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Abstract
Grinding the flutes of cemented carbide end mill cutters results in high and uneven radial wear of the grinding wheel. This 
is a consequence of the varying geometrical contact conditions over the grinding wheel width. Decreased manufacturing 
accuracy regarding the tool target geometry is the consequence. To compensate for this, the dressing intervals must be 
shortened. High non-productive times and an additionally reduction of the grinding layer results from this. The higher 
non-productive times reduce the productivity of the grinding process and, in conjunction with the shorter lifetime of 
the grinding tool, thus increase the costs per work piece. It has already been shown that load-adapted grinding wheels 
can reduce uneven radial wear up to 50%. The adaptation of the wear behaviour to non-uniform engagement conditions 
causes non-uniform radial wear to occur again under uniform engagement conditions. Uniform engagement conditions 
occur during grinding wheel sharpening. Therefore, the present study investigates the influence of sharpening on the 
grinding tool topography. For this purpose, sharpening tests are carried out on four differently graded grinding wheels. 
For comparability, the tests are also carried out on two non-graded grinding wheels. In the present work, the surface 
parameters are evaluated with regard to their suitability for analysing the sharpening condition of graded grinding 
wheels. The grain protrusion derived from this is subsequently used for evaluation. For this, a dependency on the grain 
concentration is proven and the grain protrusions are shown over the grinding wheel widths. From this, sharpening 
parameters are determined that enable reproducible sharpening of graded grinding wheels.

Article highlights
•	 Evaluation of surface parameters to determine the 

grain protrusion of graded grinding wheels
•	 Validation of the influence of graded grinding wheels 

on the sharpening process

•	 Establishing a procedure for sharpening graded grind-
ing wheels

Keywords  Sharpening · Grinding wheel topography · Deep grinding · Graded grinding tools · Hybrid-bond grinding 
wheels
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b	� Grinding wheel width in mm
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vf	� Feed rate in mm/min
Zm	� Average grain protrusion in µm

1  Introduction

Cemented carbide tools, such as end mill cutters, are used 
in many fields of application. These include the automo-
tive industry, aerospace, medical technology and electrical 
engineering [1]. In these fields of application, the end mill 
cutters must meet high standards with regard to manu-
facturing accuracy, due to the influence on the application 
behaviour of the tools by the quality of the flute [2, 3]. 
Thereby, the quality of the flute is mainly affected by the 
flute grinding, which, however, is particularly demanding. 
This is due to the fact that flute grinding causes a high 
thermo-mechanical load on both the tool and the work-
piece. Especially when grinding cemented carbide, this 
leads to high wear on the grinding tool [4, 5]. In addition, 
due to the different engagement conditions during flute 
grinding, uneven loads on the grinding tool result across 
its width [6]. Until now, this has been counteracted by 
reduced dressing intervals in order to ensure the contour 
accuracy of the grinding tool. One consequence of this are 
higher downtimes of the process and shorter lifetimes of 
the grinding tool due to the additional wear caused by 
dressing. By using graded grinding wheels, a reduction of 
the radial wear difference by up to 50% and thus higher 
expected lifetimes of the grinding tools could be shown 
in previous investigations [7]. The grinding wheels were 
modified by adapting the number of grains to the local 
load. A larger number of active cutting edges reduces the 
thermo-mechanical single grain load and thus also the 
wear [8, 9]. The correlation between wear and number of 
grains has already been the subject of other investigations. 
A higher number of abrasive grains reduces the radial wear 
caused by the grinding process due to a lower single grain 
load. This effect is limited by the properties of the bond 
used. Above a so-called bond-specific percolation thresh-
old, the grain retention forces are so strongly reduced by 
a further increase in the number of abrasive grains a pre-
mature break-out of the grains occurs [10, 11]. By adapting 
the number of grains to the locally occurring loads, it is 
therefore possible to optimise the wear behaviour of the 
grinding tools. However, this also influences the behaviour 
during dressing. This includes the profiling and sharpening 
of these grinding tools. As a result of the gradients, shape 
deviations can occur in profiling processes of grinding 
tools with zones of different grain numbers [12]. There-
fore, process parameters were elaborated that enable the 
profiling of the graded grinding wheels without deviations 
in shape [13]. In the present work it is shown how a uni-
form grain protrusion for graded grinding wheels can be 

achieved starting from uniform contours. The grain protru-
sions to be achieved should be in a range between 30 and 
50% of the grain size [14, 15]. In order to achieve this, the 
influence of the infeed during sharpening on the grinding 
wheel topography will be investigated in the following, as 
it can be assumed that the infeed has the greatest influ-
ence on resetting the bond. To evaluate the sharpening 
process, the average grain protrusion Zm, the skewness 
Ssk, the kurtosis Sku and the arithmetical mean height 
Sa of the topography images of the grinding wheels after 
sharpening are analysed and compared. From these, the 
most suitable parameter for evaluation is determined. The 
influence of the infeed during the sharpening of graded 
grinding wheels is evaluated by observing the progression 
of the grain protrusions over the corresponding grinding 
tool width. Following the procedure, the paper is struc-
tured as follows: In the next section, Sect. 2, the materi-
als used, the experimental procedures and the evaluation 
methodology are presented. This is followed by the results 
in Sect. 3 beginning with the influence of the sharpening 
depth on the surface parameters of the abrasive layers. 
This is followed by an examination of the grain protrusion 
curves over the grinding wheel width. Section 4 summa-
rises and discusses the results.

2 � Materials and methods

The sharpening tests were carried out on a Geibel & Hotz 
type 840 KT CNC precision grinding machine. The cooling 
lubricant used was Variocut G 600 HC oil from Castrol. A 
SiC roll from the company Seco Tools was used to profile 
the grinding wheels. The specification was 39C 120 JVS 
with a dimension of 150 × 25 × 52 mm. The feed rate vf 
was 1,500 mm/min and the speed ratio qd − 0.5. The total 
infeed ae, tot was set at 400 µm with an individual infeed ae 
of 5 µm. The cutting speed vc of the grinding wheel was 
20 m/s. These values correspond to the results of previous 
investigations and enable a uniform initial topography 
[14]. This is necessary to be able to compare the state of 
sharpness without an influence by the profiling process. 
The experimental setup is shown in Fig. 1.

Ceramic bonded white corundum sharpening stones 
of the specification WA 150 G6V 150 × 25 × 25 mm from 
the Winter Company were used for sharpening. The feed 
rate vf was 50 mm/min, the cutting speed vc 7.5 m/s and 
the infeed ae was varied in steps of 100, 200 and 2000 µm. 
Images of the topography of the grinding wheel surface 
were taken at three points at 120° intervals along their 
circumference. In each case, the entire width of the grind-
ing wheel was measured at the selected points. This cor-
responds to a measurement area of 1.68 × 10 mm. The 
images were taken using a Confovis TOOLinspect confocal 
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microscope from Confovis Company. For the evaluation 
of the images, the software Mountainsmap from the 
company Digital Surf was used. The grain protrusion was 
determined from the resulting images on the basis of sur-
face-related roughness parameters. The roughness values 
corresponds to DIN EN ISO 25178-2. An Abbott curve was 
generated from each topography map. The average grain 
protrusion Zm is derived from this curve. This starts at the 
height of the cut plane of the area material fraction of 90%, 
lying above the height of the bond. According to the sur-
face parameters, this corresponds to the area between 
the reduced valley depth (SvK), which corresponds to the 
average depth of the grooves intruding into the material 
from the core, and the average grain protrusion. Figure 2 
shows how the mean grain protrusion is calculated from 
the Abbott curve of a topography map.

Furthermore, the arithmetic average roughness Sa, 
the skewness Ssk, which corresponds to the asymmetry 
of the material proportion distribution of the profile, and 
kurtosis Sku, which corresponds to the steepness of the 
profile, were considered. Figure 3 shows how the skewness 
Ssk and the steepness Sku describe the topography of a 
grinding wheel. The skewness Ssk can indicate whether 
a topography is characterised by pores (Ssk < 0) or peaks 
(Ssk > 0). For grinding wheels, a combination of both is 
the case, which is why a value around 0 is to be expected. 
When the Ssk is 0, the ratio of pores to peaks is balanced. 
A grinding wheel with a high abrasive grain density will 
therefore tend to have higher values than a grinding 
wheel with fewer abrasive grains, or peaks. Also, a grinding 
wheel can be expected to have a more negative value after 
operational use. The kurtosis Sku, however, describes how 
pronounced the peaks of a topography are. With this, the 
sharpness of the cutting edges of the abrasive grains can 
be evaluated. A value greater than 3 is to be expected and 
targeted here. According to the operational behaviour, a 

value below 3 is to be assumed, as this describes dulled 
peaks. The grain shape may also influence these values.

The tests were carried out with grinding wheels from 
the grinding tool manufacturer Dr. Müller Diamantmetall 

Fig.1   Setup for the sharpening investigations

Fig. 2   Calculation of the mean grain protrusion from the Abbott 
curve of a topography map

Fig. 3   Description of surface parameters Ssk and Sku
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AG. These grinding wheels correspond to a 1A1 geometry 
with a bond height of 6 mm, a width of 10 mm and a diam-
eter of 100 mm. Diamonds were used as abrasive grains 
and a hybrid bond of metal and resin as bond material. 
Two grinding wheels with constant bond properties were 
used as reference grinding wheels. These differ in grain 
concentration and grain size. The grinding wheel with the 
designation NG100 has a grain concentration of C100 and 
a grain size of D46. The NG125 grinding wheel has a grain 
concentration of 125 and a grain size of D54. This is com-
pared to four graded grinding wheels. A grain concentra-
tion gradient (designated CG) and a grain size gradient 
(designated DG), each with two different initial concentra-
tions, C100 and C125, were investigated. The compositions 
of the graded wheels are shown in Table 1. The profiling 
of the grinding wheel was carried out on the basis of the 
findings in [14] to achieve a reproducible and uniform con-
tour of the grinding wheels. This is used in each case as the 
starting situation for the sharpening process so that the 
grain protrusion is not influenced by the profiling.

3 � Results

3.1 � Influence on the depth of sharpening

The infeed during sharpening is to be considered one of 
the main parameters influencing the grain protrusion of 
grinding wheels. Therefore, a variation of this with other-
wise constant parameters is investigated in the following. 
The average grain protrusion Zm achieved is examined. 
Since grinding wheels have topographical character-
istics, this value is affected by fluctuations. However, a 
comparison with an otherwise constant bond allows a 
qualitative statement and a classification of the achieved 
grain protrusions. The grain protrusions with a variation of 

the sharpening infeed are shown in Fig. 4 for all grinding 
wheels considered. Table 2 shows all values of the average 
grain protrusions.

In green the range from 30 to 50% of the targeted grain 
protrusion is represented. This corresponds to the state of 
the art target range. It can be seen that when looking at 
the average grain protrusion, at an infeed of 2,000 µm, this 
is clearly too pronounced.

Such grain protrusion is due to disrupted surfaces, 
as the bond has been set back too much. In the opera-
tional behaviour, this would lead to heavy initial wear, 
as there are no longer enough bond backings to retain 
the abrasive grains within the bond. In contrast, with the 
infeeds of 200 and 100 µm, average grain protrusions 
occur in the expected range. Sharpening with an infeed 
of ae = 200 µm leads to slightly higher average grain pro-
trusions due to the higher contact length compared to 
an infeed of ae = 100 µm. With this, the results are at the 
lower limit of the target for the grain protrusions (green 
area in the picture). Furthermore, it can be observed that 
higher grain concentrations lead to higher average grain 
protrusions. The result is a consequence of the evalua-
tion methodology and not of the actual grain protru-
sions. This is a consequence of the evaluation method-
ology and not of the actual grain protrusions, because 
the Abbott curve determines the grain protrusions on 
the basis of the differences in the area fractions. With 
a higher grain concentration, the ratio of grain protru-
sions to the material, the bond, amount increases. The 
grain protrusion thus seems to increase. This effect must 
be taken into account in the following investigations of 
the grain protrusions over the grinding wheel width. An 
examination of the results shows that the resulting aver-
age grain protrusion is not influenced by the gradients. 
As with profiling, the dependence on the process param-
eters is more decisive. Therefore, an infeed of at least 

Table 1   Gradients of used grinding wheels

grinding wheel width b in mm

# 0 - 1 1 - 2 2 - 3 3 - 4 4 - 5 5 - 6 6 - 7 7 - 8 8 - 9 9 - 10

CG100 C100 C90 C90 C80 C80 C70 C70 C60 C60 C60

D54 = const.

CG125 C125 C110 C110 C100 C100 C90 C90 C80 C80 C80

D54 = const.

DG100 C100 = const.

D46 D46 D54 D54 D64 D64 D76 D76 D91 D91

DG125 C125 = const.

D46 D46 D54 D54 D64 D64 D76 D76 D91 D91
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200 µm should be used for the grinding wheels exam-
ined during sharpening. Figure 5 shows the influence of 
the sharpening infeed on the average grain protrusion 
and the arithmetic mean roughness Sa. For the infeed 
of 200 µm, a representation of the course of this over 
the grinding wheel width follows in the diagram below.

An analysis of the arithmetic mean roughness shows 
that it has only slight deviations independent from the 
infeed. These are in the range of less than 4.5 µm. This 
can also be seen when considering their distribution 
over the grinding wheel width (blue dots). An evaluation 
of the sharpening condition is therefore not applicable 
on the basis of this parameter. In contrast, the average 
grain protrusion shows the previously described differ-
ences between the infeeds. The fluctuations and differ-
ences can also be identified more accurately over the 
grinding wheel width. Figure 6 shows the influence of 
the sharpening infeed on the skewness Ssk and the kur-
tosis. For the infeed of 200 µm, a representation of the 

course of this over the grinding wheel width follows in 
the gain in the diagram below.

The skewness Ssk and the kurtosis Sku of the profile 
are shown on the right. An evaluation of the skewness 
shows values that fluctuate around 0 to -1. Thus, there is a 
balanced profile with regard to the distribution of valleys, 
plateaus and peaks. At a sharpening infeed of 200 µm, the 
skewness is more negative. This is an indication of a profile 
with a high proportion of peaks and thus corresponds to a 
grinding wheel topography with a high cutting ability. This 
is particularly evident in the area of the grinding wheel 
edges. There, the bond has a lower mechanical strength 

Fig.4   Influence of infeed on grain protrusions

Table 2   Average grain protrusions of the grinding wheels after 
sharpening

Grinding wheel Infeed ae

100 200 300

CG100 31,29 20,43 21,01
CG125 45,65 20,33 26,34
DG100 46,75 27,46 20,21
DG125 53,89 27,36 23,73
NG125 66,43 26,05 28,44
NG100 42,84 21,74 24,73

Fig. 5   Influence of sharpening on Zm and Sa of reference grinding 
wheel NG100
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due to the geometry and the bond re-setting is easier. The 
observation of the kurtosis shows the highest values at the 
infeed of 200 µm. A high value of the kurtosis is an indica-
tor of pronounced peaks and valleys. This is advantageous 
for the cutting ability of a grinding wheel, as it indicates 
sharp abrasive grains and sufficient pore space. With the 
exception of the left edge area, the kurtosis is evenly dis-
tributed across the width of the grinding wheel. Further-
more sections of the original topography images of the 
sharpened surfaces of grinding wheel NG125 are shown in 
Fig. 7. There the differences between the used infeed rates 
were most pronounced and therefore the different states 
of the grinding wheel topographies are clearly visible.

The topography images give a qualitative insight to 
the previously described effects. Sharpening with an 
infeed of 2000 µm is leading to a ruptured surface with 
pronounced valleys. The high levels of grain protrusions 
are not corresponding to real grain protrusions but a 
consequence of long bond ridges on the surface of the 
grinding layer. That again is corresponding to low val-
ues of the skewness, less pronounced peaks. Compared 
to the infeed of 2000 µm the smaller infeeds show the 
expected surfaces for grinding layers. There are several 
separated grains with connected bond ridges visible. 
So the smaller infeeds are better for resetting the bond 
without in the necessary small amount for not damag-
ing the surface. By comparing the infeed of 100 µm wit 
200 µm it can be seen that the higher infeed leads to 
more pronounced grain protrusions. That again is in an 
agreement with the observations from Fig. 4.

In summary, it can be stated that a qualitative state-
ment about the abrasive layer topography within a 
bond system can be made on the basis of the average 
grain protrusion. A particular advantage is the sensitiv-
ity when considering the progression over the grind-
ing wheel width. The arithmetic mean roughness is not 
suitable for providing a prediction. With regard to the 
kurtosis and the skewness, it is reasonable to consider 
these as an averaged value for the entire abrasive layer 
width in order to increase the significance of the average 
grain protrusion, or to detect inaccurate evaluations due 
to clogged topographies. However, a spatially resolved 
observation of these is suitable with regard to the sharp-
ening condition of graded grinding wheels. Therefore, in 
the following, the courses of the average grain protru-
sions over the grinding wheel width are discussed.

Fig. 6   Influence of sharpening on Ssk and Sku of reference grind-
ing wheel NG100

Fig. 7   Topography image sections of grinding wheel NG125
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4 � Course of the grain protrusions 
over the grinding wheel width

For the use of graded grinding wheels, compared to 
non-graded grinding wheels, it is not only necessary to 
consider the average grain protrusion as a global value, 
but also spatially resolved. This is shown in the following 
figures for the most promising sharpening parameters 
(ae = 200 µm; vf = 50 mm/min, vc = 7.5 m/s). Figure 8 shows 
the progression of the average grain protrusion over the 
grinding wheel width for the non-graded reference wheels 
NG125 and NG100 in order to indicate process-related 
deviations.

The observation of the curves shows that the grain pro-
trusions deviate slightly. With a lower grain concentration 
and grain size, the average grain protrusion varies from 
21.4 to 29.1 µm. For the NG125 grinding wheel, the varia-
tions are in the range of 29.8 to 32.1 µm. Due to the higher 
number of abrasive grains, it can be assumed that wear 
occurs more evenly due to the lower individual grain load. 
This has already been shown in the profiling of the grind-
ing wheels [14]. For both grinding wheels considered, the 
grain protrusions are in the range of 30 to 50% of the grain 
size. Figure 9 illustrates the course of the graded wheels 
with grain concentration.

It is evident that both grinding wheels exhibit incre-
ments in the average grain protrusions. The highest mean 
grain protrusions are located in the area of the highest 
grain concentration. This is consistent with the findings 
from the analysis of the influence of the infeed on the 

mean grain protrusion. The effect here is due to a combina-
tion of the influence of the material fraction of the Abbott 
curve and a more uniform single grain loading. The former 
causes more grains to be present in the bond, which can 
cause protrusion. Thus, the material fraction of areas that 
can be located above the bond level Svk increases. Due to 
the latter, a lower number of grains can be assumed to be 
broken off. The two effects can be seen when comparing 
two grinding wheels with identical grain size but differ-
ent grain concentration. With the grinding wheel CG125, 
higher grit concentration compared to CG100, the course 
is comparable to CG100, but starts at a higher level. An 
analytical observation shows that the difference in the 
grain protrusions is associated with the factor of the dif-
ference in the grain concentration in a segment to the 
maximum grain concentration. This dependence can be 
described by Eq. (1):

Zm(Ci) represents the grain protrusion within a segment 
i for its grain concentration Ci. In contrast, Zm(Cmax) cor-
responds to the grain protrusion in the segment with the 
highest grain concentration. From this formula, depending 
on the grain concentration C125, the theoretical course of 
the grain protrusion can be described as a function of the 
number of grains. This is shown in Fig. 10 by the red line.

The figure shows that the experimentally determined 
values are in good agreement with the calculation. From 
this it can be deduced that the grain protrusion achieved 
with a constant sharpening process is directly dependent 

(1)Z
m
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C
i

)

= Z
m

(

C
max

)

C
i
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Fig. 8   Course of average grain protrusion for non-graded grinding 
wheels

Fig. 9   Course of average grain protrusion for grinding wheels with 
grain concentration gradient
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on the volume fraction of abrasive grains in the abrasive 
layer. It can therefore be assumed that the amount of indi-
vidual grain protrusion remains the same, but the aver-
age grain protrusion varies. As a result of the fact that the 
grain protrusions achieved are due to an increase in the 
surface proportions and all average grain protrusions are 
within the target range, it can be assumed that the grind-
ing wheels are usable despite the deviations. The grinding 
wheels with a grain size gradient show a more pronounced 
influence on the average grain protrusions. This is shown 
in Fig. 11.

The observation shows, as in the cases described above, 
that a higher grain concentration also results in higher 
grain protrusions. In the case of the DG125 grinding wheel, 
the level of grain protrusion is basically higher than in the 
case of the DG100. This is again due to the increased sur-
face area and its influence on the average grain protru-
sion. The effect of the grain size is nevertheless clearly 
recognisable. With an increase in grain size, the average 
grain protrusion also increases. An increased grain size also 
increases the proportion of the grain that is surrounded 
by the bonding matrix. This allows higher protrusions 
to be realised without the grain break-out. This effect is 
demonstrated by the curves of the average grain protru-
sions. In addition, it becomes clear that despite the varying 
target ranges for the average grain protrusions, these are 
adhered to in almost all areas. The grain size does not influ-
ence the process result with regard to the grain protru-
sions to be achieved. By adjusting the process parameters 
to the bond, grinding wheels with a grain size gradient can 
thus be sharpened comparably to non-graded grinding 
wheels. In the case of even greater differences in the grain 
sizes than in the present case, a locally adapted sharpen-
ing strategy may nevertheless be necessary in order to 
ensure the necessary grain protrusions. With a tougher 

bond, this can also lead to insufficient grain protrusion in 
the case of grain size differences.

5 � Conclusions

In the present study it was shown that the average grain 
protrusion Zm determined by Abbot Curves is suitable for 
evaluating the sharpening process for graded grinding 
wheels across the width of the grinding wheel [16]. The 
reached grain protrusions for the infeeds of 100 µm and 
200 µm reached the, based on the introduction, neces-
sary grain protrusions of 30 to 50% of the grain sizes. It 
was demonstrated that a higher infeed does not further 
increase the grain protrusion but damages the surface of 
the grinding layer. That was visualized by example topog-
raphy images showing a high amount of valleys and bond 
ridges without grains. In other publications it has been 
found and discussed that the description of grinding 
wheel topographies on the basis of one parameter can 
often be sufficient for a qualitative comparison within a 
defined system, but that the consideration of other influ-
encing variables can significantly increase the significance 
[16, 17]. For example, the grain protrusion, as previously 
described, does not give any information about the shape 

Fig. 10   Dependence of grain protrusion on the grain concentration 
for the CG100 and CG125 grinding wheels

Fig. 11   Course of average grain protrusion for grinding wheels 
with grain size gradient
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of the protrusions, flat or sharp tips. Other studies have 
also shown that different grinding wheels and sharpening 
conditions lead to the same number of grains or protru-
sions, but that the frequency distribution, for example, 
can vary strongly [18]. Therefore, a detailed knowledge of 
the topography is important. That again can then be used, 
for example, to predict operational behaviour [19]. In this 
study it was demonstrated that looking at further surface 
parameters is useful to ensure a cutting ready surface. In 
combination with the averaged skewness Ssk and kurtosis 
Sku, the readiness for use of the grinding wheel can be 
determined with regard to the sharpening condition. With 
regard to the sharpening infeed, an influence of this on 
the resulting average grain protrusion could be demon-
strated. A higher infeed also increases the grain protrusion. 
An infeed of 100 µm was too low for the grinding wheels 
investigated, but with an infeed of 200 µm a sufficient 
average grain protrusion could be achieved. An infeed 
of 2000 µm resulted in an excessively disrupted surface. 
The possibility to adjust the sharpening process specifi-
cally and reproducibly is one of the advantages of block 
sharpening [16]. This process is therefore frequently used 
in practice, as it is easy to adapt it to the abrasive layer. 
Thus, in the case of more pronounced gradients, the result 
could be optimised by varying the feed rate if the grain 
protrusions are insufficient or too pronounced. A corre-
lation between the grain concentration and the average 
grain protrusion was also found. Higher grain concentra-
tions also result in higher average grain protrusions. This 
effect can be explained by the increased surface area of 
the grains. That is again another important fact consider-
ing the average grain protrusion for evaluating the sharp-
ening state of a grinding wheel. The results show that the 
grain protrusion is a good indicator for the success of the 
sharpening process but there is always a reference neces-
sary for a reliable statement about the operational suitabil-
ity of the grinding wheels. That again, together with the 
high amount of influencing factors on grinding wheels, 
makes comparisons with the state of the art difficult. How-
ever, for comparable grain sizes and bonding properties 
the findings can be used for an initial situation for similar 
experiments. In another study, it was shown for laser dress-
ing that variations in the grain protrusions for non-graded 
grinding wheels between 5 and 30 µm do not result in 
any negative effects on the grinding process [20, 21]. Most 
important is that the comparison within the investigated 
grinding wheels with a concentration gradient shows that 
the sharpening of the graded grinding wheels is possible 
like for conventional ones. In the case of the grain size, 
however, the increase in the average grain protrusion can 
be attributed to the improved grain tinting or the grain 
size itself. With graded grinding wheels, differences in the 
mean grain protrusion therefore occur along the grinding 

wheel width. However, it could also be shown that the val-
ues achieved are in the range of 30 to 50% of the grain 
size and the graded grinding wheels are therefore suitable 
for use. The present work therefore provides a basis for 
sharpening graded grinding wheels. Whether an adapted 
sharpening strategy is necessary for other bond systems or 
larger differences in grain size can be the subject of future 
research projects. In conjunction with the findings on pro-
filing graded grinding wheels [13], there is now a consist-
ent basis for knowledge-based dressing of metal-bonded 
graded diamond grinding wheels. Despite the fact that the 
gradations have effects on the profiling and sharpening 
behaviour, these effects are negligible. These effects are 
within acceptable tolerances or only affect the material 
proportions in the Abbot curve. The fact that the different 
grain concentration zones have no negative influence on 
the machined workpieces was also proven in two stud-
ies [7, 11]. Thus, the paper contributes to closing the gap 
between the preparation for operation and the operation 
behaviour of the graded grinding wheels under consid-
eration. The implementation of gradations is therefore 
also possible in an industrial environment without major 
adjustments and can enable an increase in productivity. 
Based on the results, the following conclusions can be 
drawn:

•	 For a known process the average grain protrusion is 
suitable for comparing the sharpening state of grinding 
wheels

•	 The average grain protrusion is influenced by topogra-
phy effects and the grain concentration.

•	 The influence of the grain concentration on the aver-
age grain protrusion is predictable on the basis of an 
equation and a known initial situation

•	 Connection the average grain protrusion with the 
skewness and kurtosis allows a more reliable statement 
on the topography without considering the topogra-
phy images

•	 Sharpening should be conducted with an as high 
infeed as necessary to reset the bond properly but as 
small as possible to avoid clogging or valley formation

•	 Sharpening of the investigated graded grinding wheels 
is possible in the same way as for non-graded grinding 
wheels
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