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Abstract
The varying related material removal rate during deep grinding of cemented carbide end mill cutters results in an 
unevenly wear of the grinding wheel. This study therefore presents a simulation-based model for the load-adjusted 
design of grinding wheels to achieve balanced radial wear, as well as an evaluation of this model. The related material 
removal rate along the width of the grinding wheel is determined by a Dexel based material removal simulation for dif-
ferent end mill geometries. Based on these results an equation is derived to adapt the abrasive layer properties to the 
local load differences. Three grinding wheels with different types of gradients are then manufactured by a grinding tool 
manufacturer based on this equation. These and two grinding wheels with constant abrasive layer properties are used 
for deep grinding of ten end mills each. Afterwards the radial wear of each grinding wheel is measured by a confocal 
microscope. An analysis of the cutting edge chipping is done to evaluate the influence on the graded grinding wheels 
on the cutting edge quality. It was found that a reduction of the wear difference over the grinding wheel width of 52% 
and an improved cutting edge quality can be achieved by using graded grinding tools. This allows the time intervals 
between dressing steps to be increased without compromising the accuracy of the grinding process, thus also increas-
ing its productivity. Finally, this article shows that the presented model allows for a more balanced wear behaviour, but 
has to be extended by considering further factors influencing radial wear.

Article Highlights

• Introducing a Simulation-based model for a load-
adapted grinding tool design

• Evaluation of the influence of graded abrasive layers on 
the wear behaviour during deep grinding

• Contribution to a knowledge-based design of graded 
grinding wheels with a balanced wear behaviour

Keywords Deep grinding · Graded grinding tools · Simulation-based grinding wheel design · Hybrid-bond grinding 
wheels

List of symbols
ae  Depth of cut in mm
b  Grinding wheel width in mm

B  Related material removal rate per abrasive in  mm3/
mm s

C  Concentration of abrasive 4.4 g/cm3

D  Abrasive grain size in µm
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dk  Tool core diameter in mm
ds  Tool diameter in mm
i  Number of grinding wheel segment (−)
k  Tool core diameter factor (−)
NA  Area related number of grains (−)
lg  Geometric contact length in mm
Q’w  Related material removal rate in  mm3/mm s
Δr  Radial wear in µm
Ra  Average arithmetic roughness in µm
vc  Cutting speed in m/s
vf  Feed rate in mm/min
V  Abrasive grain volume in µm3

z  Number of teeth (−)
δ  Helix angle in °
ρ  Density in g/cm3

1 Introduction

The properties of cemented carbides, such as high hard-
ness, wear resistance and low ductility, lead to a high 
wear during grinding. Therefore, highly wear-resistant 
diamond grinding wheels are used for the processing of 
these materials [1, 2]. Particularly in flute grinding, a very 
high related material removal rate occurs which, due to 
the strongly varying geometric engagement conditions, 
simultaneously varies significantly over the width of the 
grinding tool. [3, 4] This results in local deviations in the 
wear behaviour of the grinding wheel and thus, the grind-
ing precision decreases with increasing wear. To prevent 
this, the time between dressing steps must be reduced 
to guarantee the targeted precision of the grinding pro-
cess. Schröer shows in his work that a grinding wheel 
with two different concentration zones, C150 and C100, 
reduces the differences in the wear behaviour already to 
a certain amount [5]. A finer gradation of the grinding 
wheel properties than only in two zones would be use-
ful for levelling the wear behaviour. Another possibility 
for the load adjustment over the grinding wheel width is 
the grain size. Smaller grains reduce the forces per grain 
[6] and enhance the tool surface quality [7]. The use of 
hybrid bond grinding wheels with a combination of a 
resin and a metallic bond allows the combination of high 
productivity and high surface qualities [8, 9]. Therefore, 
the grinding wheels exhibit a hybrid bond. A cutting edge 
with less defects is important for the operational behav-
iour of the end mill cutters [3, 10]. This paper presents a 
knowledge-based model for reducing wear differences in 
flute grinding. Furthermore, an experimental validation 
of the model by analysing the result of deep grinding of 
end mill cutters with grinding wheels based on the model 
is presented. For this purpose, two non-graded grinding 
wheels are compared with three graded grinding wheels. 

As gradients a concentration gradient and two gradients 
with the variation of grain size and grain concentration are 
investigated. The paper is structured as follows: Chapter 2 
first presents the materials and methods used, followed 
by simulation and modelling in chapter 3, after which the 
results of the grinding process and their evaluation are dis-
cussed in chapter 4. Finally, the evaluation of the cutting 
edge quality is presented in chapter 5 and the summary 
and discussion in chapter 6.

2  Materials and methods

2.1  Simulative approach

A model for calculating a gradient for a load-adjusted 
grinding wheel design is developed. The model achieves 
wear levelling by adapting the area-related number of 
grains to the local related material removal rate. This 
requires knowledge of the course of the related metal 
removal rate over the grinding tool width. An increase in 
the local related material emoval rate also means a local 
increase in load during grinding. The local related material 
removal rate depends on the depth of cut  ae and the feed 
rate  vf, as described in Eq. 1, and thus enables a statement 
to be made about the local mechanical and thermal load 
on the grinding tool [11, 12].

For the determination of Q’w the technological NC-
based material removal simulation IFW CutS was used [13]. 
The simulation is Dexel-based and the material removal on 
the work piece is represented by the three Boolean opera-
tions shorten, divide and remove Dexels. In the simula-
tion the tool grinding machine Walter Vision Helitronic, 
the grinding tool and the work piece are implemented. 
By using the HELITRONIC TOOL STUDIO software to gener-
ate NC-Codes the kinematics are obtained. In this study, 
the model is set up and validated using a cutter geometry 
with a diameter  ds of 16 mm, and a helix angle δ of 30°. The 
depth of cut is varied. This results in different core diam-
eters with the core diameter factors k of 0.8, 0.7, 0.6 and 
0.5. To consider the influence of the feed rate on Q’w, it is 
varied in the simulation in two steps from 150 mm/min to 
300 mm/min. From this simulation, a formula is derived in 
chapter 3 for creating gradients based on the adjustment 
of the area-related number of grains. The simulation model 
diagram is displayed in Fig. 1.

(1)Q
�

W
= ae ⋅ vf
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2.2  Experimental setup

All grinding wheels for flute grinding have a 1A1 geom-
etry with a diameter of 100 mm, a width of 10 mm, and a 
bonding layer height of 10 mm. Based on the results of the 
simulation three graded grinding wheels were produced 
by a grinding tool manufacturer (Dr. Müller Diamantmetall 
AG, Weilheim i. Obb., Germany) as well as all used grinding 
wheels in this paper. Two grinding wheels with constant 
abrasive layer properties are used in the following investiga-
tions as a reference to the graded grinding wheels with dif-
ferent grain concentrations and grain sizes. The first one with 
a grain concentration of C100 (in vol. %) and a grain size  dg 
of 46 µm and the second with a concentration of C125 and 
a grain size of 54 µm. These tools have the same geometrical 
properties as the graded ones. The bond material for flute 
grinding is a hybrid bond of resin and metal. These grinding 
wheels were used for the flute grinding of ten cemented car-
bide end mill cutters each. For the carbide blanks the speci-
fication EMT210 (Extramet AG, Plaffeien, Swiss) was used 
(Grain size: 0.8 µm Co content: 10 wt. %). The process was 
performed on a tool grinding machine Vollmer VHybrid360 
(Vollmer Werke Maschinenfabrik GmbH, Biberbach a. d. R., 
Germany). The geometrical specifications of the end mills are 
a helix angle δ of 30°, a flute length  lc of 45 mm, an end mill 
cutter diameter of 16 mm, a core diameter  dk of 11.2 mm and 

a number of teeth z of four. A cutting speed  vc of 18 m/s and 
a feed rate  vf of 180 mm/min were used as process param-
eters. The process setup is shown in Fig. 2. To analyse the 
cutting edges of the milling tool, it is necessary to grind 
the flank faces and the end faces. The end face processing 
was done by a 12V9 (12V9-125-3-10) resin bond diamond 
grinding wheel with a vc of 25 m/s and a  vf of 50 mm/min. 
Grain size and concentration of this grinding wheel are D64 
and C100. The flank face processing was done by an 11V9 
(11V9-100-3-10) grinding wheel, with a  vc of 25 m/s and a 
 vf of 70 mm/min with the same grinding layer properties as 
the end face processing wheel.

To analyse the radial wear of the grinding tools along the 
width of the abrasive layer the grinding wheel surface was 
measured by a confocal microscope of the type Confovis 
Duo Vario (confovis GmbH, Jena, Germany) at three points 
on the grinding wheel circumference. For each measuring 
point a height map with two zones is gained. These zones 
are the contact zone and the reference zone which was not 
involved in the operation. The radial wear of any point in 
the contact zone was calculated by the height difference 
between this point and the height of the reference zone. The 
cutting edge quality of the end mill cutters was evaluated 
by measuring the average arithmetic roughness Ra (DIN EN 
ISO 1302) by a AliconaG5 infinite focus microscope (Bruker 
Alicona, Raaba, Austria). The four cutting edges of each of 
the ten end milling cutters produced were analysed for each 
grinding tool.

Fig. 1  Procedure of the creation of the simulation model

Fig. 2  Deep grinding of a cemented carbide end mill cutter
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3  Load optimized grinding wheel design

In the following section, the resulting model for the deter-
mination of the load-adjusted gradient is presented (chap-
ter 2.2). A direct mathematical calculation of the related 
material removal rate is feasible for geometrically simple 
grinding processes. Figure 3 presents the results of the 
simulation of the related material removal rate along the 
grinding tool width for the previously mentioned param-
eters. Each colour is representing a core diameter factor. 
The elevated feed rate is represented by the dashed line 
for the example of the core diameter factor of 0.7.

Figure 3 shows that a variation of the feed rate only 
means a change of the absolute values of Q’w. Also, a 
higher cut of depth increases the amount of the values 
of Q’w, but does not influence the course of Q’w over the 
grinding wheel width. When considering the core diam-
eters an additional change in the course of the curves 
can be seen. However, the curves are qualitatively com-
parable. By considering a relative course of Q’w related 

to the respective maximum value, a superposition of the 
curves results, shown in Fig. 3.

The previously spaced courses of Q’w are then nearly 
congruent. It is possible to make this adjustment 
because a higher initial value of Q’w increases the over-
all amount of wear but does not affect its progression 
across the grinding wheel width. This allows the devel-
opment of a graded grinding tool which can be used for 
all investigated end mill cutter geometries at the same 
time if the condition of congruence of the curves is ful-
filled. The increased amount of wear at a higher depth 
of cut can be counteracted by adapting the feed rate.

To develop a model for wear levelling, the grinding 
tool must first be divided into a defined number of seg-
ments i. Until now, only the production of discontinuous 
gradients is possible in manufacturing. For this reason, 
the grinding tool must be subdivided along the grinding 
wheel width into segments that can be implemented 
in terms of manufacturing technology. To adjust the 
load per abrasive grain, it is necessary to know how 
many abrasive grains are in a certain segment i. This 
is described by the area-related number of grains  NA,i. 
It provides information about the number of abrasive 
grains per unit area, but not about their shape and size. 
The area-related number of grains is calculated accord-
ing to the model of Friemuth in Eq. 2 [14].

To calculate  NA,i of the respective segment i, the grain 
size  Di, the grain concentration  Ci, and the density of 
diamond has to be considered. The grains are treated 
simplified as spheres. The first step is to calculate  NA,i in 
the segment of the grinding wheel at which Q’W has its 
maximum. In this segment, the load per abrasive grain 
is the highest. This segment is defined as the initial seg-
ment (i = 1). To calculate the initial value, the grain con-
centration and the grain size must be specified for seg-
ment 1, which are summarized in  NA,1. Thus, the grinding 
tool specific constant B is calculated according to Eq. 3:

The values for B of different grinding wheels are 
shown in Table 1.

Used in conjunction with Eqs. 2 and 3 B is used to 
calculate the necessary grain concentration, or grain 
size, for all further segments of the grinding tool (i > 1) 
to keep the local related material removal rate per abra-
sive grain constant:

(2)NA,i =
Di

2

Ci

� ⋅ VGrain, i
=
Ci

D
2

i

3

� ⋅ �

(3)B =

Q
�

w,1

NA,1

= const.

Fig. 3  Simulated related material removal rate for flute grinding of 
end mill cutters and the calculated relative curves
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The gradient calculated with the model is shown in 
Fig. 4 for a grain size and a grain concentration gradient. 
A grain size of D46 and a grain concentration of C100 were 
set as initial values to calculate B. As values for Q’w the pre-
viously considered simulation results for a core diameter 
of k = 0.7 and the process parameters described in chap-
ter 2.2 were used.

Figure 4 shows three possibilities to develop a gradient. 
First a grain concentration gradient can be applied. The 
concentration gradient can be adjusted in any small step 

(4)Ci = Q
�

W,i
⋅ D

2

i
⋅

�Π

3
⋅ B

by the mixing ratio of grain and bond material, restricted 
by limitations of manufacture. Secondly, a gradient can be 
applied by varying the grain size. A reduction of the grain 
size at a constant concentration increases the area-related 
number of grains. The approach is limited by commercially 
available grain and mesh sizes. The result is a gradient with 
a scatter band (see Fig. 4). The third possibility is a hybrid 
gradient as a combination of grain size and concentration 
variation. This gradient shows the smallest global differ-
ences between grain size and grain concentration along 
the grinding tool width. Reduced global differences ensure 
a more uniform grinding behaviour. For all three types of 
gradients, the segment width that can be produced is 
decisive. The smallest possible segment width that could 
be practically implemented was assumed as 1 mm. Based 
on the results shown in Fig. 4, three gradients were deter-
mined, which were manufactured by the grinding tool 
manufacturer Dr. Müller Diamantmetall AG. These gra-
dients are shown in Table 2. The numbers of the graded 
grinding wheels on the left column of Table 2 are used in 
the following figures to identify the grinding wheels.

These grinding tools are evaluated in the following 
chapters regarding their wear behaviour and the quality 
of the milling tools. The limitation of the minimum manu-
facturable segment width leads to differences between 
the targeted number of grains and the number of grains 
in the segments of the produced grinding tool.

Figure 5 shows that the differences between the simu-
lated concentration gradient and the produced gradient 
are very high at the transitions between the segments.

4  Influence of the gradient on the wear 
behaviour

The results of the wear investigation are presented in the 
following section. These were carried out as described in 
chapter 2 with the two not graded and the three graded 
grinding tools according to the design from Chapter 3. Fig-
ure 6 displays the results of the calculated radial wear over 
the grinding wheel width.

Table 1  Values for the grinding 
tool specific constant B

First segment i = 1

C1 D1 NA,i B

C80 D46 90.52 0.1895
C100 D46 113.14 0.1516
C100 D54 82.10 0.2089
C125 D54 102.63 0.1671

Fig. 4  Possible grain size and grain concentration gradient

Table 2  Gradients of the 
used grinding wheels. Grain 
concentration and grain size 
are specified according to FEPA 
standard
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Two observations can be drawn from the consideration 
of the non-graded grinding wheels. On the one hand, the 
course of the radial wear over the grinding layer width cor-
responds qualitatively to the simulated course of the asso-
ciated related material removal rate. However, it can be 
observed that the negative course in the range between 1 
and 2.5 mm of the grinding layer width is higher than the 

corresponding course of the related material removal rate. 
This can be explained by not considering the influence of 
thermal load, which is difficult to simulate for flute grind-
ing so far, or further geometric influencing factors. Fur-
thermore, the geometric contact length also varies along 
the grinding wheel width. This influences  hcu, which has 
an influence on the forces acting on the abrasive grains. 
As a result, radial wear increases disproportionately to 
Q’w. On the other hand, it shows that a higher grain con-
centration reduces wear for the application considered. 
That effect refers to a more uniform load distribution at 
higher grain concentrations, decreasing the total load per 
grain by a reduced single grain chip thickness. However, 
an increase in grain concentration is limited by a bond 
system-dependent percolation threshold given through 
the reduction of grain retention by the bond due to a 
high abrasive grain volume fraction [15]. These obser-
vations show that wear is influenced by adjusting the 
grain concentration. Figure 7 shows that increasing the 
grain concentration reduces radial wear. The diagram on 
the right side of Fig. 6 illustrates the radial wear curves 
of the three graded grinding tools. The wear behaviour 
of these tools differs from that of the non-graded tools, 
which have a geometry-dependent wear behaviour. The 
graded grinding wheel #1 with the grain concentration 
gradient shows a low radial wear in the first segment 
(0–1 mm), followed by a clear increase in the following 
two segments (1–3 mm). The cause is the large difference 

Fig. 5  Comparison between the manufactured and the simulated 
grain concentration curve

Fig. 6  Radial wear over the grinding wheel width
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in concentration between the two sections (C125 to C110). 
At this point, radial wear is increased in the range of 1 mm 
up to 2.5 mm of the grinding wheel width.

In these segments, the load on the grinding tool is 
highest and the relative difference of the concentration is 
most pronounced. Therefore, the influence of this effect 
is reduced with decreasing  lg and Q’w. Since no repeat 
measurements are possible due to the time-consuming 
experimental effort, a scattering of the measurement 
results cannot be excluded. It can be stated that for a 
smoother transition smaller concentration steps must be 
applied. Considering this, the hybrid graded wheels #2 and 
#3 (Table 2) were designed. In these, a step in the grain 
concentration also occurs between segments 1 and 2, but 
this is countered by the adjustment of the grain size.

For the grain concentration gradient, the difference in 
grain concentration is at C45, while for the hybrid gradi-
ents, the differences are at C35, and C30, respectively. This 
corresponds to a 22 to 33 percent reduction in grain con-
centration differences. Due to the influence of the grain 
concentration on the grinding forces, a reduction of the 
force differences over the grinding wheel width compared 
to the concentration gradient can also be expected. When 
analyzing their curves in Fig. 4 both show a similar behav-
ior. Beside the sections from 0 to 2 mm of the grinding 
wheel width with the highest radial wear, the radial wear 
behavior in the remaining sections is more uniform. This 
area demonstrates the necessity of adding a factor to the 
model created in Chapter 3 (Eq. 4) to consider thermal 
loads for optimizing the grinding tool.

In particular, the thermal load often defines the process 
limits in flute grinding and can thus be associated with the 
strong increase in wear in the area of a high depth of cut 

[16]. A purely experimental approach can iteratively lower 
the wear in these areas by increasing the grain concen-
tration, as shown in the results of the ungraded grinding 
wheels, too. Apart from this, it also shows that a reduction 
of the wear difference is possible by adjusting the area-
related number of grains to the local related material 
removal rate according to formula 4.

Figure 8 shows the maximum difference in radial wear 
for all grinding tools used. It gives an overview of the 
extent to which the grinding tools manufactured accord-
ing to the model introduced in chapter 3 were able to level 
out the wear over the grinding layer width.

Compared to the non-graded grinding wheel (C125, 
D54) with a maximum height difference of 29.99 µm, the 
graded wheel (#3) has a height difference of 14.41 µm 
and thus a wear difference reduction of about 51.95%. 
The grinding wheel #2 enables a reduction of the differ-
ence of 46.44% in comparison to the reference grinding 
wheel. Compared to the hybrid gradients the concen-
tration gradient (wheel #1) provides just a small level-
ling of about 17.14%. This shows that Eq. 4 is a potential 
approach to derive gradients regarding the number 
of grains in order to level the wear behaviour over the 
grinding tool width in an application-specific way. How-
ever, it also shows that there is still further potential for 
optimization since further repeat tests are necessary and 
other influencing variables, such as thermal load, must 
also be taken into account. To analyse the influence of 

Fig. 7  Influence of grain concentration on radial wear

Fig. 8  Absolute radial wear differences for the investigated grind-
ing wheels
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the gradients on the grinding layer surface topography, 
images are taken after processing.

Figure 9 shows surface segments of the used grind-
ing tools. On the one hand, the greater wear difference 
can be seen for the non-graded grinding tools. On the 
other hand, it can be seen that in the wear-intensive 
areas (segments from 0 to 2.5 mm), the surfaces appears 
more fragmented than in the areas with lower wear. This 
indicates a change in wear mechanisms between the 
described zones. Furthermore, the observation of the 
graded grinding wheels shows that this difference is 
much less pronounced. For grinding wheel #1, the tran-
sition zone from the edge zone with the high concentra-
tion C125 to the concentration C110 can be observed 
in terms of the significant increase in radial wear. This 
results from the issue that the segment width is prede-
fined to 1 mm by the manufacturing process and thus 
the significant change in load in the area of the grinding 
tool edge cannot be reproduced sufficiently. By increas-
ing the concentration from C110 to at least C115, this 
effect can be reduced. From this, it can also be stated 
for future designs that the concentration differences 
must be kept as small as possible in order to minimize 
such sudden changes in radial wear, as this increases the 
radial wear difference. Grinding wheel #3, however, has 
a zone of 2.5–7.5 mm in the central area of the grinding 
layer, in which the wear is low, and a cutting-friendly 
topography in the form of grain protrusions, a low radial 
wear difference and no weld build-ups can be seen.

5  Analysis of the cutting edge quality

To be suitable for industrial use, the graded grinding tools 
must prove that they do not reduce the workpiece quality, 
such as the cutting edge rounding, or the roughness of the 
rake face or flank of the carbide cutters due to the altered 
abrasive layer properties. As described in chapter 2, for 
the evaluation of the deep groove grinding, especially the 
chipping of the cutting edge is used to describe the pro-
cess quality [10]. Figure 10 shows the results in the form 
of the arithmetic mean roughness Ra.

By considering Fig. 10 it can be recognized that lower 
radial wear in the area of the grinding tool edge can 
reduce chipping while otherwise maintaining the same 
abrasive layer properties. This can be observed when com-
paring the reference grinding wheel (C125) to the graded 
grinding wheel #1. This can be the result of more uniform 
engagement conditions between the grinding wheel and 
the workpiece as well as less breakouts in the grinding 
layer. This also apparent when studying at the topogra-
phy images in Fig. 9, in which the non-graded grinding 
wheel (C125) shows more breakouts in the range of 0 to 
1 mm grinding wheel width. Therefore, higher grinding 
tool stability at the edge due to the gradient can improve 

Fig. 9  Surface segments of the grinding wheels after operation

Fig. 10  Average roughness of the end mill cutter cutting edges 
after grinding for the grinding layer parameters concentration and 
grain size at the grinding wheel edges
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the application behaviour [17]. Furthermore, as expected, 
reduced grain size reduces the roughness. Smaller grain 
protrusions result in a reduced roughness depth on the 
workpiece surface. However, reducing the grain concen-
tration (grinding wheel #3 against #4) increases the chip-
ping again, as expected, since this increases the single 
grain chip thickness [12, 18]. The effect of the grain size 
outweighs the influence of the grain concentration at a 
constant area-related grain number. This can be seen from 
the comparison of grinding wheels #1 and #2. Grinding 
wheel #2 has a lower concentration (C100) then grinding 
wheel #1 (C125) which should increase the roughness. But 
the smaller grains of #2 (D46) in comparison to #1 lead 
to a decreased roughness despite of the concentration 
effect. It can be deduced, that a hybrid gradient with a 
smaller grain size in the grinding wheel edge area leads 
to a decreased cutting edge roughness, despite the lower 
grain concentration.

6  Conclusions

The results show that wear is influenced by the area-
related number of grains. It was shown that a model can 
be derived to design a gradient which reduces the wear 
depending on the local related material removal rate. The 
grinding studies have shown that the hybrid gradient lev-
els the wear better than a pure concentration gradient. 
This is due to a smaller difference in the abrasive prop-
erties due to concentrations and grain size of the hybrid 
gradient compared to the grain concentration gradient. 
Likewise, the hybrid gradients have been shown to reduce 
the cutting edge roughness in the considered application. 
From this it can be deduced that the model can be used to 
design a uniformly wearing grinding tool for a pre-defined 
cutter geometry. Furthermore, it was demonstrated that 
the wear behaviour decreases with increasing area-related 
number of grains and that there is a limitation due to 
structural failure at a bonding property depending on per-
colation threshold. High concentrations as well as strongly 
reduced grain sizes lead to increasing grinding forces. 
This leads to an increasing thermal load and, depending 
on the level of this, to increasing radial wear. The gradi-
ent reduces the global number of grains. This can also be 
expected to result in lower grinding forces and thus tem-
peratures, which can be the subject of future investiga-
tions. However, due to the large local differences in the 
grinding forces, stresses can be caused within the grinding 
tool, which in turn endanger the intactness of the abrasive 
layer. It can be assumed that there is a tipping point spe-
cific to the grinding wheel and the operation, from which 
too high a number of grains or too small abrasive grains 
increase wear instead of reducing it. Possible influencing 

factors on this tipping point can be the bonding strength, 
the abrasive size and concentration as well as the coolant, 
the geometrical parameters of the end mill cutter and the 
process parameters. The presented model was primarily 
developed to design grinding tools for the analysed cutter 
geometries and to validate this for the presented appli-
cation. For this purpose, all influencing variables apart 
from the abrasive layer properties were deliberately left 
constant in order to be able to qualitatively evaluate the 
effect of the gradients on the wear and thus the influence 
and implementation of the model. The process was there-
fore intentionally not varied, as this is expected to have 
an influence on the global wear behaviour. However, this 
can also be adapted depending on the grinding tool. This 
is therefore an approach for further research projects to 
adapt and extend the present model, but does not affect 
the validity in the present case. The aforementioned opti-
mization potential is particularly evident in areas with 
especially high radial wear. This potential can be utilised 
by extending the introduced model through knowledge 
of further influencing factors on wear along the grinding 
wheel width or by an iterative approximation. The inves-
tigations have shown that the model allows the design of 
grinding wheels with a measurable reduction in wear dif-
ferences (up to 51.91%), thus providing a validated start-
ing point for load-adapted grinding wheel design. Based 
on the presented model, optimization approaches for the 
model are shown. The development of an adapted manu-
facturing process for smoother steps in the concentration 
and grains size along the grinding layer offers further 
possibilities for an improvement of the wear behaviour. 
Therefore, a map of the grain size and grain concentration 
gradient in the grinding tools are necessary to evaluate 
the transitions between the discrete zones of area-related 
grain numbers. This would make the implementation in 
manufacturing closer to the simulated gradient. A reduc-
tion of error sources due to the jump points between sim-
ulation and reality would thus be achieved. As a result, 
further refinements of the model can be carried out on 
this basis. Based on the results of this investigation the 
following conclusions can be drawn:

• It is possible to achieve a more balanced wear behav-
iour due to the introduced model for load-adjusted 
grinding wheel design.

• The reduction of the wear difference is up to 51.91% 
compared to a grinding wheel without load-adjust-
ment.

• The model therefore contributes to a knowledge-based 
design for graded grinding wheels.

• Grain concentration and grain size directly influence 
the occurring wear during deep grinding. The results 
show that there is a maximum (percolation threshold) 
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in grain concentration due to structural bonding fail-
ure.

• Due to smaller grain sizes in the area of the grinding 
wheel edge, the cutting edge roughness could be 
reduced.

• The results show there are more influencing factors that 
have to be considered for further improvements of the 
model. These are the cutting speed, the contact length, 
and the thermal load.

• The presented model provides a basis for a knowledge-
based design of graded grinding wheels. However, 
further investigations on the influence of other factors 
on the wear behaviour of grinding wheels during deep 
grinding as well as an adaptation and analysis of the 
manufacturing process are recommended in order to 
achieve further improvements and to be able to ensure 
the transferability to other tool grinding processes as 
well as to industrial applications.
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