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This paper presents the results of an investigation into optimising the extraction of limestone (dimension stone Repen) from the
Debela Gri`a quarry. Firstly, this was done by optimising the parameters of a Fantini GU.70-R/XC cutting chainsaw; it was de-
termined that relatively quick Repen cutting can be achieved using the axial force of its blade between 40 N and 75 N. Secondly,
a few fractured and unfractured cemented carbide (WC-Co) inserts were metallographically prepared and examined under an
optical microscope and SEM with EDS. Etching for the presence of �-phase and Vickers hardness tests were performed on
them. Fracture-surface analyses showed that the main reason for insert fracture was hitting harder inclusions in stone. Further-
more, most of the fractured inserts had carbide grains smaller than 2.5 μm, thereby having lower fracture toughness. It was also
discovered that samples with a higher binder content and larger carbide sizes exhibited lower Vickers hardness. One of the frac-
tured inserts also contained �-phase, further increasing its susceptibility to fracture.
Keywords: cemented carbide, fracture analysis, stone cutting inserts, chainsaw machine

V pri~ujo~em ~lanku so podani rezultati analize optimiziranja pridobivanja apnenca (Repen) v kamnolomu Debela Gri`a. V
prvem delu so bili optimizirani parametri delovanja samohodne veri`ne `age Fantini GU.70-R/XC; odkrito je bilo, da je z
uporabo aksialne sile med 40 N in 75 N mo`no dose~i relativno hitro rezanje tovrstnega apnenca. V drugem delu je bilo
metalografsko pripravljenih in preiskanih nekaj poru{enih in neporu{enih rezalnih plo{~ic iz karbidnih trdin (WC-Co).
Omenjene preiskave so bile izvedene s svetlobnim mikroskopom in vrsti~nim elektronskim mikroskopom z EDS detektorjem.
Poleg tega so bile na vzorcih izvedene meritve trdote po Vickersu, vzorci pa so bili na koncu tudi jedkani, namen ~esar je bilo
odkriti potencialno prisotnost faze � v materialu. Z analizo prelomnin je bilo ugotovljeno, da je bila glavni razlog za poru{itev
rezalnih plo{~ic prisotnost tr{ih vklju~kov v rezanem kamnu. Ve~ina karbidov v poru{enih plo{~icah je imela premer manj{i od
2,5 μm, zaradi ~esar je bila lomna `ilavost materiala opazno zni`ana; odkrito je bilo tudi, da vzorci z vi{jim dele`em veziva in
ve~jimi karbidi izkazujejo ni`jo trdoto po Vickersu. V enem izmed poru{enih vzorcev je bila dokazana prisotnost faze �, kar je
dodatno poslab{alo njegovo odpornost na poru{itev.
Klju~ne besede: karbidna trdina, analiza poru{itve, rezalne plo{~ice za kamen, veri`na `aga

1 INTRODUCTION

The use of chainsaws for cutting hard limestone is
not new in Slovenia: the first such chainsaws were intro-
duced in the Hotavlje quarry in 1996.1 In the Debela
Gri`a quarry, where the decorative natural stone Repen is
extracted, chainsaws have been used since 2014. Even
though these machines are by now not rare in Slovenian
quarries, the only research project aimed at providing a
better understanding of Slovenian natural-stone extrac-
tion with a chainsaw is Ref1. In Belgium, in comparison,
Mingels2 and Focant3 described sawing applications in
Belgian red marble, while Boxho,4 Brych5 and Neerdael6

analysed the same for Belgian bluestone. In the past
25 years, relatively few scientific articles have dealt with
chainsaw stone cutting, notable exceptions being.7–10 De-
spite constant progress in sawing techniques, cutting
hard or abrasive stone is still difficult due to low produc-

tivity, high consumption of cutting tools and the
associated high production costs.

The extraction of Repen in the Debela Gri`a quarry is
carried out using a track-mounted, self-propelling tunnel
chainsaw machine Fantini model GU.70-R/XC, shown
schematically in Figure 1.11 It is also the world’s most
common machine for opening and exploring a tunnel
cave. Of special importance for the present article is the
blade, shown far right in Figure 1, where a cutting chain
of cemented carbide inserts is located. During stone cut-
ting, this chain is moving around the blade, causing the
inserts to penetrate into the stone, while not using any
cooling liquid. Usually, there are several inserts at almost
the same place on the cutting chain to ensure quicker
cutting: the most common variants with 7 and 8 inserts
are shown in Figure 2.

Stone cutting is the result of the interference between
the cutting inserts and the stone at the stone-tool inter-
face. This interference can be described by forces, as
shown in Figure 3. The most important one, especially
for determining the cutting depth of an insert per cut, is
the Fn, the axial force of the chainsaw blade. The ideal
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values of Fn depend on the characteristics of the stone
and the machine and can be determined using equations
by Purti}.12

The axial (thrust) force of the chainsaw arm/blade,
Fn, was calculated by equation (1)18:
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where
�u (MPa) – compressive strength of the rock
l (m) – length (thickness) of the cutting inserts
d (m) – cutting depth
k (m) – coefficient of friction.

Coefficient of friction:
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The value of the coefficient of friction k is dependent
on the angle of the rock internal friction � and the rake
angle � (see Figure 3).

Another important factor for determining the effi-
ciency of cutting systems is the specific energy SE: it is
defined as the work required to remove one unit volume
of stone. Hughes13 and Mellor14 have shown that SE can
be calculated using equation (3):

S
EE
U=
� 2

2
(3)

where �u is the compressive strength of the stone and
E the elastic modulus. A comparison between the values
of SE and Fn can serve to estimate whether cutting with
the calculated Fn would lead to good quality and rela-
tively quick stone cutting.

As mentioned, inserts on the cutting chain are usually
made from cemented carbides: these are metal matrix
composites, consisting of hard refractory metal carbides
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Figure 3: Forces active during chainsaw cutting of stone

Figure 2: Schematic view of the cutting system with a) 7 (n0….n6)
and b) 8 (n0…n6+n5BIS) cutting inserts with their positions on the
cutting chain. The n0….n6 numbers coincide and denote the position
of the cutting edge of cutting inserts (y-axis) and positions of the cut-
ting insert carriers (x-axis). X-axis has the numbers of cutting inserts
carriers, while the y-axis has the distance of the edge of the cutting in-
sert from the central axis (0.00) of the cutting blade

Figure 1: Self-propelled chainsaw machine Fantini GU.70-R/XC11 with some details denoted in the figure



embedded in a metal binder matrix.15,16 The most com-
mon example of such material is powder-metallurgy-pro-
duced inserts from a powder mixture WC-Co, where the
WC phase contributes to the material’s wear resistance
and hardness, while metallic Co-based solid solution in-
creases the toughness of the material.16 Such a combina-
tion of properties is very desirable, which is why prod-
ucts from these materials are some of the most
widespread powder-metallurgy products worldwide, with
uses ranging from mining to aerospace to wire draw-
ing.16,17

The main goal of the investigation was providing a
plan for optimising stone extraction in the Debela Gri`a
quarry. On one hand, this was done by calculating the
axial force Fn and proving that using this calculated
force, Repen stone could be cut reasonably quickly. On
the other hand, the inserts were metallographically ex-
amined to demonstrate the influence of their
microstructure on the insert properties and to elucidate
typical reasons for their fracture. These results could also
serve for an optimisation study of the insert micro-
structure.

2 EXPERIMENTAL WORK

The axial force Fn and specific cutting energy SE were
calculated using equations by Putri}12 and equation (1),
respectively. For these calculations, available data about
Repen limestone from Ref.18 and technical data about the
chainsaw from Ref.11 were used. Furthermore, data from
Ref.11 helped determining the expected cutting depth per
insert per cut. All these results were later compared with
each other to determine whether cutting with the calcu-
lated Fn would lead to good quality and relatively quick
stone cutting.

Four Fantini Sandvik H6T stone-cutting inserts or
their parts were metallographically examined. One of
them was not used at all and will be referred to as sample
C. The next two inserts, however, were used and experi-
enced fracture; one of them (labelled P1) fractured rela-
tively close to one of the corners, while the other (P2)
fractured approximately in the middle between corners.
The last sample (KP) consists of two broken pieces of an
insert that were used for studying the fracture surfaces.
All the examined samples are shown in Figure 4.

Samples C, P1 and P2 were first mounted in resin,
ground with a diamond grinding pad and ground further
on stone with cubic boron nitride powder of grit sizes
P800 and P1200. These samples were then polished us-
ing 15-μm, 3-μm and 1-μm diamond pastes. All prepared
samples were examined by optical microscopy (OM), of-
ten with mostly closed aperture.

All four samples were examined using a Thermo
Fisher Quanta 650 scanning electron microscope (SEM)
equipped with an Oxford Live EDS Ultim max 40 mm2

SDD. The latter was mainly used to determine the pres-
ence of elements in microstructure phases.

A total of five OM images each for sample C, P1 and
P2 at 500× magnification were used to determine the
area fraction of binder, which will be used as a measure
of binder content throughout the paper. This fraction was
estimated using FIJI by adjusting the histogram to select
only the binder phase, thus determining its area fraction.
An almost identical procedure was performed on four
SEM images for each sample; the results of both meth-
ods are compared.

The same three samples were also used for low-force
Vickers hardness tests measured in HV1 with a loading
time of 15 s. At least five measurements were made on
each sample at different points on its surface; all mea-
surements were performed in accordance with the ISO
6507-1:2018 standard.19

Finally, samples C, P1 and P2 were etched in
Murakami’s reagent, following a recipe from Ref.20 The
samples were etched for only 2–3 s, which only reveals
the possible presence of �-phase in material.20,21 Hence,
etched samples were examined under the OM for the
presence of this phase.

3 RESULTS AND DISCUSSION

3.1 Determining the axial force Fn and the cutting
depth

Using Putri}’s equations, the axial force Fn was cal-
culated to be between 45 N and 70 N for the analysed
chainsaw machine. Since the compressive strength �u of
Repen limestone is known to be approximately
90 MPa,18 it was possible to determine the cutting depth
per insert per cut using data from Ref. 11. As shown in
Figure 5, this depth ranges between 0.03 mm and
0.05 mm per cutting insert per cut.

In comparison, the value of specific cutting energy
SE, calculated using equation (1), was approximately
162.7 kJ/m3. This means that the required SE can be ex-
ceeded between 250 to 430 times by using Fn in the
range 40–75 N, thereby ensuring good quality and rela-
tively quick cutting of Repen limestone.

3.2 Investigation of fracture surfaces

Images of the corners of samples C, P1 and P2 in
Figure 6 clearly show that P1 and P2 were used for
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Figure 4: Photograph of analysed samples



stone cutting, as their corners show signs of wear. In
comparison, insert C has almost perfectly rounded cor-
ners, confirming it has been unused.

Samples P1 and P2 exhibit fracture surfaces; in P1,
these are close to one of the corners (Figure 4), suggest-
ing that the fracture was at least partially caused by a
sudden spike in internal stress. These spikes were proba-
bly caused by sudden increases in reaction forces, when
the inserts hit inclusions of harder material in the stone.
Some spikes of internal stress were probably high
enough to break a small portion of the material.

In comparison, the fracture in P2 occurred roughly
midway between two corners. A closer metallographic
examination revealed that one of the surfaces has a dis-
tinct fracture surface (Figure 7) on the inner surface of
the insert, with a sharp-edged fracture and several cracks
propagating into the material. It is probable that this is
exactly where a crack initiated, having led to insert frac-
ture.

Moreover, only in this area another material is ad-
hered to the fracture surface. According to EDS this ma-
terial contains 97.36 weight % Fe, 1.26 % Cr, 0.85 % Mn

and 0.53 % W; therefore, this is likely steel from the
screw, used to attach the inserts to the saw chain. Said
steel adhered to the surface due to the wear of the screw,
which was either a result of a newly formed edge in ce-
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Figure 6: OM images of the corners of samples: a) C, b) P1 and c) P2

Figure 7: SEM (BSE) image of a distinct fracture surface on sample
P2. Number 1 marks the inner surface of the insert and 2 the material
of the steel screw, adhered to the fracture surface

Figure 5: Diagram of the expected insert cutting depth at different compressive strengths of stone �u and axial forces of the chainsaw blade Fn.11



mented carbide or a consequence of the eccentricity of
the axis of rotation. It is noteworthy that this adhered
steel is not present in the cracks, suggesting they were
formed at a later stage of fracture.

SEM images of the fracture surface on sample KP
can be seen in Figure 8. The fracture propagated from
the upper part with a "ridge" of white, relatively smooth
fracture surface, labelled 1 in Figure 8a; an almost iden-
tical surface can be seen at higher magnification in Fig-
ure 8b. The smoothness of this part indicates that the
fracture was locally transgranular, most likely caused by
a sudden increase in internal stress. Above the mentioned
"ridge" the fracture surface belongs to a different fracture
plane.

Most of the remaining surface exhibits intergranular
fracture, which means that a crack propagated along
grain boundaries between carbides and through
binder.22,23 This can be clearly seen in Figure 8a and 8c
due to a very uneven surface. Some of the carbides obvi-
ously protrude from the surface plane.22 Visually, this

part of the fracture surface looks very similar to that ob-
served and described in detail in Ref.22

At the lower end of Figure 8a a rather large ledge, la-
belled 3, is clearly visible. It probably formed when the
cracks propagated to such an extent that the material in
the inserts could no longer withstand the external forces,
causing the inserts to fracture.

3.3 Phases in samples and their approximate composi-
tions

In the microstructure images in Figure 9, two phases
are immediately recognisable: sharp-edged carbides, sur-
rounded by the binder phase. Using EDS, it was con-
firmed that the binder phase consists almost exclusively
of cobalt, while the carbides consist of tungsten and car-
bon.

OM analysis after etching revealed that samples C
and P1 contain no visible �-phase. In P2, however, this
phase can be found, as shown in Figure 10. Its distribu-
tion across the sample is very uneven, with large areas in
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Figure 8: a) SEM (SE) image of the entire fracture surface of KP sample. Number 1 marks the site of transgranular fracture, 2 intergranular frac-
ture and 3 a large ledge, b) SEM (SE) image at higher magnification of transgranular fracture on another analysed sample; the surface is almost
identical to the one, found on site 1 in a), c) SEM (SE) image at higher magnification of intergranular fracture on site 2 in a).

Figure 9: SEM (BSE) images of analysed samples: a) C, b) P1 and c) P2



the centre being completely without it, while there is
much more of it closer to the edges. �-phase is formed
due to a local deficit of carbon, resulting in dissolution
of tungsten carbide into liquid cobalt; this deficit could
be a result of decarburisation, which is more pronounced
closer to the edges.17,20 It is likely that decarburisation
took place during sintering or when hot green parts of
initial �-phase were exposed to the atmosphere.17

In cemented carbides, the presence of �-phase is gen-
erally undesirable, as its brittle nature lowers the fracture
toughness of the material.17,20 This is particularly pro-
nounced when its morphology is dendrite-like, as is the
case for sample P2.17 Therefore, it is likely that the pres-
ence of �-phase in P2 contributed to its susceptibility to
fracture.

3.4 Binder content and hardness measurement results

The results of the binder-content measurements are
shown in Table 1. Sample C contains the highest area
fraction of binder, while this fraction is only slightly
higher in P2 compared to P1. The exact fractions differ
slightly between those determined from the OM and
SEM images. On the one hand, the OM images show
lower contrast and more surface artefacts due to the un-
evenness of the examined surface. This unevenness was
caused by grinding and polishing: as the binder phase is
much less wear-resistant, more of it was ground off.
Consequently, the surfaces examined may not contain the
same surface fraction of binder as would be observed on
an undeformed surface.

On the other hand, SEM images were taken with an
electron acceleration voltage of 20 kV, which means that
some of the backscattered electrons penetrated relatively
deeply into the material, especially into the binder, since
cobalt has a much lower atomic number than tungsten.
As a result, some carbide surfaces that "descend" inside
the sample can be seen on the SEM images, see for ex-
ample Figure 9. Therefore, the binder content results ob-
tained from SEM images may also not be entirely accu-
rate.

A difference between the binder area fractions of the
samples can be seen with the naked eye when comparing
the SEM images of their microstructures. For example,
Figure 9, shows a comparison of these microstructures
at 2000× magnification.

It is known that a higher binder content increases the
quasi-static fracture toughness,22,24 but also the fatigue
susceptibility.24,25 The latter has been partly explained by
a strain-induced phase transformation of cobalt from a
metastable fcc to hcp structure, which causes embrittle-
ment of the binder due to facilitated crack propagation in
the hcp structure and along its stacking faults.25,26 Indeed
the slopes of the Wöhler curves have been found to in-
crease with higher binder content,27 confirming why ce-
mented carbides with relatively low binder content are
used in rock-drilling bits, for example.28

However, the differences in fatigue susceptibility of
cemented carbides with only slightly different binder
content are relatively small.22,26 For example, in Ref.22,
the difference in dynamic fracture resistance between
specimens with 6 and 13 % binder surface fraction was
within experimental error.22 Consequently, it seems un-
likely that a slightly higher binder content in C could
have contributed to a faster deterioration of properties
under dynamic loading.

On the other hand, the influence of binder content on
the overall hardness of the material is much more pro-
nounced.24 A higher binder content generally reduces the
hardness of the material, as the hardness of the binder is
lower than the hardness of the carbides.24

Another important factor that determines the mechan-
ical properties of cemented carbides, including Vickers
hardness, is the grain size of the carbides. A comparison
of the images in Figure 9 shows that C contains signifi-
cantly coarser grains on average than P1 and P2. The av-
erage grain sizes of P1 and P2 appear to be relatively
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Figure 10: Combined OM images of P2 after etching 3 s with
Murakami’s reagent. Both orange rectangles show the same area. The
dark phase is mostly �.

Table 1: Measured binder content in analysed samples

Sample C P1 P2

Phase (Co) (binder)
[%]

WC (carbides)
[%]

(Co) (binder)
[%]

WC (carbides)
[%]

(Co) (binder)
[%]

WC (carbides)
[%]

Average area fraction of phase, deter-
mined using LOM images 10.2 89.8 7.8 92.2 9.0 91.0

Standard deviation 0,50 0,18 0,76
Average area fraction of phase, deter-
mined using SEM images 11.2 88.8 9.4 90.6 9.7 90.8

Standard deviation 1.33 0.30 0.19



similar, but P1 appears to contain more of the smallest
visible carbides. The literature states that smaller car-
bides in cemented carbides increase the overall hardness
of the material, but also reduce its fracture tough-
ness.22,24,28 The latter has been explained by the fact that
intergranular cracks must take a longer and more tortu-
ous path when the carbides are larger.22,29

The difference in observed carbide grain sizes be-
tween the samples analysed is probably the main reason
why P1 and P2 were more susceptible to fracture than C.
In fact, coarse-grained grades of cemented carbide are
used in most drilling bits for rock mining, which accord-
ing to the classification of the Facherband Pulver-
metallurgie association means that these grains have a di-
ameter of at least 2.5 μm.17,28 While grains of this size
make up the majority of carbide grains in C, most of the
grains in P1 and P2 have a diameter smaller than 2.5 μm.

Table 2: Results of Vickers hardness measurements.

Sample C P1 P2
Average Vickers hardness [HV1] values 1243 1568 1502
Standard deviation 32.2 19.1 45.1

The results of the Vickers hardness measurements
shown in Table 2 are in good agreement with the previ-
ously mentioned influences of the binder content and
carbide grain sizes of the analysed samples, as can be
found in the literature.17,22,24 Sample C with the largest
grains and the highest binder content has the lowest
hardness, while P1 with the smallest grains and the low-
est binder content has the highest hardness.

4 CONCLUSIONS

Based on the analysis of Repen stone’s cutting pa-
rameters and a metallographic examination of cutting in-
serts, the following can be concluded:

Good-quality and relatively quick Repen stone cut-
ting can be achieved using the Fantini GU.70-R/XC
chainsaw machine, when the axial force of its blade Fn is
in the range of 40–75 N.

The used inserts most likely fractured due to sudden
spikes of internal stress when the chainsaw hit harder in-
clusions in the stone. Most of the fracture surfaces show
an intergranular fracture.

One of the samples contains �-phase, which in-
creased its susceptibility to fracture.

Samples with a higher binder content and larger car-
bide sizes exhibit a lower Vickers hardness.

The measured size of most of the carbide grains in
fractured samples were smaller than 25 μm. This is usu-
ally related to a lower fracture toughness of the inserts
even though no fracture toughness measurements were
made during this work. For the purpose of dry cutting of
limestone a combination of large (<5 μm) and small
(>5 μm) WC particles appears to be the best choice, giv-

ing the cutting inserts a suitable combination of edge and
bulk toughness.
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