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Abstract
The use of natural rocks as cutting tool material poses an environmentally friendly alternative to conventional cutting 
tool materials. So far, however, the basics of tool grinding processes for rock tools have not been systematically inves-
tigated. This study, therefore, presents an investigation of the material removal mechanisms of four different types of 
rocks and a mono mineral via scratch tests analogous to a face plunge grinding process used in tool grinding. The aim 
is to contribute to a knowledge-based design of tool grinding processes for rock tools. This also includes a characteriza-
tion of their mechanical properties. The occurring material removal mechanisms identified by SEM-images as well as 
width and depth of the scratches are used to evaluate the influence of single grain chip thickness and cutting speed 
on material removal mechanisms. The results show that ductile material removal is possible for all rocks in certain areas 
of single grain chip thicknesses ranging from 0.28 µm to 3.75 µm depending on the rock used and the applied cutting 
speed. Besides this, the results show optima for ductile material removal at single grain chip thicknesses that are up to 
87-times higher than predicted by an analytical model. Additionally, recommendations for the design of the tool grind-
ing process of the investigated rocks based on the obtained results are presented.

 * Philipp Wolters, wolters@ifw.uni-hannover.de | 1Institute of Production Engineering and Machine Tools (IFW), Leibniz University 
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Article Highlights

•  Investigating material removal mechanisms of rocks 
against the background of tool grinding.

• Identifying optima of cutting speed and single grain 
chip thickness for ductile material removal for rocks.
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• Contributing to a knowledge-based design of tool 
grinding processes of rocks.

1 Introduction

Current challenges such as climate change or economic 
disruptions create the need to find new ecologically 
and economically advantageous approaches to meet 
these challenges. The field of production engineering is 
no exception. An example of such a new approach from 

this field is the use of natural rocks as materials for cut-
ting tools. Although modern cutting tool materials like 
cemented carbides, polycrystalline diamonds or advanced 
ceramics provide an advantageous operational behaviour 
in various applications, they also suffer from ecological and 
economical disadvantages. The ecological disadvantage 
of modern cutting tool materials is that their production 
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requires large amounts of energy, as is shown for exam-
ple in [1] for cemented carbides. The associated emission 
of greenhouse gases contributes to climate change, so a 
reduction would be beneficial in terms of global climate 
protection efforts. The economic disadvantage of modern 
cutting tool materials is that their production, in many 
cases, requires expensive rare materials with a partially 
critical availability like cobalt or tungsten. This creates 
economically and political reasons to recycle or substi-
tute them [2–5]. Natural rocks could therefore provide an 
ecological and economical advantageous alternative cut-
ting tool material due to their high global availability, low 
resource prices and low energy tool manufacturing pro-
cess. Recently, it was shown that it is possible to manufac-
ture indexable inserts from natural rocks and to use them 
for the turning of aluminium [6, 7]. However, no systematic 
investigation of the tool grinding process design for manu-
facturing tools made of rock has yet been carried out.

For a knowledge-based design of grinding processes, it 
is important to know and understand the occurring mate-
rial removal mechanisms, as they influence the properties 
of the workpiece, such as its strength and surface quality. 
This applies, in particular, to the grinding of hard and brit-
tle materials [8–11]. Responsible for this is the crack initia-
tion and growth associated with brittle material removal 
in the grinding of hard and brittle materials. These cracks 
can propagate under load and lead to a failure of the work-
piece [12–14]. It is, therefore, necessary to design a grind-
ing process in which ductile material removal mechanisms 
dominate in order to prevent grinding-induced damage to 
the rock tools. For this reason, it is necessary to identify the 
occurring material removal phenomena depending on the 
grinding parameters. This knowledge enables the design 
of a suitable tool grinding process for tools made of rocks.

1.1  State of the art

In general, two methods are often used to investigate 
material removal mechanisms in grinding. The first 
method is the single diamond scratch test. In this method, 
a tool with a tip consisting of a single diamond is used to 
indent and scratch the surface of the investigated mate-
rial under kinematic control [12, 15, 16]. A disadvantage 
of this method is that it is not possible to investigate the 
influence of a multiple grain engagement on the mate-
rial removal. Furthermore, the cutting speed in most 
scratch tests is up to six magnitudes lower than in con-
ventional grinding processes, though this point can be 
addressed with a recently developed scratch test [16]. 
But it is possible to investigate the influence of multiple 
grain engagements on material removal phenomena by 
performing quick-stop experiments. This method uses 
quick-stop devices to perform an interruption of cut in 

the grinding process and to “freeze” the chip formation 
and material removal in the contact zone between tool 
and workpiece for later investigations. Recently developed 
quick-stop devices allow interruptions of cut in grinding 
processes for cutting speeds between 35 and 50 m/s [17]. 
The disadvantages of this method are the very high neces-
sary experimental and analytical effort to perform these 
investigations.

However, scratch tests have already been widely used 
for the investigation of rock cutting processes [18–20], the 
corresponding material removal mechanisms [20, 21], and 
the tool-rock interaction [19]. These investigations showed 
that ductile and brittle material removal mechanisms can 
occur in the machining of rocks. In literature, it is assumed 
that it depends on the depth of cut [19], the stress state 
at the cutting edge [20], and rock stiffness [22] which of 
these mechanisms dominates in the machining process. 
The material removal and the occurrence of associated 
removal mechanisms can be divided into three sub-pro-
cesses: The first sub-process is the material removal in 
front and at the sides of the cutting edge, or the diamond 
tip of a scratch tester in scratch tests. The high negative 
rake angle at this point causes compressive stress-induced 
micro and macro shear cracks, which facilitate brittle mate-
rial removal. Material broken out this way is then pushed 
from the cutting edge to the sides of the scratch. The sec-
ond sub-process takes place beneath the cutting edge. 
The high hydrostatic pressure leads to plastic deformation 
and compression of the material, which facilitates the for-
mation of plasticised layers and ductile material removal. 
The third sub-process takes place directly behind the cut-
ting edge. By relieving the pressure induced by the cut-
ting edge, spring-back effects of the material can lead to 
brittle material removal by chipping if a critical surface 
pressure is exceeded or ductile material removal if plasti-
cised layers are separated from the material [23]. The grain 
size of the rocks as well as their cleavage also influences 
the occurring material removal mechanisms besides the 
factors mentioned before. Rocks with smaller grain sizes 
tend to show higher amounts of plastic deformation and, 
due to this, a higher amount of ductile material removal. 
The reason for this is that in order to generate the hydro-
static stress field required for the formation of plasticised 
layers in the rock, contact between the cutting edge and 
the rock grains must be as direct as possible while at the 
same time minimising the formation of cracks. The known 
tendency of coarse-grained rocks to form macro cracks 
under load leads to the formation of a hydrostatic stress 
field only selectively and discontinuously, which coun-
teracts plasticisation of the material and ductile material 
removal. The finer the grain size of the rocks and the lower 
the amount of macro cracks, the more extensive and con-
tinuous is the direct contact between the cutting edge 
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and the rock grains and thus the hydrostatic stress field, 
which facilitates ductile material removal. The cleavage of 
a rock contributes to this relationship as it affects the ease 
of crack initiation in the microstructure regarding the load 
direction [23].

But although there are further empirical and analytical 
studies of rock-tool interaction [24] and material removal 
mechanisms in rock machining such as through simula-
tion approaches [25] besides scratch test-based investi-
gations, there are currently no studies dealing with these 
issues against the background of tool grinding of rocks. 
The reason for this is that most investigations concerned 
with rocks are linked with issues derived from mining or 
civil engineering, optimisation of rock cutting processes, 
or respectively of the tools used for this purpose. The nov-
elty of the investigation of the suitability of rocks as cut-
ting tool material and the manufacture of such tools also 
contributes to this.

For these reasons, there is currently no systematic inves-
tigation of which material properties are important for a 
suitable design of a tool grinding process for rock tools 
based on the material removal mechanisms. Findings from 
a recent investigation, however, indicate a correlation 
between the grinding result, the critical bending strength, 
and the properties of the microstructure of the rocks, such 
as the interlocking of the mineral grains [6]. However, a 
possible correlation of these rock properties with the 
material removal mechanisms occurring depending on the 
selected process parameters was not investigated in this 
study, nor was an optimised design of the tool grinding 
process. But it must be mentioned that there are many dif-
ferent methods and approaches to evaluate and describe 
rock properties in the literature, such as indentation [26], 
or rebound tests [27], the use of strain–stress curves or 
mineral composition [28]. Although there are proposals 
for standardised methods for rock characterisation [29], a 
wide range of methods and indices is used for this purpose 
in literature. It is already known in this context that indi-
ces and methods developed and used in one field are not 
generally transferable to other applications or fields [28]. 
Due to these reasons and the novelty of the application, it 
is currently unknown which methods can and should be 
used to characterise rocks for the design of a tool grind-
ing process.

This paper, therefore, aims to contribute to an improved 
understanding of the tool grinding process of rocks to 
enable an optimised and knowledge-based design of 
such processes. For this purpose, scratch tests analogous 
to a face plunge grinding process are carried out, which 
is used, for example, for the grinding of indexable inserts. 
The influence of the cutting speed and the depth of cut on 
the occurring material removal mechanisms is investigated 

to identify possible correlations and use them as potential 
guidelines for the design of tool grinding processes of rock 
tools. For this purpose, the paper is structured as follows: 
The materials and methods used in this investigation are 
shown in Sect. 2. The results of the investigation are then 
described in Sect. 3, starting with a characterisation of the 
rock properties in Sect. 3.1. Subsequently, the results of 
the scratch tests are shown and discussed in Sect. 3.2. All 
results are then summarized in Sect. 4.

Nomenclature

ae Depth of cut
b Width of a sample
bdr Active diamond width
br Width of a scratch
E Young’s modulus
Fz Vertical force
h Height of a sample
hb Width removal factor
hcu Single grain chip thickness
hcu,hbmin Single grain chip thickness for a 

minimal  hb

hcu,crit Critical single grain chip thick-
ness according to Bifano

H Hardness
Iyy Area moment of intertia
KIc Fracture toughness
l Distance between the bearings 

of the 3-point bending test
Ra Arithmetic average roughness
rd Radius of the diamond tip
vc Cutting speed
vf Feed velocity
α Inclination angle of the sample
σc Critical bending strength

2  Materials and methods

2.1  Rocks

With Alta quartzite, flint, lamellar obsidian, quartz, and 
Silver quartzite, four different rocks and one mineral are 
used in this investigation. By this selection, the general 
rock classes of the metamorphic (Alta quartzite, Silver 
quartzite), the sedimentary (flint), and the igneous rocks 
(lamellar obsidian) are included in this investigation. These 
rocks have also already been used and characterised in a 
previous investigation of the suitability of rocks as cutting 
tool materials [6]. A DEMA WB 2000 rock saw and a Struers 
Discotom-10 cut-off grinding machine are used to cut 40 
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samples of each rock with dimensions of 32 × 22 × 22 mm 
from the raw rocks. The used rocks had various shapes 
and dimensions before cutting, ranging from blocks and 
nodules with lengths of 80–250 mm to slabs up to 22 mm 
thick. Subsequently, the samples are ground to the dimen-
sions 30 × 20 × 20 mm on a Röders RFM 600 DS machine 
tool using a grinding tool with metallic bond and diamond 
as abrasive with a grain size of D46 (38 to 45 µm) and a 
grain concentration of 3.3 g/cm3 (C75). The grinding pro-
cess is performed with a cutting speed of 30 m/s, a feed 
velocity of 24 mm/min, and a depth of cut of 0.1 mm. 
All samples are then polished on a Buehler EcoMet 30 in 
five steps with silicon carbide with the grain sizes P120 
(125 µm), P240 (58.5 µm), P400 (35 µm), P800 (21.8 µm) 
and P1200 (12.6 µm) to achieve a low surface roughness 
of the samples. Tactile surface roughness measurements 
of five samples for each rock with a Mahr Perthometer 
PGK showed an arithmetic average roughness Ra between 
0.045 µm (obsidian) and 0.372 µm (Silver quartzite) after 
polishing.

Besides this, samples of all rocks are cut for the con-
duction of hardness measurements and 3-point bending 
tests to evaluate the critical bending strength. These sam-
ples are cut to dimensions of 18 × 18 × 5.5 mm using the 
machines mentioned previously. During cutting, care is 
taken to ensure that existing mica textures in the quartzite 
samples are aligned perpendicular to the load direction of 
the 3-point bending tests. Subsequently, the samples were 
ground to a thickness of 4.76 mm using a 5-axis Blohm 
Profimat MC 407 grinding machine and a grinding tool 
with a metallic bond, diamond as abrasive, a grain size of 
D46, and a grain concentration of 4.4 g/cm3 (C100). The 
grinding process is performed in two steps: In the first 
step, rough machining is carried out with a cutting speed 
of 30 m/s, a feed velocity of 3200 mm/min, and a depth of 
cut of 20 µm until the samples have reached a thickness 
of 4.78 mm. After this, a finishing operation is performed 
using the same cutting speed, a feed velocity of 200 mm/
min, and a depth of cut of 5 µm. Three samples of each 
rock are manufactured for the hardness measurements 
and 30 for the conduction of the 3-point bending tests. 
The tactile measured arithmetic average roughness of the 
samples after grinding with the corresponding standard 
deviations is shown in Table 1.

2.2  Characterisation of rock properties

A Struers Duramin hardness tester is used to inves-
tigate the hardness of the rocks via Vickers hardness 
tests (HV1). To identify possible thermic influences on 
hardness, the samples are tested at 25, 50, 100, 150, 200 
and 250 °C. The heating of the samples is done with a 

Phoenix Instrument RSM-10HP heating plate. A Testo 
PT100 surface probe is used to measure the temperature 
of the samples. For each rock, a total of fifteen measure-
ments is conducted for each temperature. Five measure-
ments are taken on each of the three samples of each 
rock. Each sample is heated again after every indenta-
tion to ensure hardness testing at the desired tempera-
ture. Besides this, after testing the samples at 25 °C, the 
Vickers indentation samples are used to determine the 
fracture toughness  KIc via the Palmqvist method. Fur-
thermore, an Agilent Technology G200 Nanoindeter with 
a Berkovich tip is used to determine Young’s modulus of 
the rocks at 25 °C via nanoindentation. For this purpose, 
49 indentations with an indentation depth of 2000 nm 
are performed for each rock.

The determination of the critical bending strength 
via 3-point-bending tests is based on DIN EN 843-1 [30]. 
The critical bending strength can be used as a measure 
of the load-bearing capacity and structural cohesion 
of solids with several phases. It has already been used 
for describing the load-bearing capacity of rocks [6] 
and grinding wheel bonds [31]. Assuming that the area 
moment of inertia  Iyy of the samples can be calculated 
with Eq. (1) using the width b of 18 mm and the height 
h of 4.76 mm, the critical bending strength σc can be 
calculated according to Eq. (2).

The distance l between the bearings of the 3-point 
bending test is constantly 13 mm. The acting vertical 
force  Fz is measured with a Kistler 9257B dynamometer.

To identify potential thermal influences on the criti-
cal bending strength, the bending tests are conducted 
at the same temperature levels as the hardness tests. 
Five samples are tested for each temperature level. 

(1)Iyy =
b × h3

12

(2)�c =
3 × Fz × l

2 × b × h2

Table 1  Roughness of the samples for hardness measurements and 
3-point bending tests after grinding

Rock Arithmetic average 
roughness Ra in µm

Alta quartzite 0.89 ± 0.07
Flint 0.48 ± 0.04
Lamellar obsidian 0.49 ± 0.12
Quartz 0.60 ± 0.13
Silver quartzite 1.17 ± 0.20
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The heating of the samples is done in the same way 
and with the same equipment used in the hardness 
measurements.

2.3  Experimental setup of the scratch tests

All experiments are conducted on a 5-axis Blohm Profimat 
MC 407 grinding machine. The machine has an axis reso-
lution of 0.1 µm and an input resolution of one microm-
eter for the linear axes. Besides that, it has a positioning 
accuracy of 0.001° for the rotational axes. The experimental 
setup of the scratch tests is shown in Fig. 1. The kinematics 
of the setup is analogous to that of a plunge face grind-
ing operation which is a commonly used grinding opera-
tion for the manufacture of indexable inserts. Therefore, 
the depth of cut of a scratch is constant over the width of 
the sample and is simultaneously equivalent to the single 
grain chip thickness  hcu of the process. Scratch testers with 
a diamond tip with a Rockwell geometry and a tip radius  rd 
of 200 µm are used as scratching tools. The clearly defined 
tip geometry offers the advantage of increased reproduc-
ibility and traceability of the results. The scratch testers 
are mounted in an aluminium carrier disc with a diameter 
of 400 mm and a height of 20 mm. The way the scratch 
testers are mounted ensures that the (111)-plane of the 
diamond tip is aligned parallel to the cutting speed  vc to 
ensure a high load-bearing capacity and low wear of the 
diamond tip. The carrier disc with mounted scratch tester 
is balanced to a quality of G 1.6 according to ISO 21940-
11 [32].

To investigate the influence of cutting speed and single 
grain chip thickness on the material separation behaviour 
of the rocks, these parameters are varied in three and four 
levels, respectively. The process parameters are shown 
in Table 2. The feed velocity of the process is selected 
depending on cutting speed so that the distance between 

individual scratches is one millimetre in order to avoid 
mutual interferences of the scratches. Because of that, the 
feed velocity is not varied independently from the other 
parameters. Furthermore, the experiments are conducted 
with or without an inclined sample for all parameter varia-
tions. The experiments are repeated once for the samples 
without an inclination. The inclination angle α is always 
0.023° for the inclined samples. The benefit of inclining 
the samples is that the depth of cut increases in feed direc-
tion by 0.4 µm for each scratch due to the inclination and 
the distance between the scratches. This, in combination 
with the experiments without an inclination angle, ena-
bles a more finely resolved analysis of the influence of 
the depth of cut on material separation. Five parameter 
combinations with one experiment each are performed 
with one scratch tester to limit the number of scratch test-
ers needed for this investigation. The wear of the scratch 
testers is checked after each experiment. If the tip radius 
is found to be worn more than 1 µm, the scratch tester is 
no longer used, and the corresponding test is repeated 
with a new scratch tester. In addition, scratches that show 
a significant deviation from the intended depth of cut are 
excluded from the evaluation of the experiments. A total 
of 240 scratches per rock is included in the evaluation of 
the experiments.

After the scratch tests, a Keyence VHX 500 digital micro-
scope is used to evaluate the width of the scratches. The 

Fig. 1  Experimental setup of 
the scratch test
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Table 2  Process parameters of the scratch tests

Process variables Levels

Cutting speed  vc in m/s 15; 30; 40
Depth of cut  ae in µm 1; 2; 3; 4
Feed velocity  vf in mm/min 760; 1550; 2050
Inclination angle α in ° 0; 0.023
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depth of the scratches and thus the actual depth of cut 
of the scratch tester for each scratch was measured with 
a Confovis DuoVario confocal microscope. The software 
MountainsMap® was used to analyse the measurement 
data of the confocal microscope. Besides that, a Zeiss EVO 
60 XVP (tungsten cathode) scanning electron microscope 
was used to make SEM-images of the scratches for a closer 
investigation of the occurring material removal phenom-
ena. To provide an overview of the procedure and scope 
of the investigations carried out, Fig. 2 summarizes the 
sequence of investigations in the form of a flow chart.

3  Results and discussion

3.1  Properties of the rocks

The hardness and critical bending strength of the rocks 
at different temperature levels are shown in Figs. 3 and 
4. The hardness of the rocks at 25 °C is between 8.29 GPa 
(lamellar obsidian) and 14.76 GPa (Silver quartzite). The 
results show an influence of the temperature level on 
rock hardness, as shown in in Fig. 3. However, the influ-
ence of temperature on hardness differs for the rocks. 
While Alta quartzite, quartz, and Silver quartzite show 

a tendency to decrease in hardness at higher tempera-
tures, the opposite is true for flint and obsidian. These 
two rocks show an increase in hardness at higher tem-
peratures, with obsidian having a hardness peak at tem-
peratures between 50 and 150 °C. The hardness of these 
two rocks, therefore, increases between 17.7% (flint) and 
46.9% (lamellar obsidian), while for the other rocks hard-
ness reduces up to 55.8% (quartz). Concerning critical 
bending strength, the general influence of the tempera-
ture level is comparable for all rocks. Starting at values 

Fig. 2  Flow chart of the proce-
dure of the experiments
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between 25 and 58  MPa (Silver quartzite and flint), 
all rocks show a decrease in critical bending strength 
between 38.9% (Silver quartzite) and 64.9% (quartz) at 
maximum. With temperature increase, structural cohe-
sion and load bearing capacity decrease in all rocks 
studied. Hardness, however, is increased or decreased 
depending on the rock. Considering that these factors 
are relevant to the material removal mechanisms, a vari-
ation in thermal loads (e.g., due to a variation of  vc) in the 
scratch tests may affect results based on these effects.

Possible explanations for the observed trends with 
a temperature increase are a softening of the rocks, a 
change in the existing stress states and different thermal 
expansions of the individual mineral phases. A change 
in existing stress states from compressive to tensile, for 
example, can facilitate crack propagation while differ-
ent thermal expansions of various mineral phases in the 
rocks can lead to crack initiation. Both factors weaken 
the structural cohesion tested in the 3-point bending 
tests and therefore reduce the resulting critical bend-
ing strength. The partially high standard deviation at 
all temperature levels for hardness and critical bend-
ing strength is a result of the natural variability of the 
amounts of the mineral phases which form the rocks. The 
different mineral phases in the rocks can not only have 
different hardness values (e.g., quartz and mica layers 
like muscovite in the quartzites), but they can also have 
different load-bearing capacities which can influence the 
load-bearing capacity of the microstructure as a whole. 
The same applies to existing stress states in the rocks 
which are influenced by their formation process.

Furthermore, fracture toughness  KIc and Young’s mod-
ulus of the rocks at 25 °C with their respective standard 
deviations are given in Table 3. The measured fracture 
toughness of the rocks between 1.91 and 2.89 MPa·m1/2 
is comparable to the respective values of technical 

ceramics, such as alumina- or magnesia-based ceramics 
[34]. But compared to these technical ceramics, Young’s 
modulus of the rocks is up to six times lower. It is instead 
comparable to ceramics like mullite or steatite [35].

3.2  Results of the scratch tests

In addition to SEM-images, the width removal factor  hb 
defined by Apmann [33] is used to analyse and allocate 
material removal that occurs as a function of the selected 
process parameters in the scratch tests. The width removal 
factor is the ratio between the width of a scratch  br and the 
active width of the diamond tip of the scratch tester  bdr, as 
shown in Fig. 5 and Eq. (3).

The active width of the diamond tip  bdr can be calcu-
lated for an  ae up to 25 µm with Eq. (4) by using the radius 
 rd of the diamond tip of the scratch tester:

The more pronounced the material removal during the 
scratch tests is determined by brittle material removal, the 
greater the width removal factor becomes, as the width of 
the scratch increases due to brittle breakouts at the edges 
of the scratch while the active width of the diamond tip 
remains constant. The more ductile the material removal, 
the more the width removal factor converges to the value 
one, as  br and  bdr converge (see Fig. 5). Therefore, it can 
be assumed that  hb can be used as an indicator for the 
occurring material removal mechanism. However, it must 
be taken into account that ductile material removal phe-
nomena such as ploughing can create material accumu-
lations on the sides of the scratch by displacing material, 
which in turn can lead to a perceived higher width of the 
scratch during evaluation. This can lead to the calculation 
of a higher width removal factor without the occurrence of 

(3)hb =
br

bdr

(4)bdr = 2 ×

√

r2
d
−

(

rd − ae
)2
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Table 3  Fracture toughness and Young’s modulus of the rocks at 
25 °C

Rock Fracture toughness  KIc in 
MPa·m1/2

Young’s 
modulus E in 
GPa

Alta quartzite 1.91 ± 0.23 94.7 ± 11.3
flint 2.89 ± 0.43 88.8 ± 2.4
lamellar obsidian 2.17 ± 0.19 74.4 ± 0.8
quartz 2.31 ± 0.24 102.7 ± 3.3
Silver quartzite 2.37 ± 0.38 102.4 ± 4.9
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brittle material removal and must therefore be taken into 
account as a potential error source when using this factor 
as a criterion for evaluation of the results.

In Fig. 6, width removal factors of the rocks resulting 
from the scratch tests are shown for a cutting speed of 
30 m/s along with their respective standard deviations. 
Due to a large number of investigated scratches, the mean 
value of the results from intervals of the single grain chip 
thickness with a width of 0.5 µm each is shown with the 
associated standard deviation for greater clarity. For flint, 
no scratches with a depth of cut for the intervals from 
2.5–3.0 µm and 3.0–3.5 µm could be found in the analy-
sis. The scratches produced in the respective experiments 
showed a slightly lower depth of cut than 2.5 µm in the 
first case and a slightly higher depth of cut than 3.5 µm 
in the second case. Considering the scale of the depth of 
cut used in this study, minimal deviations (< 1 µm) in the 

surface height or flatness of the samples used could be a 
possible explanation for the deviation in the depth of cut 
measured after the experiments.

The results of the scratch tests show a correlation 
between the single grain chip thickness and the width 
removal factor. For Alta quartzite, quartz, and Silver quartz-
ite, a decrease in the width removal factor and, therefore, a 
more pronounced ductile material removal for an increase 
of single grain chip thickness can be observed until the 
width removal factor reaches a minimum. After that, a 
further increase of single grain chip thickness leads to an 
increase in the width removal factor. For the quartzites, 
this minimum is at a single grain chip thickness between 
1.0 and 1.5 µm, while for quartz, this minimum is at a sin-
gle grain chip thickness between 1.5 and 2.0 µm for the 
given cutting speed. A decrease of the width removal fac-
tor for increasing single grain chip thicknesses can also 
be detected for flint. Contrasting to the rocks mentioned 
before, no minimum of  hb with a subsequent increase of 
this factor could be observed for flint in the investigated 
interval of the single grain chip thickness. Furthermore, 
neither microscope nor SEM-images show signs for inten-
sive brittle outbreaks for lower single grain chip thick-
nesses. Therefore, it is possible that material removal, in 
this case, is dominated by ductile mechanisms which, at 
lower single grain chip thicknesses, displace the material 
to the sides of the scratch. This widens the scratch and 
thus increases  hb, while higher single grain chip thick-
nesses lead to chip formation in front of the indenter. The 
high critical bending strength of flint compared to the 
other rocks supports this hypothesis due to the associ-
ated increased load-bearing capacity of the microstruc-
ture, which favours ductile material removal and chip for-
mation. For lamellar obsidian,  hb remains nearly constant 
for higher single grain chip thicknesses and only shows 
a decrease for single grain chip thicknesses higher than 
2.5 µm.

Based on these observations, it can be assumed that 
there is a rock-specific critical single grain chip thickness 
beyond which a change in material removal mechanisms 
from brittle to ductile occurs as it is known for other mate-
rials. However, the results also indicate that a single grain 
chip thickness below a critical value does not necessar-
ily lead to ductile material removal. The results allow the 
hypothesis that the material removal is mainly ductile in 
a certain range around a critical single grain chip thick-
ness and mainly brittle outside this range, regardless 
of whether it is exceeded or not. The basics of material 
removal for rocks described before are a possible explana-
tion for this. As described before, ductile removal in rock 
machining correlates with the stress state at the cutting 
edge and the occurrence of a suitable hydrostatic stress 
state in the material. It can be assumed that a variation 

Fig. 5  Width removal factor  hb
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of the single grain chip thickness influences these stress 
states, since a change in the penetration depth of the dia-
mond tip into the material and a change in the amount of 
material to be removed changes the load at the diamond 
tip and in the material and thus also the stress state at 
these effective partners. Exceeding the range around the 
critical chip thickness would then lead to brittle material 
removal as a result of exceeding the load-bearing capac-
ity of the material. Falling below critical chip thickness 
too far would also result in brittle material removal due to 
insufficient load and thus the absence of the stress state 
required for plasticisation of the rock. However, not only 
single grain chip thickness but also cutting speed influ-
ences the width removal factor and thus material removal 
as can be seen in Fig. 7 for Silver quartzite.

Two effects can be observed for a change of cutting 
speed for this rock: For the lower cutting speed of 15 m/s, 
higher values for  hb are received in the interval of the sin-
gle grain chip thickness from 0 to 1.5 µm compared to a 
cutting speed of 30 m/s. The width removal factor is up to 
2.4 times higher for the lower cutting speed in this interval. 
This means that in correlation with cutting speed, a higher 
amount of brittle material removal can be expected for 
Silver quartzite under the given conditions. Afterward, the 
values of  hb are in a similar range for both cutting speeds 
indicating a comparable way of material removal. On the 
other hand, a steeper decrease of  hb can be observed for 
the lower cutting speed as well as a shift of the minimum 
of  hb to a higher single grain chip thickness (2.3 µm for 
 vc = 15 m/s, 1.3 µm for  vc = 30 m/s). This indicates a more 
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pronounced change in material removal than for the 
higher cutting speed. Transferred to the design of tool 
grinding processes, this would mean that the grinding 
tool specifications and the remaining process parameters 
should be selected depending on the cutting speed in 
order to realise the highest possible proportion of ductile 
material removal and thus the lowest possible damage to 
the workpiece in the grinding process.

The observed effects can be explained by two factors. 
The first is the change in the momentum of the scratch 
tester correlating with the change in cutting speed. 
Because the mass of the scratch tester and the remain-
ing moving parts of the experimental setup are not sig-
nificantly changed, the momentum of the scratch tester 
increases with an increase in cutting speed. An increased 
momentum relates to higher forces and higher kinetic 
energy, which is applied to the rock in the scratch test. This 
changes the load imposed on the rock and thus the stress 
state, especially at the cutting edge of the scratch tester 
and in the surrounding microstructure. Considering the 
above-mentioned relationships, it can be assumed that 
this change in load and stress state due to the change in 
momentum of the scratch tester, together with the influ-
ence of the single grain chip thickness on these factors, 
leads to the observed effects. For the case illustrated in 
Fig. 7, this would mean that for a cutting speed of 15 m/s, 
the hydrostatic stress state in the material is initially not 
sufficient to plasticise the material and allow ductile mate-
rial removal leading to brittle material removal and high 
width removal factors. With an increase in single grain 
chip thickness, the load on the material increases, and 
the stress state gets closer to the state needed for ductile 

material removal. This leads to a decrease of brittle mate-
rial removal and  hb until the acting stress state is sufficient 
to plasticise the material and allow domination of ductile 
material removal. After that, no significant decrease of  hb 
can be observed. For a cutting speed of 30 m/s, this stress 
state is reached at lower single grain chip thicknesses due 
to the higher momentum of the scratch tester. Therefore, 
ductile material removal starts at lower single grain chip 
thicknesses and quickly reaches  hb values comparable to 
those achieved with a cutting speed of 15 m/s.

A second possible factor is a change in the thermal load 
connected with the change in cutting speed. The thermal 
load in the contact zone between the scratch tester and 
the rock sample may increase for higher cutting speeds 
due to the higher relative velocity between them. Higher 
temperatures in the contact zone can promote ductile 
material removal and can influence the mechanical prop-
erties of the materials, as is shown above for the hardness 
and critical bending strength of the rocks. In addition, it 
is conceivable that the stress state in the contact zone is 
influenced by superimposing thermally induced stresses. 
But it must be mentioned that correlations between cut-
ting speed and thermal loads can be complex and are not 
necessarily linear. The mentioned conceivable increase of 
thermal loads at higher cutting speeds must therefore be 
considered as a hypothesis until the acting thermal loads 
in the contact zone can be measured. However, the acting 
thermal loads in the contact zone were not covered in this 
investigation. Besides this, it must be mentioned that a 
possible influence of thermal loads on material removal 
could not be extensively pronounced because rocks are 
comparatively bad thermal conductors, and the contact 
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time between the rock sample and the scratch tester is 
very short. Therefore, the amount of thermal energy that 
can be transferred into the rock during contact with the 
scratch tester may be limited by these factors. This also 
limits the achievable rock temperature in the contact 
zone, and the influence of the thermal loads on material 
removal. However, without further investigations concern-
ing the acting thermal loads in the contact zone the full 
extent of a possible thermal influence on material removal, 
in this case, remains unknown.

The effects described for Silver quartzite in connec-
tion with a change of cutting speed are not observable 
for all other investigated rocks. Figure 8 shows the influ-
ence of all cutting speeds on the width removal factor for 
all rocks investigated. For Alta quartzite, a comparable 

influence of cutting speed on  hb as for Silver quartzite 
can be observed. As described before, the use of a cut-
ting speed of 15 m/s leads to a shift of the minimum  hb 
to a higher single grain chip thickness for both quartzites. 
The trends for a cutting speed of 40 m/s are comparable 
to those described for both quartzites at a cutting speed 
of 30 m/s, although the decrease of  hb for an increase of 
single grain chip thickness is more pronounced in this case 
for Alta quartzite. As both rocks are quartzites, it can be 
assumed that the cause for this similarity in general behav-
iour is their similarity in diagenesis, while the observable 
differences in detail are caused by the different material 
properties. Different behaviour can be observed for flint. 
In this case, the lowest cutting speed of 15 m/s leads to 
a steeper decrease and lower  hb-values instead of the 
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higher cutting speeds for the quartzites. Besides that, no 
minimum of  hb followed by a renewed increase of  hb can 
be observed for all cutting speeds. As before, no signs for 
intensive brittle material removal could be detected for all 
cutting speeds for flint. The comparatively high  hb-values 
for lower single grain chip thicknesses could therefore be a 
result of ductile material displacements to the sides of the 
scratches, which would increase the width of the scratches 
and  hb. It is, therefore, possible that critical loads or stress 
states that would lead to brittle material removal are not 
reached under the given conditions. The high critical 
bending strength and fracture toughness of flint in com-
parison rocks that facilitate ductile material removal is a 
possible explanation for the observed differences to the 
other rocks. The finer grain size of flint in comparison to 
the quartzites already described in [6] can also contribute 
to this. Furthermore, it is possible that at the lowest cut-
ting speed, a smaller amount of rock grains is displaced 
to the sides of the scratch tester than at higher cutting 
speeds, comparable to the formation of a bow wave of a 
ship at different speeds. For quartz, however, the results 
show no pronounced influence on the general behaviour 
of material removal. Instead, a change of cutting speed 
only reduces the  hb-values and shifts the minimum of  hb. 
The fact that a cutting speed of 30 m/s results in higher 
 hb-values for quartz than cutting speeds of 15  m/s or 
40 m/s indicates the development of an unfavourable 
stress state in the material, which favours brittle material 
removal.

The amorphous lamellar obsidian shows a clearly differ-
ent behaviour when the cutting speeds are varied, which 

also differs from the other rocks. In this case, the use of a 
cutting speed of 15 m/s leads to an increase of  hb-values 
starting from values that indicate nearly optimal ductile 
material removal, while for the higher cutting speeds a 
decrease of  hb values can be observed, starting from val-
ues that indicate a much higher amount of brittle material 
removal. Amorphous materials such as glass have com-
paratively low critical single grain chip thicknesses. It is 
therefore assumed here that at a cutting speed of 15 m/s, 
the critical single grain chip thickness and the associated 
stress state in the material are quickly reached. This results 
in increasing amounts of brittle material removal and 
higher  hb-values for higher single grain chip thicknesses. 
The higher  hb-values for both higher cutting speeds at 
lower single grain chip thicknesses show that the amount 
of ductile material removal is much lower under these 
conditions and brittle material removal, therefore, more 
likely. But the decrease of  hb for the higher cutting speeds 
at higher single grain chip thicknesses indicates that an 
increase of the amount of ductile material removal is pos-
sible if a suitable stress state is induced onto the mate-
rial. Therefore, the decrease of  hb is steeper for 40 m/s 
than for 30 m/s due to the higher momentum in this case 
and the correlating higher load and stress. As a general 
result, it can be stated that not only does single grain chip 
thickness influence the material removal of the rocks in 
the scratch tests but also the chosen cutting speed. The 
results indicate different influences of cutting speed on 
material removal depending on the used rock. Regarding 
the design of tool grinding processes of rock tools, this 
means that not only single grain chip thickness but also 
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cutting speed and the rock to be machined must be con-
sidered in the design of the tool grinding process.

As mentioned before, the described effects can also 
be found in SEM-images of the scratches, as can be seen 
in Figs. 9 and 10. Parameter combinations that show 
a low width removal factor also show comparatively 
smooth scratches with a low amount of brittle outbreaks 
at their sides, as can be seen in Fig. 9 for scratches in 
flint and the quartzites and Fig. 10 (left side) for lamel-
lar obsidian and quartz. Regarding combinations that 
show higher width removal factors, the SEM-images 
also show the expected brittle material removal, as can 
be seen exemplarily in Fig. 10 (right side) for lamellar 
obsidian and quartz. The shell-shaped ruptures typical 
for these rocks at the sides of the scratch as though as 
further brittle outbreaks indicate the expected brittle 
material removal. Besides that, the material accumula-
tions described before can be seen in Fig. 9 for flint on 
the right side of the scratch or in Fig. 10 in the image 
at the upper left for obsidian. However, although the 
general form of the scratches in Fig. 9 hints at a mainly 
ductile material removal, there are local signs for local 
brittle material removal. Examples of this are the brittle 
outbreaks within the scratches which can be found in 
the quartzites in Fig. 9 or Fig. 10 within the scratches 
of obsidian and quartz on the left. These phenomena 
may indicate a local deviation from the stress state in the 

material needed for brittle material removal in front of 
the diamond tip. Likewise, these brittle outbreaks may 
be the result of elastic relaxation behind the diamond 
tip. But whether these brittle material removal phenom-
ena in the scratches take place in front of or behind the 
diamond tip cannot be conclusively determined based 
on the present results. The fact that this brittle material 
removal inside the scratch does not necessarily influence 
the width of the scratch shows, however, that it must be 
considered that the width removal factor does not give 
precise information about the proportions of ductile or 
brittle material removal. Instead, it indicates which of 
these mechanisms dominates.

To allow a transfer of the results to the design of grind-
ing processes of rock tools, the single grain chip thickness 
 hcu,hbmin that leads to a minimal width removal factor in 
the scratch tests is shown in Table 4 with the respective 
standard deviation. Since a minimum  hb-value favours 
ductile material removal, this parameter could be used 
for the design of tool grinding processes by using already 
existing single grain chip thickness models for the choice 
of process parameters. Furthermore, Table 4 gives the criti-
cal single grain chip thickness  hcu,crit according to Bifano 
[9], which describes the value at which a change in the 
material removal mechanisms occurs, to allow a compari-
son of the experimentally determined values of  hcu,hbmin 
with an established analytical model from the literature. 

Fig. 10  SEM-images of 
scratches in obsidian and 
quartz
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The critical single grain chip thickness can be calculated 
with Eq. (5) using Young’s modulus, the hardness, and the 
fracture toughness of the material [9]. The respective val-
ues of the rocks at 25 °C are used to calculate the values 
of  hcu,crit in Table 4.

The comparison of the experimentally determined 
 hcu,hbmin and the analytically calculated  hcu,crit shows 
that  hcu,hbmin is between three and 87-times higher than 
 hcu,crit. Since ductile removal could be observed in all 
rocks despite the clear exceeding of  hcu,crit, this char-
acteristic value established in the literature may not 
necessarily be a suitable parameter for the design of a 
tool grinding process of rock tools where ductile mate-
rial removal mechanisms dominate. Furthermore, the 
analytical model does not consider the observed influ-
ence of cutting speed. It could therefore be advisable 
to develop new analytical models for the description of 
the critical single grain chip thickness in tool grinding 
of rocks or for the grinding of rocks in general based on 
future research projects. However, the trends that can 
be expected based on Eq. (5) for  hcu,crit can also be found 

(5)hcu,crit = 0.15 ⋅

(

E

H

)

×

(

KIc

H

)2

for  hcu,hbmin, as shown in Fig. 11. In Fig. 11,  hcu,hbmin is 
shown as a function of hardness and critical bending 
strength. It can be seen that there is a trend to a lower 
 hcu,hbmin for an increase in hardness and a trend to higher 
 hcu,hbmin for an increase in critical bending strength. The 
same tendency as for critical bending strength can be 
found between  hcu,hbmin and fracture toughness. For 
Young’s modulus, a tendency for  hcu,hbmin can also be 
observed, which is comparable to the mentioned ten-
dency between hardness and  hcu,hbmin. Therefore, it can 
be assumed that although the analytically calculated 
critical chip thickness,  hcu,crit cannot be used for the 
design of tool grinding processes of rocks. The funda-
mental relationships underlying the considerations in 
this context are still valid in principle and can and should 
be taken into account in the process design. This means 
that rocks with high hardness and low toughness should 
be ground with a lower single grain chip thickness to 
maximise ductile material removal, while rocks with a 
high toughness should be ground with a higher single 
grain chip thickness.

However, it must be mentioned that there are differ-
ences between single grain engagements and multiple 
grain engagements that can influence the occurring mate-
rial removal mechanisms. Although scratch tests make it 
possible to investigate the engagement of a single grain in 

Table 4  Values of the 
experimentally determined 
 hcu,hbmin and the analytically 
calculated  hcu,crit

Rock hcu,hbmin in µm hcu,crit according 
to Bifano in µm

vc = 15 m/s vc = 30 m/s vc = 40 m/s

Alta quartzite 2.71 ± 0.11 1.24 ± 0.12 1.3 ± 0.15 0.05
flint 3.48 ± 0.03 3.75 ± 0.27 3.74 ± 0.02 0.13
lamellar obsidian 0.28 ± 0.08 3.75 ± 0.18 2.69 ± 0.09 0.09
quartz 1.31 ± 0.13 1.69 ± 0.12 1.77 ± 0.15 0.02
Silver quartzite 2.32 ± 0.12 1.25 ± 0.11 0.76 ± 0.14 0.03

Wol/103603 IFW©

Hardness H (HV1)
0 20GPa161412108

h c
u,

hb
m

in

0

1.0

2.0

µm
4.5

0.5

1.5

2.5
3.0
3.5

~~

v = 15 m/sc

v = 40 m/sc

v = 30 m/sc

trendline

~~

Critical bending strength σc
50 0 MPa40 703020

lamellar obsidian Silver quartzitequartzAlta quartzite flint

Fig. 11  Influence of hardness and critical bending strength on  hcu,hbmin



Vol.:(0123456789)

SN Applied Sciences           (2022) 4:157  | https://doi.org/10.1007/s42452-022-05038-4 Research Article

the material and the resulting material removal, it must be 
taken into account that in real grinding processes, a high 
number of grain engagements always occur simultane-
ously. Each grain acting in the grinding process induces a 
mechanical load into the material and influences its local 
stress state. It is therefore possible that a new stress state 
is created by superimposition which can facilitate ductile 
material removal in the case of small single grain chip 
thicknesses. The difference in grain protrusions present in 
real grinding tools is also an influencing factor that should 
not be neglected in such considerations. Different grain 
protrusions can lead to differences in their depth of cut 
and, therefore, to different single grain chip thicknesses 
and different local mechanical loads. Besides that, the 
contact conditions between the abrasive grains and the 
material can also be influenced by the grain shapes and 
their wear. Furthermore, it must be considered that mul-
tiple grain engagements can influence thermal loads in 
comparison to single grain engagement, such as by influ-
encing the heat transfer between grinding tool and work-
piece or through superposition of the influence of the heat 
sources that each grain engagement represents. Since 
the mentioned points cannot be properly investigated in 
scratch tests due to the engagement of a single grain in 
these cases, it should be mentioned that the results of this 
investigation may not be transferable in all points to real 
tool grinding processes. Quick-stop experiments like those 
presented in [17] could represent a way to investigate the 
influence of the factors described above and could further 
enhance the understanding of material removal mecha-
nisms in tool grinding of rocks if the method is adapted to 
plunge face grinding processes. It can therefore be pre-
sumed that the implementation of such studies in future 
research projects could expand the state of the art in this 
respect and make important contributions to the develop-
ment of analytical models to describe the processes.

Based on the results of this investigation, the follow-
ing recommendations for the design of tool grinding 
processes of rock tools can be given. The process should 
be individually designed for each rock to be machined. 
The single grain chip thickness can be used as a guideline 
in the design process to maximise the amount of ductile 
material removal. For the rocks used in this investigation, a 
single grain chip thickness around the individual  hcu,hbmin 
should be chosen for this purpose. It must be taken into 
account that not only the single grain chip thickness influ-
ences the material removal behaviour of the rocks but also 
the cutting speed. This also applies to  hcu,hbmin. Therefore, 
both factors should be considered in the design of the 
grinding process and adjusted individually to the rocks. 
Furthermore, it should be considered that the area of 
single grain chip thicknesses suitable for ductile material 
removal can be underestimated by established analytical 

models. The use of single grain chip thicknesses calculated 
with these models in the process design could then favour 
brittle material removal as a result of an unsuitable stress 
state in the rock induced by a low single grain chip thick-
ness. In general, it can be recommended to increase single 
grain chip thickness for the machining of tougher rocks 
and to decrease it for harder rocks with a lower toughness 
to favour ductile material removal.

But for the design of a grinding process, the following 
points should also be considered based on the presented 
results. Ductile material removal in tool grinding of hard 
and brittle cutting tool materials is not the only factor of 
significance. It is also important to manufacture a tool 
with a cutting edge of high quality and low cutting-edge 
roughness. High single grain chip thicknesses have the 
potential to increase the cutting-edge roughness and, 
therefore, to reduce the quality of the cutting-edge or 
even to damage it. Furthermore, it must be mentioned that 
the single grain chip thicknesses found to be beneficial for 
ductile material removal in the scratch test are unusually 
high for tool grinding processes due to the usually applied 
parameter combinations and grinding tool specifications 
in these processes. The use of grinding tools with higher 
grain sizes and lower grain concentrations would pose a 
possibility to reach the required single grain chip thick-
nesses, but at the same time, this could lead to an increase 
in cutting-edge roughness. Therefore, investigations of the 
cutting-edge quality are needed to evaluate whether a suf-
ficient cutting-edge quality is achieved or whether further 
subsequent process steps like the application of a cutting-
edge rounding are necessary and possible. In addition, it 
must be considered that the scratch tests cannot take into 
account the effect of a simultaneous engagement of mul-
tiple abrasive grains in the material, which is typical for 
grinding processes. As a simultaneous grain engagement 
can influence the stress state in the material due to the 
additional local load sources, it cannot be ruled out that 
the single grain chip thickness for an optimal amount of 
ductile material removal could differ from the values eval-
uated in this investigation. Quick-stop experiments such 
as those presented in [17] would be required to evaluate 
the influence of multiple grain engagements on material 
removal in these cases.

For the design of a tool grinding process of the rocks 
examined in this paper, the results would mean that Alta-
quartzite should be ground with a cutting speed of 30 m/s 
and a single grain chip thickness of around 1.24 µm to 
maximise the amount of ductile material removal. For 
Silver quartzite, the same applies to a cutting speed of 
40 m/s and a single grain chip thickness of 0.76 µm. For 
lamellar obsidian and quartz, a lower cutting speed of 
15 m/s should be chosen to achieve this. A single grain 
chip thickness around 1.31 µm similar to the quartzites 
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should be chosen for the machining of quartz, while a 
much lower single grain thickness around 0.28 µm would 
be suitable for machining lamellar obsidian at this cut-
ting speed. Since the results show mainly ductile material 
removal for flint independent from the chosen parameter 
combination and despite high  hb-values, it can only be 
recommended to choose a cutting speed of 15 m/s to 
decrease the amount of material, which is displaced to 
the side of the cutting edge and to favour chip formation 
in front of the cutting edge.

4  Conclusions

In this paper, the influence of cutting speed and single 
grain chip thickness on material removal of five rocks are 
investigated via scratch tests in analogy to a face plunge 
grinding process. The aim of this paper is to improve the 
understanding of tool grinding processes of rock tools 
to contribute to a knowledge-based design of these 
processes. For this reason, the rock properties are inves-
tigated by hardness measurements, nanoindentation, 
Palmqvist tests, and three-point bending tests. Scratch-
tests analogous to the kinematic and contact conditions 
of a face plunge grinding process are performed under 
variation of cutting speed and single grain chip thickness. 
The occurring material removal mechanisms are analysed 
using SEM-images and a confocal microscope. Based on 
the results of this investigation, the following conclusions 
can be drawn:

• It is possible to achieve dominance of ductile material 
removal for all rocks in the scratch tests.

• Cutting speed and single grain chip thickness influ-
ence the occurring and dominating material removal 
mechanism. However, the results show an interaction 
between these two parameters concerning the occur-
ring material removal mechanism.

• The width removal factor  hb can be used to identify 
parameter setups that favour ductile material removal. 
The respective setups to achieve this differ for the indi-
vidual rocks.

• The evaluated single grain chip thicknesses for ductile 
material removal are up to 87-times higher than pre-
dicted by an established analytical model. The single 
grain chip thicknesses found to favour ductile removal 
mechanisms are very high for conventional tool grind-
ing processes.

• The results allow the first steps towards a knowledge-
based design of grinding processes of rock tools. Nev-
ertheless, further investigations on the influence of 
the simultaneous engagement of multiple abrasive 

grains occurring during grinding and on the influence 
of the selected process parameters and the grinding 
tool specifications on the cutting edge quality have the 
potential to expand this knowledge base. The conduc-
tion of such investigations is therefore recommended 
in order to be able to ensure the transferability of the 
knowledge gained to the tool grinding process as well 
as to industrial applications.
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