour 1986, 109-110). The exact degree to which
such technology was widespread cannot be es-
tablished merely on the basis of the scarce research.

Explanation of some metallurgical expressions:

Cementite (Fe,C) - iron carbide with a high
hardness of 860 HV.

Ferrite - a solid solution of carbon in iron with
a maximal 0.018% of carbon at ambient tempera-
ture, low hardness, about 95 HV.

Forge welding - a joint created by forging a
connection between two types of steel.

Pearlite - a lamellar compound of cementite and
ferrite steel with a content of 0.80% carbon is
eutectoid steel with a totally pearlite microstruc-
ture and hardness of 210 HV.

Secondary carburization - increasing the car-
bon content in the surface layers while heating
the steel for forging; it occurs through the gaseous
phase.

Scale - oxides of iron and to a lesser extent alloy
elements that were created on the surface of a product
during heating for forging.

Slag - basic and acidic oxides, which are a product
of gangue, additives, and oxidations of metals.
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Metalografske preiskave rimskega republikanskega orozja
iz zaklada z Gradu pri Smihelu

1. UYOD

Na prazgodovinskem gradiséu Grad pri Smihelu je bil naj-
den zaklad, ki je vseboval vsaj 473 Zeleznih predmetov. Glavni-
no je sestavljalo rimsko napadalno orozje: pilumi, kopja, osti
katapultnih izstrelkov, osti pusCic, meci in mnoZica preprostih
osti z nesimetri¢no trikotno konico. Zaklad je datiran v konec
3., oziroma v prvo polovico 2. st. pr. Kr. ter predstavlja eno
najzgodnejsih zakljucenih najdb oroZja, ki je zanesljivo opredel-
jeno kot rimsko. Pomemben je za razumevanje razvoja posam-
eznih oblik (predvsem mecev in pilumov) in nudi dragocen vpogled
v rimsko tehniko vojskovanja v ¢asu republike. Dejstvo, da je bil
odkrit na naselbini prazgodovinske notranjske kulturne skupi-
ne, lahko razloZimo kot sled enega prvih vojaskih posegov v ju-
govzhodnoalpski prostor, s katerim so Rimljani vzpostavili nadzor
nad trgovsko potjo iz Italije proti srednjemu Podonavju in sever-
nemu Balkanu (Horvat 2002).

Stevilne metalografske preiskave jeklenih predmetov! so
potekale na keltskem oroZju (npr. Pleiner 1993) ter na rims-

kem orodju in oroZju (npr. Pleiner 1970; Horstmann 1995).
Niso pa nam poznane metalografske preiskave oroZja iz rimskega
republikanskega obdobja. Tako smo lahko sklepali, da bodo
vsi podatki, ki jih bomo dobili za rimsko oroZje s Smihela,
zelo pomembni. Zeleli smo dobiti ¢im veé informacij o tehno-
logiji pridobivanja jekla iz rude in o tehnologiji izdelave pred-
metov. Posebej smo Zeleli preveriti domnevo Alfonsa Miillner-
ja, da je bil eden od mecev (sl I: 1) izdelan na poseben nacin
(Miillner 1892, 115-116; Miillner 1909, 49-50). Zanimali so nas
tudi pilumi, saj na osnovi anti¢nih literarnih virov lahko skle-
pamo, da so bile njihove konice narejene iz trSega jekla kot
vratovi (Schulten 1950, 1360-1364).

Metalografske preiskovalne metode so destruktivne, zato smo
se omejili na ¢im manj$e mozno §tevilo vzorcev. Iz depoja Narod-
nega muzeja Slovenije smo izbrali pet predmetov:

1. mec€ - gladius (sl. 1: 1), inv. §t. P 3621 (Horvat 2002, t.
1: 1);

2. ost piluma s ploscatim nasadi$Cem, oblika 1 (sl I: 2),
inv. §t. P 3720 (Horvat 2002, t. 3: 3);

I Predmetov narejenih iz Cistega Zeleza ni. Vedno se uporablja jeklo, ki je zlitina Zeleza in ogljika ter drugih legirnih elementov.
Lastnosti jekla so odvisne od vsebnosti legirnih elementov, plasticne predelave v vro¢em in hladnem ter toplotne obdelave, katere
osnova so fazne transformacije. V ¢lanku zato dosledno uporabljamo izraz “jeklo”, s tem da opiSemo tudi mikrostrukturo. Za
feritno mikrostrukturo uporabljamo izraza “mehko” oziroma “nizkooglji¢no jeklo”, za perlitno mikrostrukturo pa “trdo” ali “vi-

“x

sokooglji¢no jeklo”. To je drugace kot v delu arheoloske literature, kjer se uporablja izraz “Zelezo” za jeklo s feritno mikrostruk-
turo ter izraz “jeklo” za jeklo s perlitno in martenzitno mikrostrukturo.

Nekateri metalurski izrazi so pojasnjeni na koncu ¢lanka.
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3. ost piluma s ploS€atim nasadiS€em, oblika 1 (sl I: 3),
inv. §t. P 3721 (Horvat 2002, t. 3: 4);

4. ost katapultnega izstrelka (s/. I: 4), inv. §t. P 3659 (Hor-
vat 2002, t. 14: 2);

5. preprosta ost s trikotno nesimetricno konico (sl. /: 5),
inv. §t. P 3702/1 (Horvat 2002, t. 16: 2).

Mec smo izbrali zaradi preverjanja Miillnerjeve domneve o
posebni tehnologiji izdelave. V zakladu so S§tiri razliice pi-
lumov s ploscatim nasadis¢em, pilumi s tulastim nasadi§Cem
in zaZigalni pilumi (Horvat 2002, 129-133). Med vsemi temi
smo za metalografsko preiskavo izbrali le dva piluma s prepro-
stim plos$¢atim nasadiS¢em in Siroko trikotno konico (oblika
1). Ker gre za sorazmerno velika predmeta, smo upali, da bodo
tudi vzorci dovolj veliki, da lahko preverimo predpostavko o
razliéni izdelavi konice in vratu. Katapultni izstrelki z masiv-
no piramidalno konico so znacilni za republikansko dobo, zelo
razSirjeni in zato zanimivi tudi s tehnolo§kega stalis¢a (Hor-
vat 2002, 133, 138). V zakladu je bilo vsaj 265 preprostih osti,
ki so ve¢inoma na eni strani skovane v nesimetri¢no trikotno
konico. Njihova funkcija §e ni do konca razjasnjena, domne-
vamo pa, da je §lo za ost preprostega, na hitro narejenega izstrelka
oziroma za konice, zabite v lesene ovire (Horvat 2002, 135-
137). V metalografske preiskave smo vkljucili eno od prepros-
tih osti z nesimetri¢no trikotno konico zato, da bi lahko pre-
verili anti¢ni izvor predmeta. Zaradi Stevilnih zelo podobnih
osti pa smo lahko preiskali, kljub destruktivni metodi, soraz-
merno velik metalografski vzorec.

Na predmetih smo za preiskave izrezali majhne vzorce, tako,
da smo jih ¢im manj poSkodovali (s/. 7). Metalografske preiska-
ve so obsegale opticno in SEM mikroskopijo (scanning elek-
tronski mikroskop) in elektronsko mikroanalizo (EPMA). Na
vzorcih smo izmerili tudi mikrotrdoto jekla po Vickersu z obtezbo
100 g. Vzorci so bili premajhni, da bi jih lahko kemi¢no anali-
zirali v kvantometru, pri pripravi ostruzkov za klasicno kemic-
no analizo pa bi vzorce unicili. Le vzorec §t. 5 (P 3702/1; sl. 1:
5) je bil dovolj velik za kvatometrsko analizo, vendar zaradi prevelike
koli¢ine zlindre in nekovinskih silikatnih vkljuckov, rezultati kemicne
analize niso bili realni.

2. METALOGRAFSKE PREISKAVE
2.1 Meé P 3621 (sl. 1: 1)

Na rezilu meca, kjer je povrsinski sloj deloma odpadel, so
vidni vzporedni poSevni pasovi, Siroki od 6 do 7 mm (sl 2).
Zaradi teh znacilnosti je Miillner predpostavil moznost, da mec
ni bil skovan iz enega kosa, temve¢ po tehnologiji podobni da-
masciranju. Jekleno palico spiralno ovito z Zico naj bi skovali v
mec¢ z dvostranskim rezilom. Pasovi Zice naj bi bili iz “svetlega
zrnatega jekla” (“weisser korniger Stahl”) srednje trdote. Na povrsino
naj bi prikovali dve tanki jekleni plosci iz sivega jekla (“grauer
Stahl”), ki sta zelo trdi. Jedro iz poSevnih trakov naj bi ponekod
na meji s krovnimi plos¢ami rjavelo (Miillner 1892, 115-116; Miillner
1909, 49-50).>

V zgornjem delu meca smo v §irini do sredine izrezali vzo-
rec za metalografske preiskave (s/. 1: 1). Vzorec je tanek, zato
smo lahko naredili mikrostrukturne preiskave le na povrsini,
ki lezi precno na os meca.

Na povrsini meca je na eni strani plast Zlindre, na drugi
strani in ob robu rezila pa plast rje (s/. 3). Zlindra izhaja iz
procesa izdelave jekla in se na mikroposnetku opazi kot siva
faza v zajedah ob robu rezila. V jeklu so §tevilni sorazmerno
veliki nekovinski vkljucki dveh vrst. Veéji vkljucki, ki so po
videzu vecfazni, so ostanki Zlindre (s/. 3). Druga vrsta vklju¢kov

temno sive barve, ki so po videzu steklasta faza, pa so silikati
(sl. 4). Vkljucki obeh vrst so deformirani v smeri plasti¢ne
deformacije (kovanja) in ponekod leZijo po mejah kristalnih
zrn (sl 4; 5). Le na enem mestu smo opazili zelo drobne glo-
bularne nekovinske vkljucke.

Zlindra na povrsini meéa in vkljucki Zlindre v jeklu imajo
podobno kemicno sestavo. Vklju¢ki niso homogeni in njihova
sestava se spreminja od mesta do mesta.

Nekovinske vkljucke smo kvalitativno ploskovno analizirali.
Na s/. 6 in 7 so prikazani posnetki elektronske sestave in speci-
fi¢ni X posnetki elementov v vkljuckih Zlindre in silikatnih vkljuckih
(elementi so vezani na kisik). Koncentracija elementov na pos-
netkih je sorazmerna gostoti belih pik.

V zZlindri (sl. 6), ki je po sestavi nehomogena, se opazijo
vecja podrocja, ki po sestavi ustrezajo fajalitu (2Fe0.Si0,).
Na posameznih mestih je veliko kalcija in kalija ter malo fos-
forja. V silikatnih vkljuckih (sl 7) ni Zeleza, vsebujejo pa ve-
liko silicija, kalcija in kalija, nekaj aluminija ter malo titana.
Sestava teh vkljuckov je v primerjavi z vkljucki Zlindre ho-
mogena.

Mikrostruktura meca je po preseku razlicna. Rezilo meca, ki
je na povrsini rjasto, ima popolnoma feritno mikrostrukturo (vsebnost
C pod 0,01 %) (sl. 8). Kristalna zrna so poligonalna in sorazmer-
no velika. Povr§ina meca je razogljicena, vendar ne na obeh stra-
neh enako globoko. Razli¢no §irokemu pasu ferita sledi feritno
perlitna mikrostruktura (s/. 9). Sredina meca ima feritno perlit-
no mikrostrukturo (s.. 0). Vsebnost ogljika je v tem podrocju
0,3 %. Na si. 11 je na SEM posnetku prikazana oblika cementit-
nih lamel (Fe,C) v perlitu. Cementitne lamele so grobe in med-
lamelarna razdalja (skupna debelina cementitne in feritne lame-
le v perlitu) je sorazmerno velika. Pri natan¢nejSem pregledu
vzorca smo opazili terciarni cementit po mejah kristalnih zrn v
podrocju s feritno mikrostrukturo, v feritni matici pa drobne izlocke
(sl. 12).

Na robu meca, kjer je mikrostruktura feritna, smo izmerili
povprecno mikrotrdoto jekla 87 HV. Mikrotrdota je v podroc¢ju
s feritno perlitno mikrostrukturo visja, od 95 do 115 HV.

2.2 Ost piluma P 3720 (sl 1: 2; 13: 1)

Ost piluma je bila grobo izdelana, z jasno vidnimi sledovi
kovanja, brez dodatne finejSe obdelave (s/. 13: 1).

Na pilumu smo izrezali dva vzorca za metalografske prei-
skave, na konici (vzdolZna smer) in na vratu (vzdolZna in pre¢na
smer) (sl. 1: 2).

Na konici piluma, ki je zaradi korozije mo¢no izzrta, je
plast rje. Jeklo ima na sredini konice feritno mikrostrukturo.
Ob povrsini pa se kljub korozijskim poskodbam opazi, da je
bila mikrostruktura povrsinske plasti perlitna (0,7 % C) (sl
14; 15). Tudi 20 mm od stranskega roba konice (notranji rob
vzorca) je mikrostruktura ob povr§ini na eni strani popolno-
ma perlitna (s/. 16), na drugi strani, ki je mo¢no korozijsko
poskodovana, pa feritno perlitna. Ostra meja med popolno-
ma perlitno in feritno mikrostrukturo kaze, da je bila konica
piluma kovas§ko zvarjena iz trdega jekla na povr$ini in mehke
osnove na sredini.

Na vzorcu izrezanem iz vratu je mikrostruktura ve¢inoma feritna,
le na sredini je v posameznih pasovih tudi malo perlita.

V jeklu so §tevilni sorazmerno veliki nekovinski vkljucki dveh
vrst. Dolgi vkljucki, ki so po videzu dvofazni, so ostanki zlindre.
Druga vrsta vkljuckov temno sive barve je po videzu steklasta
faza in so silikati. Ti vkljucki, kot tudi vkljucki zlindre, so razpo-
tegnjeni, ker so bili na temperaturi kovanja plasticni in so se deformirali
v vzdolZni smeri. Nekovinskih vkljuckov, ki so ve¢inoma razpore-

2 Miillner 1909, 49, opisuje $e en meé iz Gradu pri Smihelu, ki se je nahajal v Windischgritzovi zbirki: jedro naj bi bilo skovano
iz mehkega traku, ki ga z obeh strani pokrivata plo§¢i iz trdega jekla. Meca, katerega pripadnost zakladu je vprasljiva, ni bilo

mogoce identificirati; Horvat 2002, 128.
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jeni v nizih, je ve€ na vzorcu izrezanem iz vratu piluma. Vkljucki
zlindre so vecji kot vkljucki kalcijevega silikata (s.. 17). Na sl. 18
je prikazana ploskovna analiza veéjega vkljucka zlindre. Zlindra
vsebuje poleg Zeleza veliko kalcija in silicija, nekaj kalija, fosforja
in mangana. Zlindra je dvofazna. V svetlo sivi fazi je predvsem
Zelezo in po sestavi ustreza wiistitu (FeO). Koncentracija ostalih
elementov je vecja v temnejsi fazi. V silikatnih vkljuckih je veliko
silicija, kalcija in kalija, malo mangana in sledovi fosforja (s/. 19).
V teh vkljuckih Zeleza ni.

Povprecna mikrotrdota jekla s feritno mikrostrukturo je 88
HV. Popolnoma perlitna podrocja na povrsini konice so trsa,
najvis§ja izmerjena vrednost je 135 HV.

2.3 Ost piluma P 3721 (s/. I: 3; 13: 2)

Pilum je zelo grobo izdelan, tako da so jasno vidne sledi
kovanja (sl. 13: 2).

Vzorec za metalografske preiskave smo izrezali na vratu piluma
(sl. 1: 3). Mikrostrukturne preiskave smo naredili v vzdolZni
in precni smeri. Povr§ina vzorca je rjasta in na nekaterih mestih
so po mejah kristalnih zrn plitve korozijske zajede. Plast jekla
ob povrsini je popolnoma razogljicena in je feritna, kristalna
zrna pa so groba. Pod to plastjo se v feritni mikrostrukturi, v
kateri so kristalna zrna drobnejs$a, opazijo Stevilni drobni iz-
lo¢ki. Na sredini vratu izlo¢kov ni. V tem obmocju so Stevilni
razliéno veliki nekovinski vkljucki, ki so po sestavi predvsem
zlindra, manj pa je silikatnih vkljuckov. Morfoloske znacilnos-
ti in sestava nekovinskih vkljuckov Zlindre in silikatov je ena-
ka kot pri vkljuckih piluma P 3720.

Mikrotrdota jekla je na robu vratu piluma, kjer je mikrostruk-
tura feritna, 87 HV. Na sredini vratu, kjer so v feritu Stevilni iz-
locki, je mikrotrdota malo vi§ja. NajveCja izmerjena vrednost je
95 HV.

2.4 Ost katapultnega izstrelka P 3659 (sl I: 4; 20)

Vzorec za preiskave smo izrezali pre¢no na konici (sl 20),
vzorec za metalografske preiskave pa smo pripravili v vzdolzni
smeri (s/. /: 4). Konica izstrelka ima popolnoma feritno mik-
rostrukturo (s/. 21). Pri veéji povecCavi se opazijo zrna terciar-
nega cementita izlocena po mejah ferita, v feritnih zrnih pa so
drobni izlo¢ki (s/. 22). Mikrotrdota jekla je 92 HV.

Na povrsini konice je plast Skaje (oksidi Zeleza, ki so nas-
tali na povrS§ini pri ogrevanju za kovanje), ki se po mejah kris-
talnih zrn plitvo zajeda v feritno matico (s/. 23). Ploskovna
elektronska mikroanaliza §kaje na meji z jeklom je prikazana
na sl. 24. V skaji so le sledovi kalcija, kalija in fosforja, v jeklu
pa je malo niklja in sled bakra. Koncentracija niklja je v jeklu
poviSana na mejni plasti s §kajo.

Nekovinski vkljuc¢ki v jeklu so ostanki Zlindre in silikati. So
sorazmerno veliki in zaradi deformacije pri vroem kovanju
razliéno orientirani. Vkljucki Zlindre so izrazito dvofazni. Svetlo
siva faza je zelezov oksid, v drugi temnejsi fazi pa so poleg
oksidov Zeleza Se oksidi kalcija, silicija in kalija ter sled fosfor-
ja. V silikatnih vkljuckih ni Zeleza. Po sestavi so to oksidi si-
licija, kalcija in kalija, v sledovih pa so prisotni §e aluminij,
fosfor, mangan in Zveplo.

2.5 Preprosta ost z nesimetri¢no konico P 3702/1
(sl 1:'5; 25)

V zakladu je bilo vsaj 265 preprostih osti kvadratnega pres-
eka, ki so na obeh koncih skovane v konico. Ve¢ina ima na
priblizno tretjini dolZine na eni strani trikoten zob, ki prehaja
v §picast vrh, na drugem koncu pa je daljsa konica - mogoce
nasadiSce.

Na osti P 3702/1 smo za preiskave izrezali vzorca v podrocju
trikotnega zoba in na vrhu konice (sl. 1: 5; 25). Metalografske
preiskave smo naredili v vzdolzni smeri.

Ob vrhu ima jeklo feritno mikrostrukturo, v kateri so Stevil-
ni izlo€ki, ki so veCinoma lamelarne oblike, deloma pa so tudi
globularni (s/. 26; 27). Enake izloCke smo opazili na konici
katapultnega izstrelka P 3659. Po mejah kristalnih zrn se opazi
tudi terciarni cementit. Povr§ina konice je prekrita s korozijski-
mi produkti, plitve korozijske zajede pa se po mejah zrn Sirijo
v kovinsko matico. V podro¢ju trikotnega zoba je na povr§ini
Skaja, vendar se tudi tu opazijo znaki korozijskih procesov (rja-
venje). Z oddaljenostjo od vrha konice se veca gostota izlockov
v feritni fazi. V mikrostrukturi se opazijo tudi perlitna zrna, v
katerih so grobe cementine lamele, ki so nastale zaradi soraz-
merno pocasnega ohlajanja. Te mikrostrukturne znacilnosti se
Se izraziteje opazijo na SEM posnetkih (s/. 28; 29).

Na prehodu iz nasadi$¢a v zob osti ima jeklo feritno perlit-
no mikrostrukturo (0,15 % C), v kateri se izrazito opazi razli-
ka v velikosti kristalnih zrn. Na obmocju nasadisc¢a so rekris-
talizirana kristalna zrna zaradi vecje deformacije pri kovanju
manjsa. Stopnja predelave §irSega dela (zoba osti) je bila manjsa,
zato so kristalna zrna vecja (sl 30).

Kot na ostalih vzorcih, smo tudi na tem opazili v jeklu dve
vrsti nekovinskih vkljuckov, vkljucke vec¢fazne Zlindre in silikatne
vkljucke. V Zlindri smo poleg Zeleza, silicija, kalcija in kalija, ki
smo jih dolocili Ze na ostalih vzorcih, opazili tudi sorazmerno
visoko vsebnost mangana (sl. 3/). Svetlo siva faza v Zlindri je oksid
Zeleza. Podobno smo tudi v silikatnih vkljuckih dolo¢ili poleg
silicija, kalcija in kalija visoko vsebnost mangana.

Mikrotrdota jekla je ob vrhu osti 87 HV. Najvisje vrednosti
mikrotrdote, od 110 do 115 HV, smo izmerili v podro¢ju s ferit-
no perlitno mikrostrukturo (na prehodu iz nasadis¢a v zob).

2.6 Sestava zlindre in silikatnih vkljuc¢kov
Na vzorcih meca, katapultnega izstrelka in preproste koni-
ce smo semikvantitativno analizirali nekovinske vkljucke Zlin-

dre in silikatne vkljucke.

Tab. I: Sestava zlindre v masnih odstotkih.

Faza | Mec¢ P 3621 | Preprosta ost P 3702/1
FeO 52,3 54,6
F6203 - -
Si0, 32,3 19,6
AlLO; 1,4 1
CaO 7,2
MgO - -
MnO - 16,8
K.0 1,5 0,8
P,05 0,2 0,1
TiO, 0,1 0,1
S - -

Vkljucki zlindre so nehomogeni, zato je z elektronsko mik-
roanalizo tezko dolociti njihovo sestavo. V tabeli 1 je podana
povprecna sestava vkljuckov Zlindre v mecu in preprosti osti.
Sestava zlinder je podobna, visoka je vsebnost FeO, veliko je
SiO, in malo CaO, kar je znaCilno za Zelezo, pridobljeno v
jaSkastih peceh (Pleiner 2000, 251-253). V Zlindri osti je so-
razmerno visoka vsebnost manganovega oksida, v ¢emer je podobna
analizirani Zlindri iz rimske dobe v Lollingu (12,1 % MnO;
Neumann 1954, 36) in Zlindri v volku s Stalenske gore (vzorec
D, 36 % MnO) na avstrijskem Koroskem (Straube 1996, 98-
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Tab. 2: Sestava silikatnih vklju¢kov v masnih odstotkih.

Faza Meé | Kat. izstrelek | Preprosta ost
P 3621 P 3659 P 3702/1
MnO 0,6 0,8 32,5
SiO, | 50,1 49,5 40,5
AlL,O;| 7,6 4,3 1
CaO | 29,3 33,2 21,5
MgO - - 0,4
K,O 9 7 2,2
P,05 1 1 0,6
TiO, 0,4 <0,1 0,4
S - <0,1 -

99). Za zelezove rude s Koroske in Gradi§¢anskega je znacil-
na veCja vsebnost mangana, ki se ohrani tudi v Zlindri (Sperl
1985, 412-413; Straube 1996, 55, 98, 111).

Sestave silikatnih vkljuékov analiziranih v vzorcih meca,
katapultnega izstrelka in preproste osti so podane v tabeli 2.
Zaradi visoke vsebnosti SiO, in K,O imajo nizko talisCe in so
na temperaturi kovanja plasti¢ni. V silikatnih vkljuc¢kih prepros-
te osti pa je, enako kot v zlindri, visoka tudi vsebnost MnO.

Tudi v jeklu preiskanih vzorcev smo analizirali vsebnost
elementov, ki so sicer obiCajno prisotni v jeklu. Kovinska matica
je prakti¢no Cisto Zelezo, v katerem je le zelo majhna vsebnost
mangana (pod 0,1 %).

3.0 DISKUSIJA

Do visokega srednjega veka so v Evropi pridobivali jeklo v
talnih in jaSkastih peceh. Za uspesno pridobivanje kovnega
(duktilnega) jekla in njegovo predelavo je bilo potrebno znan-
je, ki je bilo bistveno drugacno, kot ga imamo danes, ko so na
voljo Stevilne preiskovalne metode in eksperimenti, s katerimi
lahko zagotovimo ustrezno kvaliteto jekla. Plasti¢no jeklo, ki
se ga je dalo kovati, je moralo imeti nizko vsebnost ogljika (do
0,7 % C). Dovolj visoko temperaturo in plin za redukcijo (CO)
so dobili z zgorevanjem oglja. Pri nizki vsebnosti ogljika v Zelezu
je ostal del FeO (talis¢e 1377 °C) v zlindri, v kateri je zaradi
prisotnosti SiO, nastal fajalit (2Fe0.SiO,), ki ima nizko ta-
lis¢e (1217 °C). Uspesno nizkotemperaturno pridobivanje Zeleza
(1200 °C) je potekalo le pri drobnozrnati rudi. Reducirani delci
kovine so se pri vi§jih temperaturah zdruzevali v vecjo testa-
sto kepo, iz katere so s prekovanjem odstranili vec¢ino Zlindre.
Prisotnost CaO je talisCe zlindre zvisevala, MnO in K,0 pa
zniZevala. Ruda je morala zato vsebovati pod 10 % CaO. Jeklo
iz jaSkaste pecCi je bilo nehomogeno, vsebnost ogljika je bila
razlicna. Med ogrevanjem na kovaskem ognjiSCu se je Zelezo,
odvisno od atmosfere, razogljicilo ali naogljicilo (Craddock
1995, 234 ss).

Kovinska matica vseh preiskanih vzorcev je zelo Cisto zele-
zo s sorazmerno nizko vsebnostjo ogljika (0,01 do 0,3 % C).
Jeklo preproste osti ima ve¢ mangana, kot ga je v drugih vzro-
cih, jeklo katapultnega izstrelka pa ima v sledovih nikelj in
baker. To kazZe, da je bilo jeklo, iz katerega je bilo narejeno
oroZje, pridobljeno iz Zelezovih rud, ki so imele razliéne sprem-
ljajoCe elemente.

V jeklu sta dve vrsti nekovinskih vklju¢kov, vkljucki Zlindre
in silikatni vkljucki.

Vkljucki Zlindre izhajajo iz procesa pridobivanja Zeleza iz
rude (redukcija zelezovih oksidov) in so dvofazni. Faza, ki po
sestavi ustreza wiistitu (FeO), ima visje talisCe in se je pri strjevanju
Zlindre strdila prva, zato ima ve€inoma dendritno obliko. Druga
faza ima manj Zeleza, vsebuje pa veliko silicija in kalcija, malo

kalija, aluminija in mangana ter sledove fosforja in titana. Le
v vkljuc¢kih Zlindre v jeklu preproste osti (P 3702/1) smo opa-
zili tudi visoko vsebnost mangana.

Druga vrsta nekovinskih vkljuc¢kov so silikati z visoko vseb-
nostjo kalcija in kalija. Vsebnost aluminija, titana, fosforja, mangana
in Zvepla je nizka, oz. so ti elementi prisotni le v sledovih.
Visjo vsebnost mangana smo opazili v vkljuckih preproste osti
(P 3702/1). Ker silikatni vkljucki ne vsebujejo Zeleza, verjetno
ne izvirajo iz rude. Mnenja smo, da lahko izvirajo iz obzidave
talilne peci, ki je vsebovala silikate bogate s kalijem (glina).
Del kalija je prisel v zlindro in silikatne vkljucke tudi iz oglja.

Predmeti so kovasko kvalitetno izdelani. Mikrostrukturnih
znacilnosti, ki bi kazale na kaljenje nismo opazili na nobenem
od preiskanih vzorcev. Na predmetih tudi nismo opazili zna-
kov hladne deformacije, ki je tudi ena od tehnologij utrditve
povrsine in s tem povecCanja trdote.

3.1 Me¢

Rezilo meca iz zaklada ima na povr§ini popolnoma feritno
mikrostrukturo (pod 0,01 % C), sredina pa je feritno perlitna
(0,3 % C). Feritna zrna ob rezilu so bistveno vecja kot tista
drugod na povrsini meca in zrna v feritno perlitni mikrostruk-
turi v jedru. Kristalna zrna so tudi vecja v primerjavi s kristal-
nimi zrni na ostalih vzorcih, kar kaze, da je bil mec kovan pri
sorazmerno visoki temperaturi (okoli 1000 °C). Na meji med
feritno in feritno perlitno mikrostrukturo nismo opazili oksid-
nih vkljuckov, ki bi kazali na izdelavo meca iz ve¢ trakov oz.
zic. PovrS§ina meca je korodirana v taki meri, da na osnovi
metalografskih preiskav ne moremo ugotoviti, ¢e je bila na povrsino
prikovana lamela iz tr§ega jekla. Iz me¢a smo izrezali vzorec
za preiskave le na enem mestu, vendar smo mnenja, da je bil
ta najverjetneje izdelan iz enega kosa ali morda iz ve¢ trakov
oz. Zic s pribliZzno enako vsebnostjo ogljika. Tako razlago potrjuje
tudi plast zZlindre na eni strani meca, ki je ostala na povrSini
izdelka in je preprecila rjavenje jekla, ki ima na temu podrocju
feritno mikrostrukturo. Torej lahko zavrnemo Miillnerjevo
hipotezo, da je bil me¢ sestavljen iz ve¢ trakov in plasti (Miill-
ner 1892, 115-116; Miillner 1909, 49-50). PovrS§ina meca se je
med ogrevanjem za kovanje razoglji¢ila. Rezilo ima zato so-
razmerno nizko trdoto (87 HV) in orozje ne predstavlja vrhun-
skega izdelka.

3.2 Piluma

Na konici piluma P 3720 lezZijo pod korozijskimi produkti
podrocja s popolnoma perlitno mikrostrukturo (0,7 % C), ki
nato prehaja v popolnoma feritno jedro. PovrSina konice pilu-
ma je korozijsko mo¢no poSkodovana, vendar perlitna mikro-
struktura na povrs$ini in oster prehod v feritno podrocje v jedru
kazeta, da je bila konica piluma P 3720 kovasko zvarjena iz
trdega in mehkega jekla. Trse jeklo z vi§jo vsebnostjo ogljika
je korozijsko manj obstojno, zato je povrSina oroZja korozijsko
bolj poskodovana. Vratova obeh pilumov (P 3720, P 3721) imata
feritno mikrostrukturo z zelo majhnim delezem perlitne faze,
torej sta, v nasprotju s konico P 3720, narejena iz enega kosa
mehkega jekla.

3.3 Katapultni izstrelek in preprosta ost

Konica katapultnega izstrelka in preprosta ost imata po-
polnoma feritno mikrostrukturo, le na odebeljenem delu osti
(zob) je mikrostruktura feritno perlitna (0,15 % C). Oba pred-
meta sta bila skovana iz nehomogenega surovca z razlicno vseb-
nostjo ogljika, ali pa se je Zelezo med ogrevanjem za kovanje
na kova§kem ognjis¢u razogljicilo.
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V feritu obeh predmetov smo opazili bolj ali manj izrazito
izloCanje terciarnega cementita po kristalnih mejah in izloCanje
drobnih, ve¢inoma lamelarnih karbidov iz matice. IzloCanje je
lahko potekalo le pri zelo poCasnem ohlajanju.

3.4 Mesto Smihelskega orozja v tehnoloskem razvoju

V srednji Evropi in v Sredozemlju so Ze v halStatskem obdobju
poznali ve¢ino pomembnejSih postopkov kovanja, ¢eprav teh-
nolosko znanje ni bilo enakomerno razsirjeno. Posamic se
pojavljajo Ze namerne kombinacije trdih in mehkih jekel, le
izjemoma pa srecamo kaljenje in sekundarno naogljicenje (Pleiner
1962, 50-63, 259-261; Tylecote 1992, 52-53; Craddock 1995,
238, 260).

V latenski dobi je Zelezarstvo moc¢no napredovalo (Pleiner
1962, 64-101, 261-267). Metalografske analize 122 keltskih mecev
so pokazale, da je bilo jeklo ve¢inoma heterogeno naogljice-
no. Kovasko znanje je bilo na razli¢ni visini, zato so tudi meci
razlicne kakovosti. Samo 36 % raziskanih je bilo narejenih v
celoti iz mehkega jekla z vsebnostjo ogljika pod 0,3 % (feritna,
oziroma feritno perlitna mikrostruktura). Meci skovani iz enega
kosa jekla so redki, vecina jih je skovanih iz ve¢ plasti, ki so
enake ali razli¢ne kakovosti. Ve kot polovica mecev je imela
vsaj eno rezilo iz srednje ogljicnega (0,3-0,5 % C; feritno-per-
litna mikrostruktura) ali visokooglji¢cnega jekla (0,6-0,8 % C;
perlitna mikrostruktura). Nekaj mecev je v celoti izdelanih iz
srednje oziroma visokoogljicnega jekla, veCinoma pa so se menjavali
trakovi nizko, srednje in visokoogljicnega jekla. Raznolikost
shem sestavljanja plasti kaze, da je bila veCina kovacCev neza-
nesljiva v lo¢evanju med mehkim in tr§im jeklom. Sekundarno
naogljicenje rezil je bilo redko, kaljenja in hladnega kovanja
pa niso uporabljali (Pleiner 1993).

Na ozemlju NoriSkega kraljestva, na Koroskem in Gradi$¢ans-
kem, so pridobivali jeklo, ki je izstopalo zaradi visje vsebnosti
ogljika (Schaaber 1963; Sperl 1985; Straube 1996). Orodje in
oroZje iz tak§nega jekla se na tem obmocju pojavlja Ze v hal-
Statskem Casu (Plockinger 1976). V poznolatenskem in rims-
kem obdobju pa je bila proizvodnja trdega jekla zelo obseZna.
Proizvodnjo in trgovino z jeklom so od sredine 1. st. pr. Kr. Ze
nadzorovali Rimljani (Dolenz 1996; Dolenz 1998).

V rimskem cesarskem obdobju se je proizvodnja jekla zelo
povecala, znanje naogljicenja in kaljenja se je Sirilo. Med rims-
kim orozjem in orodjem sreCamo vrhunske, zelo dobre in pre-
proste izdelke, ki dale¢ prevladujejo (Schaaber 1963; Pleiner
1970; Tylecote, Gilmour 1986, 18-108; Tylecote 1992, 65-68).
Visoka raven poznavanja materiala in kovasta se vidi predvsem
na oroZju (Tylecote 1992, 65-68). Najboljsa bodala avgustej-
skega obdobja so bila izdelana tako, da so bili sredina in rezili
Se posebej trdi, med njimi pa sta lezZala pasova, sestavljena iz
izmeniénih trakov trdih in mehkih jekel (lamelni damast). Rezilo
bodala iz Oberadna je bilo najprej kaljeno, sledilo je popuscanje
na povisani temperaturi. Tak§no oroZje je imelo odlicne me-
hanske lastnosti, bilo je trdo in zilavo (Pleiner 1970, 118-120,
128-130; Horstmann 1995; Westphal 1995; Lang 1995). Meci
med avgustejskim obdobjem in 2. st. po Kr. imajo preprostej§o
strukturo. Sestavljeni so bili iz veC plasti istovrstnega, naogljicenega
jekla. Na rezilih je bilo uporabljeno kaljenje in popuscanje
(Williams 1977, 78; Biborski et al. 1987; Lang 1988; Lang 1995,
127; Dieudonné-Glad, Parisot 1998). Vzorcasto varjenje (pat-
tern welding) oziroma pravo damasciranje mecev se pojavlja v
vecjem Stevilu od konca 2. st. dalje (Ypey 1984, 195 ss; Tyle-
cote 1992, 66-68).

Smihelsko oroZje po svojih mikrostrukturnih znaéilnostih
in nizki trdoti (87-135 HV) izstopa. Trdota rezil keltskih mecev
je od 170 do 577 HV (Pleiner 1993, 138-140, 149-150), izdelki
iz noriSkega jekla pa imajo lahko tudi vi§je trdote (Schaaber
1963) in prav tako tudi rezilni deli boljSega rimskega cesarsko-
dobnega orozja in orodja (Pleiner 1970; Horstmann 1995;

Dieudonné-Glad, Parisot 1998). Preiskave so torej pokazale,
da orozje iz Smihelskega zaklada nikakor ne sodi med vrhun-
ske izdelke. Izdelano je skoraj v celoti iz mehkega jekla (ferit,
ferit in perlit), izstopa le konica piluma P 3720, katere povrsi-
na je kovasko varjena s tr§im jeklom (perlit). Za rimsko arma-
do v ¢asu moc¢ne ekspanzije bi, nasprotno z rezultati nasih preiskav,
Se posebej pricakovali kakovostno oroZje. Predpostavljamo, da
vrhunski rimski izdelki republikanskega obdobja najbrz niso
bili slabsi od keltskih izdelkov. Zelo verjetno pa v 2. st. pr. Kr.
izdelava oroZja v rimskih vojaskih delavnicah $e ni bila na tak$ni
vi§ini kot v avgustejskem obdobju. Domnevamo, da je bil na¢in
izdelave samo iz mehkega jekla pri Smihelskem oroZju namer-
no izbran. Vzroki za to so bili lahko razli¢ni. Po eni strani
morda zaradi pomanjkanja tr§ega jekla. NoriSko kraljestvo, ki
je bilo pozneje pomemben vir trdega jekla, konec 3. oziroma
v prvi polovici 2. st. pr. Kr. $e ni bilo trgovsko in politi¢no
tako tesno povezano z rimsko drzavo. Se verjetneje pa je izbo-
ru materiala botrovala Zelja po hitrejsi izdelavi orozja in so
zato namenoma izbrali mehkejSe jeklo v enem kosu. Na pilu-
mih se vidi, da so bili samo kovani, niso pa bile povr§ine pozneje
fino obdelane s pilo in brusi. Pri preprostih osteh in katapult-
nih konicah gre vec¢inoma za oroZje za enkratno uporabo, zato
se prevelik vlozek dela ni izplacal. Predmete iz mehkejSega jekla
je tudi laZje popravljati. Enostavna popravila lahko naredi lastnik
sam, medtem ko poskodovan kos iz trdega jekla zahteva popravilo
pri kovacu (Sim 1992, 115-116). Katapultni izstrelek, ¢eprav
iz mehkejSega jekla, je verjetno povzroc€il dovolj §kode. Prak-
ti¢ni preiskusi so pokazali, da so bili tudi meci narejeni iz mehkega
jekla uporabni v boju (Pleiner 1993, 163-164). Sulice in pus¢ic¢ne
konice iz mehkejSega jekla so bile dovolj trdne za uporabo pri
lovu, prav tako so lahko prebile §¢it, ne pa tudi najboljsih vrst
oklepov (Tylecote, Gilmour 1986, 109).

Posebej je zanimiv nacin izdelave pilumov, ker ga omenja-
jo tudi nekateri anti¢ni viri. Polibij poro¢a v prvi polovici oziroma
sredini 2. st. pr. Kr., da so se tanka kopja lahko oborozZenih
vojakov zarila v sovraznikov §c€it in se upognila, tako da je postal
§¢it neuporaben (Polib. VI, 22, 4). Opisana kopja z znacilnimi
poskodbami konic smo identificirali tudi v §mihelskem zakla-
du (imenovali smo jih pilumi s tulastim nasadi§éem in konico
v obliki igle), vendar jih nismo metalografsko analizirali (Hor-
vat 2002, 133). Mlajsi zgodovinski viri poroc¢ajo, da je bil tudi
pri drugih oblikah pilumov zaZeljen upogib ob udarcu v oviro.
Marij je v bojih proti Kimbrom (pri Vercelah leta 101 pr. Kr.)
eno od obeh Zeleznih zakovic, s katerima je bil kovinski del
piluma pritrjen na leseno toporis§ce, nadomestil z leseno. Spoj
s topori§€em se je ob zadetku v §€it razrahljal, pilum se je upognil
in §Cit je postal neuporaben (Plut. Mar. 25). Marijev eksperi-
ment je bil verjetno kratkega veka. Gaj Julij Cezar poroca, da
se je v bitki s Helveti leta 58 pr. Kr. Zelezo pilumov zapognilo
v sovraznikovih §¢itih (Caes. bell. Gall. I 25, 3). Na podlagi
tega porocila so domnevali, da naj bi se v casu med Marijem
in Cezarjem uveljavila novost: konica piluma iz trdega zeleza
ter vrat iz mehkega (Schulten 1950, 1360). Sele Apijan, avtor
iz 2. st. po Kr., izrecno pise, da so bili celotni pilumi, razen
konice, narejeni iz mehkega Zeleza (Apijan Celt. 1). Verjetno
opisuje pilum svojega Casa, Ceprav je besedilo povezano z bit-
ko s Kelti leta 358 pr. Kr. (Schulten 1950, 1363). Tudi Arijan
(2. st. po Kr.) opisuje, da se je dolgo in tanko Zelezo piluma
zapognilo ob udarcu v sovraznikovo obrambno opremo (Arr-
ian, contra Alanos 17).

V Casu nastanka Smihelskega zaklada, je rimska vojska upora-
bljala ve¢ vrst pilumov. Izrazito napadalno funkcijo so imeli pre-
prosti pilumi s tulastim nasadis¢em in konico v obliki igle ter
verjetno tudi dolgi pilumi s plo§catim nasadiS¢em (obliki 2 in 3
s Smihela). Poskodbe kazejo, da se je konica pogosto upognila ob
udarcu v oviro. Kratki pilumi s plos¢atim nasadisCem, s Siroko
konico z zalustmi in masivnim vratom (oblika 1 s Smihela), pa
so verjetno imeli drugacno funkcijo. Connolly jih razlaga kot izrazito
obrambno oroZje, ki se ni hitro deformiralo (Connolly 1997, 44;
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Horvat 2002, 138). Poleg masivne izdelave potrjuje njegovo tezo
tudi odsotnost poskodb. Z metalografsko preiskavo piluma obli-
ke 1 smo ugotovili, da je bila konica platirana s plastjo trSega
jekla. Ceprav so bili pilumi samo kovani in niso bili pozneje fino
obdelani, so se ocitno potrudili pri izdelavi konice. Sestava trda
konica - mehek vrat se verjetno ne pojavlja zaradi Zelje po hitri
deformaciji orozja. Prej bi potrjevala Connollyjevo domnevo, da
ne gre res za defenzivno oroZzje, ki ga je imel vojak dalj ¢asa pri
sebi in je moralo biti bolj trpezno.

Analiza Smihelskega piluma torej dokazuje, da so konice
pilumov kovali iz trSega jekla, vratove pa iz mehkejSega, vsaj
Ze v prvi polovici 2. st. pr. Kr. Kaze tudi, da ta nacin izdelave
ni bi povezan le z Zeljo po upogibu vratu ob udarcu v oviro,
temvec bolj z dvigom kakovosti orozZja. Kot precej mlajsi pri-
merjavi lahko omenimo Apijanov opis iz 2. st. (Apijan Celt.
1) in analizo rimskodobne pusCi¢ne osti iz Wanborougha v
Britaniji, ki je imela trdo konico (martenzit, 390 HV) priko-
vano na mehek vrat (Tylecote, Gilmour 1986, 109-110). Kako
splo$no je bila razSirjena tak§na tehnologija, pa na podlagi redkih
raziskav seveda ne moremo ugotoviti.

Razlaga nekaterih metalurskih izrazov:

Cementit (Fe,C) - Zelezov karbid s trdoto 860 HV.

Ferit - trdna razstopina ogljika v Zelezu z najvisjo vsebnostjo
0,018 % ogljika pri sobni temperaturi; trdota je nizka, 95 HV.

Kovasko varjenje - z deformacijo nastane pri kovanju med
dvema vrstama jekla popolen spoj.

Perlit - lamelarni kompozit cementita in ferita; jeklo z vsebnostjo
0,80 % ogljika je eutektoidno jeklo s popolnoma perlitno mik-
rostrukturo in trdoto 210 HV.

Sekundarno naogljiCenje - povecCanje vsebnosti ogljika v
povrsinski plasti med ogrevanjem jekla za kovanje; poteka preko
plinske faze.

Skaja - oksidi Zeleza in v manj§i meri legirnih elementov, ki
so nastali na povrSini izdelka med ogrevanjem za kovanje.

Zlindra - bazicni in kisli oksidi, ki so produkt jalovine, dodatkov
in oksidacije kovin.
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