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Article highlights

e Demonstrating the possibility to use natural rocks as
alternative environmentally friendly cutting toolmate-
rial.
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1 Introduction

Modern manufacturing processes place high demands on
cutting tool materials. Therefore, a constant improvement
and redevelopment of these materials is needed to meet
their demands. A disadvantage of modern high-perfor-
mance cutting tool materials such as cemented carbides
or polycrystalline diamond (PCD) is that they require rare
materials and large amounts of energy for their produc-
tion [1]. In addition, the partially critical availability of raw
materials such as tungsten or cobalt poses a further chal-
lenge. Due to this and the high price of such materials,
there is a high need to recycle and substitute them. This
is especially true for regions where cutting tools are pro-
duced but where the raw materials are not mined like the
USA [2] or the European Union [3, 4]. Therefore, research
projects aim to find ways to substitute these critical raw
materials [5] or to identify suitable alternative cutting tool
materials [6]. In order to meet these challenges a cutting
tool material with a high (global) availability, a low energy
consumption in the production process and low raw mate-
rial prices is required. Natural rocks could pose such an

e Evaluation of operational behaviour and wear mecha-
nisms of rock tools in turning aluminium.

o Identification of rock properties relevant for the opera-
tional behaviour of rock inserts.
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alternative. Rocks have a high global availability due to a
large number of comparatively easily accessible deposits
all over the world. In addition, the use of rocks means that
complex und energy-intensive preparation and produc-
tion processes for the cutting material can be dispensed
with, as the cutting material rock is already available in
nature in the required state. Compared to the production
of a kilogram of conventional cemented carbide, for exam-
ple, this would save between 290 and 480 MJ-equivalents
of energy. In addition, this would also mean a reduction
in emissions of climate affecting gases in the order of 10
to 19 kg CO,-equivalents [1]. Overall, the use of rock as a
cutting material could therefore provide the tool industry
with a cost-effective alternative with high availability and
a low energy demand in production compared to con-
ventional cutting materials. At the same time, this would
support the industry’s shift towards greater sustainability,
which is necessary with regard to climate change. So far,
however, no systematic investigation of the usability and
suitability of natural rocks as cutting tool materials has
been carried out.
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1.1 State of the art

Previous performance improvements in cutting pro-
cesses have been closely linked to new development and
improvement of cutting tool materials. An ideal cutting
tool material has a high hardness and toughness to enable
cutting of the workpiece material and to withstand the
loads of the cutting process. An ideal cutting material does
not exist, because a high hardness and a high toughness
in a material are incompatible [7, 8].

The properties of natural rocks are defined by the
chemical and structural composition of the minerals and
their proportions and distribution in the rock. Structure
and composition are primarily influenced by the formation
process of a rock. Therefore, the formation process is used
to classify rocks [9]. Three rock classes are distinguished:
igneous, sedimentary and metamorphic rocks. Igneous
rocks are formed by the solidification of molten rocks or
minerals. Sedimentary rocks are formed by a sedimenta-
tion of pieces of other rocks or by a chemical precipita-
tion from a solution. Metamorphic rocks are formed by
high pressure and temperature from rocks of the other
groups. The properties of the rock are also influenced by
the minerals it contains, the grain size, grain shape and
a possible texture of the rock structure [9, 10]. The grain
size of rocks is often 0.2-2 mm, which means three to four
orders of magnitude larger than that of technically pro-
duced ceramics or cemented carbides [11]. Furthermore,
the mechanical resilience of rocks is also influenced by
structural defects like cracks or pores [9].

There are many different approaches to describe and
investigate the properties of rocks. Indentation tests, for
example, represent a method that can be used for the
investigation of rock hardness. In this method an indenter
is forced into the rock surface under controlled condi-
tions. The resulting indentation can then be measured
and related to hardness indices. Furthermore, it is possi-
ble to correlate the results of this method with other rock
properties, e.g., the uniaxial compressive strength [12]. The
application of mineralogical hardness scales (e.g., Mohs’s
and Rosiwal’s hardness) or the application of dynamic or
rebound tests (e.g., shore scleroscope test) [13] represent
further methods for determining the hardness of rocks.
However, though there are suggestions for standardised
methods for rock characterisation e.g., by the international
society for rock mechanics [14], a wide range of methods
and indices is used in the scientific community for this pur-
pose. For example, Meng identifies 80 different indices in
the literature which are used to describe the brittleness
of rocks. Meng further concludes that indices developed
in one field are not necessarily applicable in other fields
[15]. Therefore, it is currently unknown which test methods

SN Applied Sciences

A SPRINGER NATURE journal

are suitable for determining the properties of rocks to be
investigated with regard to their suitability for use as cut-
ting tool materials. The fact that it is currently not known
which rock properties are important for suitability as cut-
ting tool materials also contributes to this.

There have also already been systematic investigations
with regard to the fundamentals of material removal
mechanisms in rock processing. Nishimatsu investigated
the mechanics of rock cutting and developed a model for
the calculation of the cutting force in these processes [16].
Further investigations enhanced the understanding of the
relationship between the process parameters, the cutting
forces, specific energy and specific cutting energy in rock
machining [17] and contributed to the development of
cutting parameter models e.g. for the machining of mar-
ble [18]. Garner found that it is possible to realise ductile
material separation in rock processing in addition to brittle
material separation. Garner identified the stresses at the
cutting edge as the decisive factor for the occurring mate-
rial removal mechanism [19]. This is an important finding
for tool grinding, as brittle material removal can be a dis-
advantage in tool manufacture, e.g., if a low cutting-edge
roughness is to be achieved during tool grinding. Further
research extended the understanding of the principles of
rock cutting by studying the material removal in different
types of rock, as shown for example by Wang for marble
[20]. Studies that provide a better understanding of the
cause of the material removal mechanisms, their transi-
tion into each other and the tool - rock interaction also
contribute to this, as shown e.g., by Huang [21]. The use of
simulation approaches such as the finite element method
(FEM) or the bonded particle method (BPM) is another way
of investigating the complex processes involved in the cut-
ting of rocks, as shown for example by Mohammadnejad
[22].

Despite the advances in the field of basic knowledge
of material removal mechanisms in rock machining and
a wide range of work on this subject offered by the litera-
ture, it is not yet known to what extent this knowledge can
be transferred to the manufacture of cutting tools made of
rocks. One reason for this is that typical tool grinding pro-
cesses such as plunge face grinding of indexable inserts
have not been investigated so far for rocks. Therefore, it is
also not known to what extent previous findings can be
transferred to these processes. Furthermore, it has not yet
been investigated how the material removal mechanisms
that occur during the manufacture of rock tools influence
the manufacture and operational behaviour of these tools.
Another reason is that it is not yet known which rocks are
suitable for tool production and for what reasons. It is of
particular importance that different rocks can differ sig-
nificantly from each other in many properties. Since these
properties can be described in many different ways, as



SN Applied Sciences (2022) 4:2

| https://doi.org/10.1007/s42452-021-04883-z

Research Article

described above, and this characterisation can be appli-
cation specific, it is not known whether previous models
can be transferred to this new application.

Research that deals with the machining and processing
of rocks away from basic research is often concerned in
the engineering sciences with issues from civil engineer-
ing or mining. Examples for this are forecasts of rock mass
strength in tunnelling projects [23] or the modelling of
rock blasting processes [24]. Research topics in this field
associated with production engineering often deal with
the development and operational behaviour of tools for
rock cutting like cutting discs [25, 26], gang saws [27]
or wire sawing tools [28] as well as with the associated
process design [29]. In addition, investigations in this
field often aim to improve the understanding of the rock
cutting processes and to optimise them, e.g., by better
understanding the relationship of cutting force and chip
thickness [30]. However, these investigations are mainly
concerned with cutting rocks rather than making cutting
tools from them. Therefore, in this field, too, there are no
systematically reviewed findings on the manufacture and
operational behaviour of cutting tools made of rocks or
on the transferability of previous findings on the cutting
processes of rocks to these issues.

Due to the previously mentioned gaps in the state of
the art regarding the manufacture and operational behav-
iour of cutting tools made of rocks, this paper therefore
aims to make contribution to closing these gaps. For this
purpose, this paper investigates whether it is generally
possible to manufacture indexable inserts from natural
rocks which can be used in a cutting process. To this end,
the mechanical properties of different rocks as well as the
manufacturability of indexable inserts from these rocks via
a plunge face grinding process are analysed. In addition,
the operational behaviour of the manufactured inserts is
tested and compared with conventional cemented car-
bide inserts in order to enable an initial assessment of the
suitability of rocks as cutting tool materials. Therefore, the
paper is organised as follows: After the description of the
used materials and methods in Sect. 2, the results of the
investigation are presented in Sect. 3 starting with the
characterization of the rock properties in Sect. 3.1. Besides
an analysis of mineral composition, grain size and micro-
structure the hardness and critical bending strength as
well as correlations between these factors are investigated.
Subsequently, the manufacture of the rock inserts via a
plunge face grinding process and the resulting rough-
ness of the flank faces and cutting edges are analysed
in Sect. 3.2. In Sect. 3.3 the operational behaviour of the
inserts in turning aluminium is analysed which is described
by the wear of the inserts as well as the achieved surface
roughness in this study. Finally, all results are summarised
in Sect. 4.

List of symbols

a.y Depthof cutindressing
a Depth of cut
b Width of a sample

b, Width of the chamfered cutting edge
Bt Biotite

Cc  Calcite

Chl  Chlorites

Cpx Clinopyroxene

dg Grain size

Ep  Epidote

f Feed

F. Cutting force

Fe Feed force

F, Vertical force

Gt  Garnet

h Height of a sample

H Hardness

e Interlocking class factor

I Area moment of inertia

Kfs  K-feldspar

I Distance between the bearings in a 3-point-
bending-test

Cutting length

Ms  Muscovite

Ol Olivine

Opx Orthopyroxene

Ox  Oxides

Pl Plagioclase feldspar
Qz Quartz

Corner radius

Ra  Arithmetic average of absolute roughness values
Rz Mean roughness depth

Average cutting-edge rounding

Cutting edge segment on flank face

Cutting edge segment on rake face

Cutting speed

V¢ Feed velocity

a. Clearance angle
a., Clearance angle in the turning process
o, Critical bending strength

2 Materials and methods
2.1 Rocks

Eight different rocks and two mono minerals are used in
this study. At least one rock of each general rock class is
used in the investigations (see Table 1). In addition, the
suitability of the minerals quartz and garnet as cutting tool
materials is also investigated in this study. Before cutting,
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Table 1 Rocks used in the investigations

Igneous rock Sedimentary rock Metamorphic rock

basalt flint Alta quartzite
lamellar obsidian Brazil quartzite
porphyry Silver quartzite

Wine Red quartzite

the raw rocks are available in various shapes, from blocks
and nodules with lengths of up to 100 mm to slabs up to
22 mm thick.

For the cutting of the rock samples from the raw rocks
for the grinding tests, a DEMA WB 2000 rock saw and a
Struers Discotom-10 cut-off grinding machine are used.
Square samples with dimensions 20 x 20 mm are made.
Rock samples with a pronounced texture are cut in such
a way that the texture is aligned in two different ways to
investigate the influence of the texture on the grinding
process and the operational behaviour of the indexable
inserts. As shown in Fig. 1, in the first case the texture is
aligned parallel to the rake face and thus perpendicular
to the cutting force F. in the turning process. In the sec-
ond case texture is aligned perpendicular to the rake
face and thus in the direction of the cutting force. To
indicate the alignment of the samples every sample with
a texture alignment parallel to the rake face (perpen-
dicular to the cutting force in turning) is marked with (X)
behind the sample name. Samples with a texture aligned
parallel to the cutting force in turning are marked with
(|) behind the sample name.

2.2 Thin sections and X-ray diffraction

Thin section microscopy and X-ray diffraction are used
to analyse composition, grain size of the minerals, occur-
ring textures, cracks in the fabric and mineral alterations
of the samples. The thin section samples are cut with
a Struers Discoplan-PS saw into rectangles measuring
3.5%x2 cm. A diamond grinding tool with a grain size
of 76 um (D76) is used for the grinding of the samples.

Fig. 1 Alignment of textures in

The polishing of the samples is done manually with four
silicon carbide grinding powders with grain sizes of
201, 68, 30.2 and 18.3 um (P80, P220, P500 and P1000).
The thin sections have a thickness of 25 um. A Leitz
DMPR microscope equipped with a Leica DFC295 camera
is used for the analysis of the thin sections. The examina-
tion of the phase composition of the rocks is carried out
with a Bruker D4 Endeavor powder diffractometer. The
measurements are done with a copper anode in theta/2
theta mode with a step size of 26 =0.02° using a start
position of 26 =5° and an end position of 26 =80°. The
composition is determined with the software Powder
Cell which is based on the Rietveld-refinement [31] for
the quantitative determination of crystallographic com-
ponents of powder samples.

2.3 Hardness measurement

Since hardness is an important property of rocks in order
to assess their suitability as cutting materials, a Stru-
ers Duramin hardness tester and an Agilent Technology
G200 Nanoindeter are used for hardness measurements.
The Sturers Duramin hardness tester is used to perform
Vickers hardness tests (HV0.3) according to DIN EN ISO
6507-2 [32] and DIN EN 843-4 [33]. For the nanoindenta-
tion a Berkovich tip and an indentation depth of 2000 nm
was used. Ten indentations are made for each sample for
the Vickers hardness tests and 49 for the nanoindentation
tests. It should be noted, that a high standard deviation of
the results is expected due to the possibility to hit different
mineral grains with different hardness. This is a possible
error source which cannot be neglected in the analysis of
the results.

2.4 Critical bending strength

The critical bending strength of the rocks is determined
by fracture tests. The determination of the critical bending
strength is based on DIN EN 843-1 [34], which specifies
the determinations of the bending strength of mono-
lithic ceramics. It must be borne in mind, however, that
the specifications of the standard with regard to ceramics

Alignment of the texture in the indexable insert

N\

pa

flank face

the rock samples in relation to Fc

the direction of cutting force,

using the example of Alta

quartzite rake face
Alta quartzite (X)
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Table 2 Average surface roughness of the ten samples for the test-
ing of critical bending strength

Rock Ra (pum) Rz (um)

Alta quartzite 0.88+0.13 7.82+1.73
basalt 1.09+0.43 9.65+2.99
Brazil quartzite 2.55+0.46 18.62+2.20
flint 0.20+£0.04 2.06+£0.41
garnet 3.58+0.88 24.21+3.89
lamellar obsidian 0.26+0.11 2.71£0.92
porphyry 1.54+0.45 10.87+3.52
quartz 0.32+0.06 3.70£0.72
Silver quartzite 1.52+0.36 12.69+2.58
Wine Red quartzite 2.20+£0.28 14.64+1.63

cannot be fully transferred to rocks. Ten samples are tested
for each rock. The samples are loaded with a vertical force
F, in a three-point-bending-test. The force is measured
with a Kistler dynamometer 9257B. The critical bending
stress o, can be calculated using the width b of 20 mm and
the height h of 5 mm of the samples and the distance | of
13 mm between the bearings of the bending test. Apart
from cutting the samples into these shapes, taking into
account potential texture alignment, no further prepara-
tions are made to the samples. Although this leads to dif-
ferent roughness values of the rocks, which can affect their
bending strength, this is also the condition in which the
samples are used in the grinding experiments. Average
roughness values of the samples after cutting and before
the bending tests are given in Table 2 including standard
deviations. With the assumption that the area moment of
inertia l,, can be calculated with

_b.p
w712

M

the critical bending strength can be calculated using
the following equation

3.F,-1
O

2.5 Grinding experiments

All grinding experiments were conducted as a plunge face
grinding operation on a cutting insert grinding machine
Wendt WAC 715 Centro. During grinding of the flank faces
of the indexable inserts the grinding tool oscillated trans-
versely to the cutting direction (orthogonal to v¢and v,)
with an oscillation frequency f,, of two Hertz. The param-
eter settings of the grinding experiments are summarized
inTable 3.

Table 3 Parameter settings of the grinding experiments

Process variables Unit

Cutting speed v, [m/s] 30
Feed velocity v; [mm/min] 4
Oscillating frequency f,, [HZ] 2
Cooling lubricant [] oil

Table 4 Parameter settings of the turning experiments

Process variables Unit Levels

Depth of cuta, [mm] 0.5

Feed f [mm] 0.05 0.1
Cutting speed v, [m/min] 600

Cutting length I [m] 500

The cooling lubricant used is a low-viscosity mineral oil
(R-Oil HM7, Rhenus), which is induced into the process via
a cylindrical nozzle. For all grinding experiments, a cup
grinding wheel with a diameter of 400 mm and a width
of the abrasive layer of 15 mm is used. The grinding tool
has a vitrified bond with diamond as abrasive, an abra-
sive grain size of 46 um (D46) and a grain concentration
of C100. Profiling and sharpening of the grinding tool
are performed in a single continuous process by a cup
dressing roller of white corundum with a grain size of
dg= 125 um (ANSI #120) and a vitrified bond. The dressing
process is performed in counter direction parallel to the
face of the dressing roller. The depth of cut in the dress-
ing process is a,4=0.5 pm per feed pulse and the cutting
speed of the dressing process is 2 m/s. In the grinding
process indexable inserts with a clearance angle a, of 3°
are manufactured for the turning experiments. All inserts
have a corner radius r, of 0.8 mm and a chamfered cutting
edge with a width of b, =200 um. The surface roughness
of the rock samples after the grinding process is measured
optically with a Confovis DuoVario confocal microscope.
For the analysis of the measurement data the software
MountainsMap" is used. The roughness of the cutting edge
and the size of the cutting edge rounding after grinding
are measured optically with an Alicona Infinite Focus G5
focus variation microscope. For the determination of the
surface and cutting-edge roughness five samples each
were measured. Furthermore, a Zeiss EVO 60 scanning
electron microscope is used to investigate the surface of
the indexable inserts after grinding.

2.6 Turning experiments

All turning experiments are conducted with a Gildemeister
CTX 520 lathe and are repeated twice. The parameter
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settings are shown in Table 4. A CSSNL 2525M12 tool
holder is used to fasten the indexable inserts in the lathe.
The holder leads to an effective clearance angle a , of 15°
(a.=3°) in the process. Cemented carbide indexable inserts
(SNMA120408) are used as comparison cutting material
in order to provide an indication of the performance of
the indexable inserts made from rock. The composition is
94% tungsten carbide with 6% cobalt as binder phase, the
average grain size of tungsten carbide is 0.6 um (hardness
1900 HV30, fracture toughness K,=9.0 MPa-m'’?, flex-
ural strength =3,900 MPa). The cemented carbide inserts
were coated with an 18 um thick TiCN coating using a
CVD coating process. In all turning experiments alumin-
ium cylinders (EN AW 2007-T4 with a tensile strength of
Rm=340 MPa, a yield strength of R,;,=200 MPa and a
thermal conductivity of A=145 W/(m-K)) with a diameter
of 150 mm and a length of 200 mm are used as workpiece.
The aluminium alloy contains the following mass frictions
of additional elements according to DIN EN 573-3 [35]:
0.8 wt.% Si, 0.8 wt.% Fe, 3.3-4.6 wt.% Cu, 0.5-1.0 wt.% Mn,
0.4-1.8 wt.% Mg, 0.1 wt.% Cr, 0.2 wt.% Ni, 0.8 wt.% Zn,
0.2 wt.% Ti. The surface roughness of the workpiece after
turning is measured tactilely with a Hommel etamic W5
roughness measuring instrument. Three measurements of
surface roughness were taken for each experiment. Tool
wear was inspected after a cutting length of | =500 m by
scanning electron microscopy (SEM) using a backscattered
electrons detector. The records were taken with a Zeiss
EVO 60 XVP (tungsten cathode) microscope. The process
forces were measured using a Kistler three component
dynamometer type 9121A. An analysis of the generated
chips was carried out after grinding, polishing, and etch-
ing with 2% nitric acid using metallographic micrographs.

3 Results and discussion
3.1 Characterisation of rock properties

The mineral content and composition of the rock samples
has an influence on the mechanical properties of the rocks.
A high amount of soft minerals in the fabric of the rock e.g.,
leads to a low hardness and/or strength of the rock. There-
fore, it is useful to know what minerals are contained in a
rock to get a better understanding of its mechanical proper-
ties. The use of powder diffractometry allows to investigate
the mineral content of the rock samples. The results of these
investigations are shown in Table 5. It must be mentioned
that due to the high number of minerals in the rocks only
mineral phases with a volume proportion of at least one per-
cent are considered. It is assumed that mineral phases with
a lower volume proportion do not significantly influence
the mechanical properties of the rocks. It was not possible
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Table 5 Mineral stock of the rocks

Rock Phase composition [Vol.%]

Alta quartzite Qz 76; Ms 15; Kfs 4, Ox 2; Chl 1; Ep 1
basalt PI59; Cpx 18; Chl 11; Ol 10; Opx 2
Brazil quartzite Qz95;Ms 4;Ep 1

flint Qz94;Cc6

garnet Gt 84; Ep 6; Ox 6; Chl 4

lamellar obsidian -

porphyry Qz 58; Kfs 16; Cc 14; PI 5; Ox 3; Bt 2; Chl 2
quartz Qz 100

Silver quartzite Qz 96; Ms 2; Ep 1; Ox 1

Wine Red quartzite Qz 95; Kfs 3; Ep 2; Ms 1

Bt: biotite; Cc: calcite; Chl: chlorites; Cpx: clinopyroxene; Ep: epidote;
Gt: garnet; Kfs: K-feldspar; Ms: muscovite; OI: olivine; Opx: orthopy-
roxene; Ox: oxides; PIl: plagioclase feldspar; Qz: quartz

to determine the phase composition of the lamellar obsid-
ian due to its amorphous structure. The analyses show that
quartz has the highest volume proportion in most of the
investigated rocks with the exceptions of basalt and garnet.
It can also be seen that the quartzites differ in their mineral
content and the volume proportion of the mineral phases.
The Alta quartzite for example contains a relative low volume
proportion of quartz for a rock classified and sold as quartz-
ite. Furthermore, it contains the highest volume proportion
of the comparably soft mineral muscovite.

Other factors which influence the mechanical proper-
ties of the rocks are size, shape and interlocking of the
grains. Grain boundaries are insurmountable barriers for
dislocations and influence therefore how easy a defor-
mation of the material can take place. A finer grain size
is often associated with a higher strength of the material
[36]. Grain size can be determined by thin sections based
on the intercept length of the grains. A grain size for lamel-
lar obsidian, quartz and garnet cannot be given because
they have either an amorphous structure or are single
crystals. However, inclusions can be found in the garnet,
whose size is given here. The average grain size of the
rock samples is between 0.28 and 0.46 mm except for flint
and the Wine Red quartzite which have an average grain
size of 0.02 mm and 0.13 mm. Compared to grain sizes
for conventional cutting materials, such as cemented car-
bides (0.1-10 um) [37] these rocks have a high grain size,
but compared to other rocks they are classified as very
fine-grained (grain size between 0.2 and 0.5 mm) or even
extremely fine-grained (grain size <0.2 mm). Although
the size of many grains in the microstructure is close to
the given mean values, significantly larger grains are also
found in the microstructures in most rocks. However, the
distribution of grain sizes is comparable for all rocks except
for flint and Wine Red quartzite as can be seenin Fig. 2.In
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Fig. 2 Proportion of rock grains of different grain sizes in the micro-
structure

contrast to the rest of the rocks the grain size distribution
of these two rocks is limited to a range of 0.007-0.100 mm
(flint) and 0.06-0.18 mm (Wine Red quartzite), while for
the other rocks this ranges from 0.05 to 2.30 mm.

The interlocking of the microstructure also influences
how easily the material can be deformed in a certain direc-
tion. The reason for this is that the structural cohesion of
a rock is influenced by the grain surfaces in contact with
each other in the microstructure and the resulting con-
tact forces. The shape of the grains in rocks differs not
only because of the preferred crystallographic shape of
the minerals, but also because of the loads and chemi-
cal processes involved in the formation of the rocks. This
leads, for example, to the formation of very different grain
shapes in the quartzites. In order to make the interlocking
of the microstructure comparable, the rocks are divided
into three interlocking classes based on two classification
criteria. The first criterion takes into account the shape of
the grains as well as their interlocking visible in the thin
sections. Allocation to the interlocking classes based on
this criterion is carried out according to the following
principles: The first interlocking class consists of all rocks

Interlocking class Il

Interlocking class |

[

Low grade of interlocking

TS

Alta quartzite |

500 ym

Average grade of interlocking

without grain boundaries or with very round grains with
only few or no edges at the grains which can interlock.
The second consists of all rocks that have an angular grain
shape with irregular grain boundaries that make it difficult
for the grains to slide past each other under load. The third
consists of all rocks with highly irregular angular grain
shapes and clearly interlocked grain boundaries.

The second criterion aims on quantifying the grade of
interlocking. It can be assumed that the length of the grain
boundaries of two grains of comparable size will be very
different if one of the grains is very round and the other
has many corners and dimples that can interlock with other
grains. It can also be assumed that in the second case the
grain has a longer grain boundary and a higher ability to
interlock with other grains. Based on the hypothesis that
the ability of a grain to interlock with other grains can be
described as a function of its size with the help of the length
of its grain boundaries, a classification criterion can there-
fore be determined with these two variables. Therefore, the
image processing software ImagelJ is used to evaluate the
length of grain boundaries of single grains. A dimensionless
parameter | ¢ is then formed from the mean length of the
grain boundaries of the individual grains by dividing this by
the average grain size of the respective rock. This interlock-
ing class factor | ¢ can then be used to quantify the grade of
interlocking in the microstructure and to assign the rocks
to the interlocking classes.

Hence, all rocks with an 1 ¢< 1.5 are assigned to the first
interlocking class. Rocks with an | ¢ between 1.5 and 4.5 are
assigned to the second interlocking class and those with
an l¢>4.5 are assigned to the third class. For amorphous
rocks like obsidian or single crystals it is not possible to
calculate an |+ Because of that, they are assigned to the
interlocking classes solely on basis of the first criterion.
In addition, it is suggested that the first criterion should
always be used first to check the general assignability to an
interlocking class and then the second criterion (I ) should
be used to check the assignment. Examples for the inter-
locking classes are shown in Fig. 3 by thin sections. The

Interlocking class llI

High grade of interlocking

Fig. 3 Examples for the three interlocking classes used in this investigation shown using thin sections
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Table 6 Classification of

the interlocking class of the
rocks beside their respective
interlocking class factor

Interlocking | (low grade of inter-
class locking, 1< 1.5)

Il (average grade of interlocking,
1.5<1<4.5)

Il (high grade of inter-
locking, I+>4.5)

garnet (I;=1.4)
lamellar obsidian
porphyry (I¢=1.3)

Alta quartzite (I¢=1.8)
basalt (I¢=2.1)
flint (I4=3.3)

Brazil quartzite (I4=5.8)
Silver quartzite (1 =4.8)

quartz

Wine Red quartzite (I ¢=2.8)

classification of the rock samples according to the inter-
locking classes are shown in Table 6 besides their respec-
tive |+

Other factors that can influence the mechanical proper-
ties of the rocks are textures and crack systems. A texturing
of the microstructure of the rocks leads to an anisotropic
mechanical behaviour. This is particularly important for
the manufacture and use of tools made of rocks when
the forces acting in the cutting or manufacturing process
are in a direction where, for example, its hardness or criti-
cal bending strength is lower due to texturing. An exam-
ple of this are layers of elongated soft muscovite grains,
which could easily split under shear stress (intragranular
separation) or separate from the surrounding microstruc-
ture and thus lead to a failure of the structure. Five of the
examined rocks show a texturing of the microstructure.
Besides the four quartzites, the lamellar obsidian also
shows a chemical texturing in the form of lamellae. It is
therefore assumed that the influence of the texture on the
mechanical properties is small in this case. Examples for
the textures in the rock samples are given in Fig. 4.

The rocks are divided into two classes according to their
texture, depending on whether isotropic or anisotropic
material properties can be expected. Rock samples with
an isotropic texture (texture class I) show a directionless
granular microstructure in the thin sections. Rock sam-
ples with an anisotropic texture (texture class Il) show a
preferred grain shape orientation in the thin sections. The
assignment of the rocks to these two classes is shown in
Table 7.

Fig.4 Examples for isotropic
and anisotropic textures of
the rocks shown using thin
sections

Cracks represent potential weak points in the micro-
structure, especially under mechanical stress. The propa-
gation of existing cracks makes it easier for the material
to fail, particularly in the case of tensile stresses. The
material can then already fail below its usual tensile
strength due to crack propagation. Examples for cracks
in the microstructure are shown in Fig. 5. High crack den-
sities are especially found in thin section analysis in min-
erals with a high cleavability like feldspar or muscovite
while minerals with a low cleavability like quartz show
a lower crack density. An exception from this is garnet
which shows the most cracks in the comparison of the
rock samples. The micaceous samples show a parallel ori-
entation of the cracks to the gap surfaces of the mica lay-
ers. Highly concentrated mica layers also show a higher
crack density than those which are more dispersed in the
sample. Due to this a correlation between the crack den-
sity of micaceous rocks, the volume share of mica and
the degree of concentrated layer formation is possible.

In order to include crack density in a later evaluation
of the suitability of the rock as a cutting material, the
rocks are classified according to the crack characteris-
tics present in the microstructure. The first crack class
comprises rocks without or with only few cracks, which
have no preferred orientation and are intragranular. The
second crack class comprises rocks with a clearly recog-
nizable number of cracks in their mineral phases, some
of which may have a preferred orientation and exhibit
an inter- to transgranular course. The third crack class
comprises rocks with a high number of cracks in the

Isotropic texture
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Table 7 Texture classes of the rock samples

Texture class | (isotropic) Texture class Il (anisotropic)

basalt Alta quartzite

flint Brazil quartzite
garnet lamellar obsidian
porphyry Silver quartzite
quartz Wine Red quartzite

microstructure and an increased tendency of the cracks
to occur at the grain boundaries. The cracks in this class
also have a pronounced intragranular orientation. The
assignment of the rocks to the crack classes according
to these terms are shown in Table 8.

As mentioned before the hardness of a cutting tool
material has a significant influence on its operational

Fig. 5 Examples for cracks in
the microstructure of the rocks
shown using thin sections

behaviour and is therefore an important property. The
results of the hardness measurements of the rock sam-
ples are shown in Fig. 6. Hardness is between 5.53 and
11.40 GPa for the Vickers test and between 7.61 and
13.02 GPa for the nanoindentation. Hardness measure-
ment via nanoindentation could not be performed for gar-
net because no suitable samples for the indentation were
available. The different scales on which these two methods
operate could provide an explanation for the differences in
the measured hardnesses. While nanoindentation is work-
ing on a nanoscale (indentation depth up to 2000 nm and
indentation forces of up to 0.55 N in this case) the Vickers
method acts on a microscale. It is well established that
single crystal materials or bulk microcrystalline materials
show a so called “indentation size effect”. This means that
the hardness of a material decreases with an increase of
the sampling volume or respectively an increase of the

Table 8 Crack classes of the

rock samples Crack class | (low crack density) Il (average crack density) Il (high crack density)
flint basalt Alta quartzite
lamellar obsidian Silver quartzite Brazil quartzite
porphyry Wine Red quartzite garnet
quartz
Fig.6 Hardness of the rocks 18
determined with the help of GPa standard deviation
Vickers hardness tests and ) ]
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16 | capacity of grinding wheel bonds [39]. An increased criti-
cal bending strength therefore also indicates an increased
L °Fe g load-bearing capacity of the rock samples. Measurement
2 . e regredsion results are shown in Fig. 7. The critical bending strength of
e | the rock samples ranges between 11.09 MPa (Brazil quartz-
T ite (X)) and 57.62 MPa (flint).
Correlating hardness and critical bending strength
% y 2 1 with the characterisation classes defined before, it can be

Interlocking class

¢ Alta quartzite A basalt A Brazil quartzite e flint v garnet

m lamellar obsidian ¢ porphyry o quartz + Silver quartzite @ Wine Red quartzite

Fig.8 Influence of interlocking class on Vickers hardness of the
rocks

indentation depth in the hardness measurement [38].
The relatively high standard deviation can be explained
by the different mineral phases in the rocks which have
different hardness values (e.g., quartz with a Mohs hard-
ness of 7 and muscovite of 2.5), so indenting different
mineral grains can lead to very different hardness values,
resulting in a high standard deviation of the measure-
ment. However, the hardness of all rock samples is higher
than the hardness of the aluminium used in the turning
experiments, which has a hardness of 0.98 GPa (95 HB).
Therefore, all rock samples are suitable to penetrate the
aluminium and to machine it.

Not only the hardness of a cutting tool material but
also its load-bearing capacity and structural cohesion is
important due to its influence on the resistance to loads.
The critical flexural strength o is used in this investiga-
tion to describe the load-bearing capacity and the struc-
tural cohesion of the rock samples or their microstructure
under load. The critical bending strength is also suitable
for describing the structural cohesion of solids with sev-
eral phases and is also used to describe the load-bearing
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seen that texture, the interlocking of the grains and the
cracks in the fabric influence hardness and critical bend-
ing strength. Rocks with a higher interlocking class tend
to show a higher Vickers hardness, as can be seen in Fig. 8.

This also means that this effect should show an aniso-
tropic behaviour for fabrics in which the interlocking of
the grains is aligned in only one direction. However, in all
investigated rocks there is no preferred orientation of the
interlocking in the fabric. Due to that it is assumed that
the influence of the interlocking is isotropic. It must be
mentioned that this effect could only be observed for the
Vickers hardness. For nanoindentation measurements no
influence of the interlocking could be observed. Consider-
ing that the interlocking parts of the grains in most cases
are bigger than the indentation depth in nanoindentation,
it can be assumed that the interlocking only influences
macro hardness. Therefore, factors like mineral content
and mineral hardness should have a greater influence on
nanohardness.

The interlocking of the grains has the opposite influ-
ence on the critical bending strength that it has on hard-
ness, but to a lesser extent. Rocks with a higher interlock-
ing class tend to show lower critical bending strengths as
can be seen in Fig. 9. While the interlocking of the grains
can increase hardness as mentioned before it can act as a
crack initiator and “splitting wedge” under loading, espe-
cially if a hard and a soft mineral are interlocked with
very sharp edges. This would lower the load-bearing
capacity of the material due to crack propagation and
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Fig. 9 Influence of crack and interlocking class on critical bending
strength of the rocks

thus the critical bending strength. It can also be seen
that rock samples classified in a higher crack class tend
to show a lower critical bending strength. The reason for
this is the higher number of cracks in the microstructure
with an orientation which ease the crack propagation
with a higher crack class. These cracks in the fabric are
able to grow under the combined tensile/compressive
loading of the three-point bending test. Crack growth
ultimately leads to a failure of the material and thus
limits its critical bending strength. Regarding texture
no uniform influence on the critical bending strength

can be determined. While an orientation of the texture
perpendicular to the direction of the cutting force in the
turning process leads to a decrease of the critical bend-
ing strength of up to 27.1% for Brazil and Silver quartzite
the opposite is true for Alta quartzite. In this case the
critical bending strength increases by 25.7% with a per-
pendicular orientation of the texture.

Although it can be stated that rocks with an isotropic
texture tend to have a higher critical bending strength,
in view of the comparably high standard deviation it
must be mentioned that the influence of the texture
on the critical bending strength could be lower than it
appears. Finally, it should be noted, that the described
properties are likely to interact with each other and that
the full scale of these interactions and their significance
could not be covered in this investigation.

3.2 Grinding of indexable inserts made from rock

Despite the brittle character of the rocks it is possible to
grind them into indexable inserts with comparably smooth
surfaces with only few and small brittle outbreaks. It is
possible to produce indexable inserts with a chamfered
cutting edge and a smooth corner radius r, as it can be
seen in the SEM-Images shown in Fig. 10. Measurements
of the chamfer width show no significant deviation of the
intended width of 0.2 mm. The same applies for the corner
radius of 0.8 mm.

Surface roughness values on the flank face after grind-
ing are shown in Fig. 11. The arithmetic average roughness

Fig. 10 SEM-images of the
surface of the indexable inserts
made from rock by a plunge
face grinding process

Alta quartzite

brittIe utreaks

Wine Red quartzite
rake face

~ 1k chamfer

flank face

Brazil quartzite

lamellar obsidian
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Process parameters:

Cutting speed:
Feed velocity:

Ra of the ground samples ranges between 0.29 um (flint)
and 1.54 um (Brazil quartzite) and the mean roughness
depth Rz of the profile is between 4.26 um (flint) and
15.72 um (Brazil quartzite (X)). Compared to conventional
cemented carbide indexable inserts used as a reference
this means a higher surface roughness by a factor of 1.45
to 7.70 in terms of Ra and of 10.65 to 39.3 in terms of Rz.
However, it must be remembered that it is not yet known
how the grinding process of the rocks should ideally be
designed. It is therefore possible that better surface quali-
ties can be achieved as a result of an optimized process
design.

The roughness values of the cutting edge are shown
in Fig. 12. They range between 1.09 pm (quartz) and
3.39 um (garnet) for Ra and between 4.97 ym (quartz) and
14.28 um (garnet) for Rz. Compared to the cemented car-
bide inserts used as a reference in this case, these results
show that the roughness of the cutting edge of the rock
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Grinding tool: a \V
Ve = 30 m/s Abrasive: D46 \ ©
Vi = 4 mm/min Bond: vitrified Q M
Grain concentration: C100

inserts is either comparable to this reference or higher by
a factor of between 2.61 (Ra) and 7.52 (Rz).

Furthermore, the cutting-edge geometry of the inserts
after grinding was investigated. In order to compare the
cutting-edge geometry of the inserts the average cutting-
edge rounding S is used. S describes the dimension of the
cutting edge rounding and can be calculated with the
following equation using the length of the cutting-edge
segment on the flank face S, and the length of the cutting-
edge segment on the rake face Sv [40]:

S.t+S,
2

S= 3)

All rock inserts show an average S of 15.0+5.9 um.
The average S of the cemented carbide inserts is with
17.8+1.6 um slightly higher. Due to the comparable
geometry of the cutting edges of the inserts, it can be
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assumed that this factor should not influence the opera-
tional behaviour of the inserts in different ways.

The results of the surface roughness at the flank face
indicate a correlation between texture direction and grind-
ing result. A higher surface roughness is observed when
the texture is aligned parallel to the rake face. The only
exception to this is Silver quartzite at the flank face, where
roughness is comparable for both alignments of the tex-
ture. The alignment of the loads in the grinding process
relative to the alignment of the texture offers a possible
explanation. In case of the samples with a texture align-
ment parallel to the rake face the tangential force of the
grinding process induces shear stress into the mica layers
at all flanks of the indexable inserts. This is only the case
on two flanks of the indexable inserts when the texture is
aligned perpendicular to the rake face. It is possible that
the mica layers are more eroded than the surrounding
minerals due to their high cleavability as a result of the
shear stress caused by the grinding process. This leads to
an uneven material removal in these areas and due to this
to a higher surface roughness. The findings also show that
rocks with a higher critical bending strength tend to show
a lower surface roughness after the grinding process as
shown in Fig. 13 for the roughness of the flank face. Since
higher critical bending strengths indicate higher load
bearing capacities of the material it is less likely that larger
material agglomerations will be removed from the surface
in the grinding process, resulting in a smaller proportion

of brittle material removal, a smoother surface and thus a
lower surface roughness.

For hardness no uniform influence on surface rough-
ness could be observed although higher hardness is often
associated with a higher brittleness of the material which
leads to a higher proportion of brittle material removal
and due to this to a higher surface roughness. However,
it must be mentioned that there are rock samples with a
relatively high hardness like the Alta quartzite which show
a comparably low surface roughness.

Besides this, it was found that rocks with a high grade
of interlocking, especially between the grains and mica
textures (e.g., Brazil quartzite), show the highest surface
roughness of the investigated samples. This is shown for
Rz in Fig. 14 besides the influence of the crack class. For
Ra the same tendencies could be observed. The combina-
tion of these factors leads to the conclusion that grains or
grain agglomerations are broken out of the surface during
the grinding process due to an interlocking of the grains,
thus reducing surface quality. A higher number of cracks
with an orientation that facilitates brittle material removal
due to crack propagation and an anisotropic texture are
likely reasons for these also negative influences on sur-
face quality. Regarding the anisotropic texture the reason
for this is that it facilitates brittle material removal under
loads of certain directions. This hypothesis is supported
by the fact that for rock samples with a higher crack class
and an anisotropic texture the surface roughness tends
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Table 9 Scrap rate after the grinding process

Rock Scrap rate
after grinding
(%)

Alta quartzite (||) 9.1

Alta quartzite (X) 63.6

basalt 20.0

Brazil quartzite (||) 9.1

Brazil quartzite (X) 429

flint 0.0

garnet 333

lamellar obsidian 60.0

porphyry 0.0

quartz 20.0

Silver quartzite (||) 30.8

Silver quartzite (X) 429

Wine Red quartzite 10.0

to be higher. Furthermore, this observation is in line with
the previous mentioned decrease of the critical bending
strength for higher crack and interlocking classes and the
observed increase of surface roughness for a decrease of
critical bending strength.

A problem in manufacturing of indexable inserts made
of rock is a partly high scrap rate after grinding, as shown
in Table 9. While rocks like flint or porphyry can be ground
without any rejections, other rocks show quite high rates
like the Alta quartzite (X) with 63.9%. The results show that
an alignment of the texture parallel to the tangential force
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of the grinding process leads to a higher scrap rate. A pos-
sible explanation for this is the before mentioned load of
the mica layers.

Crack propagation in the rocks as a result of the loads
in the grinding process can also provide an explanation
for partly high scrap rates. Not all rocks which showed a
high crack density also show a high scrap rate after grind-
ing. Therefore, further factors must also be considered. It
is possible that the scrap rate is a result of a suboptimal
grinding process. If, for example, the single grain chip
thickness is significantly higher than the critical single
grain chip thickness, damage to the rock can occur as a
result of the brittle material removal, which can lead to a
failure of the rock under appropriate loading in the grind-
ing process. Furthermore, it is possible that the oscillation
of the grinding wheel in the grinding process leads to a
higher scrap rate due to an additional axial load at the
indexable inserts.

3.3 Operational behaviour of indexable inserts
made from rocks

The application of the rock inserts in the turning of alu-
minium subsequent to the grinding process show that it is
generally possible to machine aluminium with rock inserts.
As all inserts are used on a cutting length of | _.=500 m,
their cutting time at the selected cutting speed of 600 m/
min is 50 s. However, the wear behaviour of the inserts dif-
fers widely between the different rocks. The wear behav-
iour of the inserts is characterised by abrasive wear on
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Process parameters:
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EN AW 2007

Fig. 15 SEM-images of wear of different rock inserts after turning aluminium compared to a cemented carbide tool
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Fig. 16 SEM-images of various wear phenomena that occur after turning of aluminium on rock inserts
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flank and rake face, brittle outbreaks as well as material
adhesions as can be seen in Fig. 15.

The formation of built-up edges is another factor
which influences wear of the inserts. A break-out of a
built-up edge can for example damage the cutting-
edge geometry. The formation and break-out of built-
up edges not only influence the wear behaviour, but
also the surface quality of the workpiece by changing
the cutting-edge geometry. All rocks have a significant
higher wear compared to the coated cemented car-
bide tool which shows only signs of adhesions and low
abrasive wear, but neither brittle outbreaks nor cracks
(Fig. 15). The occurring wear mechanisms using rock
tools are further investigated in Fig. 16 which shows
close-ups of the tool wear. The typical fracture types of
brittle-hard materials such as the shell-shaped breakouts

Material:
Ve = 600 m/min EN AW 2007 .,\
f = var F'E~
—\&
ap = 0.5 mm
Ic = 500m

or the breakout of individual grains are striking. When
using lamellar obsidian, even the striations of the amor-
phous material can be recognised. The fracture forms
depend on the rock used, but are due to a mechanical
overload of the tool. Accordingly, the machining-related
tool load leads to a load that exceeds the mechanical
strength and causes the outbreaks.

To describe the different wear behaviour of the inserts
the width of the wear marks (brittle and abrasive) at the
flank face is used. For this purpose, the width of the worn
area on the flank face on each insert was measured at five
points. A distinction is made as to whether wear is mainly
abrasive or due to outbreaks. The width of wear marks at
the flank face of the inserts is shown in Figs. 17 and 18.The
marks are between 83 um (quartz) and 1665 pm (garnet).

Fig. 18 Width of wear marks 8 3000
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With regard to the influence of the process parameters
on wear, no general correlation for all rocks is apparent.
While some rocks show higher width of wear marks for
higher material removal rates (e.g., garnet), exactly the
opposite is the case for other rocks (e.g., lamellar obsidian).
However, it can be seen that rocks that have a high width
of wear marks also show a high standard deviation due to
an increased occurrence of chipping. Thus, when a rock
sample reaches a certain degree of wear, the cohesion of
the rocks is eased and wear therefore increases, e.g., due to
increased crack propagation and shell-shaped breakouts
or the breaking out of mineral grains (see Fig. 16).

The results indicate that rocks with a higher critical
bending strength tend to show a lower width of wear
marks as shown in Fig. 19. Since a higher critical bending
strength indicates a higher load-bearing capacity and a
better structural cohesion of the microstructure, the lower
wear of rocks with high critical bending strengths results
from their comparatively better ability to withstand pro-
cess loads. It can be observed that brittle outbreaks lead
in most cases to larger wear marks. Due to the fact that
using rocks with higher critical bending strength have
mainly abrasive wear, it can be stated that a high critical
bending strength promotes abrasive wear and counteracts
outbreaks. In contrast, no general influence on the wear
behaviour of the inserts can be determined for the hard-
ness (see Fig. 19).

Due to this it is possible to conclude that critical bend-
ing strength has a higher influence on the wear behaviour

of the rocks in the turning process than their hardness. The
reason for this is that hardness of the mixture of miner-
als which forms the rock is not important as long as it is
not able to preserve its structural coherency under load.
If grains or grain agglomerations break out of the fabric
under load, this leads to wear, which is greater the lower
the cohesion of the structure, regardless of the hardness.
This hypothesis is supported by the fact that most of those
rocks which show higher amounts of wear especially due
to outbreaks (e.g., Brazil quartzite, garnet, Silver quartzite)
have a comparably low critical bending strength. It can
therefore be assumed that the critical bending strength of
the rocks is a limiting factor for the usable range of rocks
as cutting material.

But as before in the case of the influencing factors rele-
vant to the grinding result, the crack and interlocking class
are also relevant for wear. Rocks with higher crack and
interlocking classes show a higher amount of wear. With
regard to the crack density, this is due to the fact that crack
propagation can occur more easily with higher crack den-
sity under process loads. This in turn promotes rock failure
and thus increases the wear of the inserts. Regarding the
interlocking of the grains, it is possible that it supports
crack growth and crack initiation under load as mentioned
before. However, the fact that crack density and interlock-
ing of the grains also correlate with the critical bending
strength must be considered. Therefore, the influence of
crack density, interlocking of the grains and critical bend-
ing strength cannot be regarded as completely separate.
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Furthermore, it is also shown that an alignment of existing
textures in the rock orthogonal to the cutting force during
turning can lead to a significant reduction of the width
of wear marks of up to 77.5%. A possible explanation for
this is that if the textures are aligned perpendicular to the
cutting force, the different layers of the rock are only sub-
jected to a compressive load by the cutting force. Since
rocks can generally withstand compressive loads better
than tensile or shear loads, damage to the rock as a result
of the stress caused by the turning process occurs less fre-
quently and therefore also less wear.

For a manufacturing process not only tool wear but also
the achievable workpiece quality is important. To evaluate
the workpiece quality after turning with indexable inserts
made of rocks the surface quality of the workpiece is used.
The resulting surface roughness after the turning experi-
ments is shown in Fig. 20 for a depth of cut of 0.5 mm.
Compared to the surface roughness achieved with the
cemented carbide inserts it can be seen that it is possi-
ble to achieve a similar surface roughness by using rock
inserts. However, it also becomes clear that this does not
apply to all rocks examined. The high standard deviation
of the surface roughness of some rocks is a consequence
of the high variation in tool wear. Above, the deviation was
deduced as a consequence of exceeding the critical bend-
ing strength and confirmed with the higher incidence of
brittle outbreaks. This in turn leads to a direct change in
the cutting-edge geometry and thus to a deterioration of
the surface roughness. The formation of built-up edges
also contributes to this as mentioned before. Further-
more, it was found that rocks with higher critical bending
strengths tend to generate a lower surface roughness in
the turning process which is in line with the previously
mentioned correlation between wear and critical bending
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strength. Besides that, it can be seen, that an alignment of
mica layers perpendicular to the cutting force in the turn-
ing process can lead to a reduction of surface roughness.

The results of this investigation show that the choice
of rock for use as cutting tool material plays a major role
in the manufacturing process and the operational behav-
iour of indexable inserts made of rock. Considering wear
behaviour and achieved surface roughness after the
turning process flint, quartz, Alta quartzite as well as Sil-
ver quartzite with a texture orientation perpendicular to
the cutting force in the turning process achieved the best
results. For this reason, chip formation and process forces
during machining are finally analysed for these four rocks
as well as lamellar obsidian. Figure 21 shows the cutting
and feed forces of the rock inserts as well as the carbide
tool in the diagram. Microscope images of the chips pro-
duced are shown on the right. The diagram shows the
mean value of two force measurements over a cutting
length of 200 m as well as the corresponding standard
deviation. The force measurements show an increase in
the average force of a minimum of 5% (flint) to a maximum
of 20% (lamellar obsidian) in relation to the reference tool
(cemented carbide). In addition, cemented carbide shows
almost no standard deviation; this is due to the low wear
of the tool over the cutting length and the resulting low
influence on the process forces. The wear behaviour of the
rocks used is also reflected in the process forces. With the
exception of lamellar obsidian, the mean values are only
slightly higher than those of cemented carbide. However,
the deviation that occurred is significantly higher and
can be explained by the increase in wear during the force
measurement. The significantly higher forces in the case of
lamellar obsidian can be explained by the built-up edges
visible in Fig. 15 or the higher surface roughness of the
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Fig. 21 Process forces and chip formation using rock inserts by machining aluminium

workpiece in Fig. 20. The high material adhesion, prob-
ably due to chemical processes between workpiece and
cutting material, significantly changes the cutting wedge
geometry and results in a change in the acting forces. In
general, the investigation shows a marginal influence on
chip formation when using rock tools. The comparable
chip shapes indicate comparable contact lengths on the
tool and temperatures in the effective zone. Only the low
degree of segmentation in flint and Silver quartzite could
indicate different tribological mechanisms. The causes
could be different chip surface roughness or chemical
processes with the material.

After considering process forces and chip formation,
the suitability of flint, quartz, Alta and Silver quartzite as
an alternative cutting material is confirmed. However,
it must also be taken into account that these quartzites
have a comparatively high reject rate after grinding, which
affects their suitability as a cutting material until the grind-
ing process can be improved. These rocks also show that
an unfavourable orientation of the textures in the rock to
the load direction can also have a negative influence on
the suitability of the rock as a cutting material. For future
evaluations of the suitability of rocks as cutting materials
compared to other rocks, it is recommended to use quartz
as a reference material as it is a comparatively pure min-
eral, which means that its mechanical properties should
not show intense variations. Furthermore, quartz is one
of the most common minerals and can be technically pro-
duced in high purity. This makes quartz a readily available

reference of high quality. In addition, quartz showed good
operating behaviour as a cutting material compared to
the other rocks. Even though the rock tools have so far
only been investigated for machining EN AW 2007-T4, it
should also be possible to machine materials with a lower
strength, such as plastic, with the rocks. For the machin-
ing of harder materials, further investigations need to be
carried out.

Future research projects should further investigate the
fundamentals of tool grinding of rock tools and the oper-
ational behaviour of rock tools in order to better under-
stand and improve them and to enable an industrial use
of cutting tools made of rocks. Concerning the investiga-
tion of the tool grinding process it would be beneficial
to enhance the understanding of the process by knowing
the occurring material removal mechanisms and critical
single grain chip thicknesses of rocks suitable for the use
as cutting materials in correlation with their properties.
Furthermore, it would be advantageous to know the opti-
mum process parameters of the grinding process and the
roughness of the tools that can be achieved as a function
of these parameters, as well as their scattering width. This
would enable highly productive tool grinding processes
for the manufacture of rock tools with a high quality and
low rejection rates and prevent grinding related damages
to the tools. With regard to operational behaviour, a bet-
ter understanding of the influence of the tool geometry
and process parameters during turning could improve
operational behaviour and enable an industrial use of rock
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tools. For this purpose, investigations on the influence of
the cutting edge geometry and the tool angles used on
process loads, wear and surface qualities achieved as well
as investigations on optimised tool design in correlation
with the rock properties and optimal parameters for the
turning process when using rock tools are necessary.

4 Conclusions

This paper investigates the suitability of different rocks for
the use as cutting material. The rock properties are investi-
gated by using thin sections, hardness measurements and
three-point bending tests. Indexable inserts are made of
the rocks via a grinding process and applied in the turning
of aluminium. The surface roughness of the inserts, the
workpiece as well as the wear of the inserts are measured
and used to analyse the suitability of the rocks as cutting
material. Based on the obtained results the following con-
clusions can be drawn:

e Rocks can be used as an alternative cutting material
compared to carbide as indexable inserts, thus reduc-
ing the natural resources required

e The bending strength of the rocks can be used as a
selection criterion for their suitability as a cutting mate-
rial

¢ Flint, quartz and Alta quartzite as well as Silver quartz-
ite with a texture orientation perpendicular to the cut-
ting force in the turning process are the most suitable
for the use as cutting tool material of the investigated
rocks

e The cutting tests show a similar chip formation with
suitable rocks compared to coated cemented carbide
tools. However, tool wear is significantly higher and
does not allow industrial use yet

e The further adaptation of the grinding of rocks as well
as an optimisation of the tool geometry and process
parameters offer research and development potential
to establish rocks as an industrial cutting material
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