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Lead, especially micro lead, on ground shaft sealing surfaces has been an ongoing issue in 
sealing technology for many years. Now that suitable lead measuring methods have finally 
been developed, the scientific focus has shifted from the measurement of lead and its influ-
ence on the sealing function to the formation of lead. Experimental investigations have been 
carried out to analyse the influence of the process parameters on the formation of micro lead 
during external cylindrical plunge grinding. The results show that micro lead occurs using in-
dustrial common parameters. The influence of the grinding tool specification, the dressing and 
the grinding parameters on the micro lead structures are described and discussed. 

1 Introduction 

Rotary shaft seals are widely used sealing components to seal rotating shafts. In 
combination with the fluid to be sealed and the shaft counterface they form a complex 
tribological system. In operation, a tribologically suitable shaft counterface is essen-
tial for the formation of a hydrodynamic lubricant film between the sealing edge and 
the shaft surface and thus also for a reliable and long-lasting sealing function [1]. 
External cylindrical plunge grinding is the preferred manufacturing process for seal-
ing surfaces. Alternative shaft manufacturing processes, such like belt finishing, turn-
ing or rolling processes, have proven to be less suitable or even completely unsuit-
able for sealing, [2]. But even ground surfaces are not applicable without restrictions. 
When using ground surfaces, seal manufacturers and users in the industry have to 
deal with the topic “Shaft Lead”. Lead refers to surface structures which, depending 
on the direction of shaft rotation, cause an axial fluid transport effect through the 
sealing contact and thus cause either leakage or a thermal damage to the sealing 
components due to a lack of lubricant in the contact zone, compare Figure 1. In this 
context, the term surface structures, refers to structures that are created by the in-
teractions of the grinding wheel with the part when grinding the surface. If this ani-
sotropic grinding structures have a deviating orientation compared to the shaft cir-
cumferential direction, the shaft acts like a conveying thread during operation and 
triggers the pumping effect [3]. 

The effect of shaft lead on the sealing function has been the subject of many scien-
tific investigations. One of the first mentions of lead is [4] in 1954. In the article, the 
occurrence of a thread-like and axial periodic surface structure running around the 
entire circumference of a ground shaft is mentioned, which caused leakage during 
operation of rotary shaft seals. Such a surface structure is called macro lead today. 
In [5], the formation mechanisms of macro lead during plunge grinding have been 
investigated. The dressing spiral, which is created during the dressing of the grinding 
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wheel is transferred to the component according to the process kinematics, thus 
forming the thread like surface structure. Optical and tactile measurement methods 
for macro lead using frequency based evaluation algorithms such like Fast-Fourier-
Transform (FFT) were developed and presented under the model concept of an axial 
periodic surface structure in [6–9] and [10]. 

 

Figure 1: Failure mechanisms due to lead structures 

Later it has been shown that not only macro lead is critical for sealing systems, [11]. 
The fine grinding grooves resulting from individual grain engagement during grinding 
can also have a direction deviating from the circumferential direction and thus also 
cause a pumping effect. Experiments showed, that the pumping effect of many fine 
grinding grooves can be even higher than the effect of macro lead structures. In this 
context, the term micro lead was introduced for the fine structures of ground sur-
faces. Since the previously existing measurement methods were unsuitable for de-
tecting fine structures, a new approach for measuring micro lead was selected and 
developed in a series of research projects, [12–14]. An acquisition of ground sur-
faces with high-resolution optical topography measuring devices using a structure-
based analysis with a statistical evaluation of the data, maps the stochastic charac-
teristic of the grinding grooves in a targeted manner and thus has proven to be very 
functional. A further development of the approach has recently also been success-
fully applied to the evaluation of macro lead, [15, 16]. A graphical representation of 
both micro and macro lead is shown in Figure 2. 
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Figure 2: Characteristics and scale of macro and micro lead on ground shaft sealing sur-

faces 

Experimental studies were conducted to investigate the pumping effect of micro and 
macro lead in sealing applications, [3, 17, 18]. For both macro and micro lead, the 
lead angle and the lead depth are decisive, with increasing pumping rate for increas-
ing values of both parameters. In the case of macro lead, the axial period length of 
the lead structures also contributes to the height of the pumping effect as an addi-
tional parameter. The lower the axial period length, the more macro lead threads 
come into contact with the seal, resulting in a higher pumping rate. Especially period 
lengths of less than 0.15 mm are triggering a pumping effect. Also, it was found that 
the pumping effect of both macro and micro lead is directly linearly dependent on the 
shaft circumferential speed during sealing operation. And herein lies particularly the 
origin of increasing occurrence of lead-induced problems throughout the industry. 

In the automotive industry, for example, the disruptive developments triggered by 
the demand for climate neutrality are constantly leading to higher performance re-
quirements. Combustion engines are being replaced by electric drives, resulting in 
higher temperatures and more important in much higher sliding speeds in the electric 
powertrains. Shaft lead, which could previously be compensated for lower sliding 
speeds, now causes more often leakage in shaft sealing systems as the circumfer-
ential speeds increase continuously. 

Apart from the fact that entangled axes of a grinding machine can cause micro lead, 
there have been no scientific publications dealing with the formation of micro lead, 
in contrast to the findings on the formation of macro lead. This is an essential lack of 
knowledge. To meet the future requirements, it will be important in the future to use 
sealing systems that are as optimally designed as possible, which requires the pro-
duction of tribologically optimized shaft sealing surfaces. Therefore, experimental 
investigations have been carried out to analyse how and under which conditions mi-
cro lead occurs during external cylindrical plunge grinding. In these investigations 
the dressing and grinding parameters as well as the grinding wheel specification 
have been systematically varied. The ground surfaces have been evaluated by the 
IMA-MICROLEADANALYSIS. The identified correlations are the fundamentals for the 
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knowledge-based grinding processes design for tribologically optimized shaft seal-
ing surfaces with regard to micro-lead. 

2 Materials and Methods 

To investigate the correlations between the grinding and dressing parameters as 
well as the grinding tool specification on micro lead, grinding tests have been carried 
out at the LABORATORY FOR MACHINE TOOLS AND PRODUCTION ENGINEERING WZL OF 
RWTH AACHEN UNIVERSITY. The ground surfaces have been measured and evalu-
ated at the INSTITUTE OF MACHINE COMPONENTS IMA OF STUTTGART UNIVERSITY. Fol-
lowing, the correlations have been analysed in close cooperation between both re-
search institutes. 

2.1 Experimental Setup 

The external cylindrical plunge grinding investigations have been carried out using 
an external cylindrical grinding machine STUDER S41. A vitrified CBN grinding wheel 
(B126 VY200M TL of 3M) and a vitrified corundum grinding wheel (35A 80 I 8V 84 of 
KREBS & RIEDEL) have been used. Although the grinding wheels possess different 
grain sizes, they are used in industrial practice to achieve similar surface rough-
nesses. The selection of the grinding tools was done in close coordination with the 
grinding wheel manufacturers. Shaft workpieces (D 55 x 200 mm) made of hardened 
100Cr6 (58±2HRC), a metal which is frequently used in power trains, have been 
ground in the experiments. The total depth of cut was 𝑎𝑎𝑒𝑒,𝑡𝑡𝑡𝑡𝑡𝑡 = 0.3 𝑚𝑚𝑚𝑚  per plunge 
cut. The number of spark out rotations to reduce the surface roughness without fur-
ther infeed after roughing and finishing was 𝑛𝑛𝑎𝑎 = 3. As dressing tool, a form roller 
with an active width of 𝑏𝑏𝑠𝑠 = 0.43 𝑚𝑚𝑚𝑚 (TESCH DIAMANTGESELLSCHAFT, diamond 
grainsize 𝑑𝑑𝑘𝑘 = 0.501 𝑚𝑚𝑚𝑚) was used.  

Pre-experiments have been carried out to specify representative test parameters, 
which achieve surface roughnesses and macro geometries recommended for seal-
ing systems. Based on this result, the central point of the design of experiments with 
the corundum wheel was set to a grinding wheel circumferential speed of 
𝑣𝑣𝑠𝑠 =  40 𝑚𝑚/𝑠𝑠 and a radial feed rate of 𝑣𝑣𝑟𝑟,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ =  1.5 𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚 during roughing. This 
results in a specific material removal rate of 𝑄𝑄′𝑤𝑤 =  4.20 𝑚𝑚𝑚𝑚3/𝑚𝑚𝑚𝑚𝑚𝑚. After the rough-
ing process, the radial feed rate was reduced to 𝑣𝑣𝑓𝑓𝑓𝑓,𝑓𝑓𝑓𝑓𝑓𝑓 =  0.3 𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚 which refers 
to a specific material removal rate of 𝑄𝑄′𝑤𝑤 =  0.84 𝑚𝑚𝑚𝑚3/𝑚𝑚𝑚𝑚𝑚𝑚. The total depth of cut 
during finishing was 𝑎𝑎𝑒𝑒,𝑡𝑡𝑡𝑡𝑡𝑡,𝑓𝑓𝑓𝑓𝑓𝑓 =  0.075 𝑚𝑚𝑚𝑚. The workpiece circumferential speed 
was 𝑣𝑣𝑤𝑤 =  0.4 𝑚𝑚/𝑠𝑠. This resulted in a grinding speed ratio between grinding wheel 
and workpiece of 𝑞𝑞𝑠𝑠 =  100. As common for grinding between centers, up grinding 
was used. This means, that the velocity vectors of the grinding wheel and the work-
piece in the contact point have different directions. 

In the experimental investigations three test series have been carried out. In test 
series 1 the influence of the dressing parameters on the micro lead structures has 
been analysed for a corundum grinding wheel. In test series 2 a CBN grinding wheel 
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has been applied. Based on the findings in test series 1 and 2, the influence of the 
grinding parameters on micro lead structures was in the focus of test series 3, where 
the CBN and the corundum grinding wheel have been used with constant dressing 
parameters for each grinding tool. 

In the first series of tests, the dressing parameters for the corundum grinding wheel 
have been varied. The dressing overlap ratio 𝑈𝑈𝑑𝑑 and the ratio of dressing speeds 
have been varied according to the full factorial design of experiments shown in Fig-
ure 3. The dressing overlap ratio is the quotient of the active width of the dressing 
tool and the axial feed per grinding wheel revolution and was set to 𝑈𝑈𝑑𝑑  =  2.5, 4 and 
5.5. The ratio of dressing speeds (form roller vs. grinding wheel circumferential 
speed) was 𝑞𝑞𝑑𝑑 =  − 0.5, 0.5 and 0.8. During the dressing process, the grinding wheel 
circumferential speed was 𝑣𝑣𝑠𝑠 =  40 𝑚𝑚/𝑠𝑠 and the depth of dressing cut was 
𝑎𝑎𝑒𝑒𝑒𝑒  =  15 µ𝑚𝑚. Before every grinding experiment, a pre-grinding process took place 
to ensure approximately constant wear conditions and grinding forces and thus re-
producible test conditions. Constant engagement conditions have been tracked by 
grinding force measurement. 

 
Figure 3: Grinding and dressing parameters for test series 1 with corundum 

To apply the CBN grinding wheel under industrial common conditions, the grinding 
wheel circumferential speed was set to 𝑣𝑣𝑠𝑠 =  80 𝑚𝑚/𝑠𝑠. To ensure the comparability 
with the corundum grinding wheel at the same time, the workpiece circumferential 
speed was set to 𝑣𝑣𝑤𝑤 =  0.8 𝑚𝑚/𝑠𝑠, which led to the same grinding speed ratio of 
𝑞𝑞𝑠𝑠 =  100. For the same reason, the radial feed rate was set to 𝑣𝑣𝑓𝑓𝑓𝑓,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ =  3 𝑚𝑚𝑚𝑚/
𝑚𝑚𝑚𝑚𝑚𝑚  (𝑣𝑣𝑓𝑓𝑓𝑓,𝑓𝑓𝑓𝑓𝑓𝑓 =  0.6 𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚). The specific material removal rate during roughing 
was 𝑄𝑄′𝑤𝑤 = 8.4 𝑚𝑚𝑚𝑚3/𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑄𝑄′𝑤𝑤 =  1.4 𝑚𝑚𝑚𝑚3/𝑚𝑚𝑚𝑚𝑚𝑚 during finishing. This resulted 
in the same equivalent chip thickness ℎ𝑒𝑒𝑒𝑒 =  0.1 µ𝑚𝑚 during roughing and 
ℎ𝑒𝑒𝑒𝑒 =  0.02 µ𝑚𝑚 during finishing as using the corundum grinding wheel. The equiva-
lent chip thickness ℎ𝑒𝑒𝑒𝑒 is an approximate of the average thickness of the chips re-
moved by one grinding grain, which depends on the process kinematics. Similar 
equivalent chip thicknesses ℎ𝑒𝑒𝑒𝑒 lead to comparable mechanical loads on each grain 
and chip formation mechanisms.  

The design of experiments for CBN (Figure 4) was based on the investigations with 
the corundum grinding wheel. As pre-investigations showed, that the application of 
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a CBN grinding wheel favoured the formation of micro lead, additional test points 
have been investigated. In addition, a dressing overlap ratio of 𝑈𝑈𝑑𝑑 = 8 has been used 
as well as ratios of dressing speeds of 𝑞𝑞𝑑𝑑 =  − 0.8,−0.3   and 0.3. As in the grinding 
process, the grinding wheel circumferential speed was 𝑣𝑣𝑠𝑠 =  80 𝑚𝑚/𝑠𝑠 during dressing 
and the depth of dressing cut was 𝑎𝑎𝑒𝑒𝑒𝑒  =  2.5 µm, which is a common value for the 
dressing of superabrasive grain materials with higher hardness in comparison to co-
rundum [26]. 

 
Figure 4: Grinding and dressing parameters for test series 2 with CBN 

Based on the findings of the two test series, in test series 3 the influence of the 
grinding parameters for constant dressing parameters has been investigated. The 
radial feed rate 𝑣𝑣𝑓𝑓𝑓𝑓, the spark out time 𝑡𝑡𝑎𝑎 and the grinding speed ratio 𝑞𝑞𝑠𝑠 have been 
varied according to the experimental design in Figure 5. 

For both grinding wheels the grinding wheel circumferential speed was adjusted to 
achieve a grinding speed ratio of 𝑞𝑞𝑠𝑠 =  75, 100 and 125 while the workpiece circum-
ferential speed remains constant. The radial feed rate was set to 𝑣𝑣𝑓𝑓𝑓𝑓  =  1, 1.5  and 
2 𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚  for the corundum grinding wheel and to 𝑣𝑣𝑓𝑓𝑓𝑓  =  1, 2  and 3 𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚   for 
the CBN grinding wheel. Based on the findings two representative dressing param-
eter combinations have been chosen for each grinding wheel. To ensure that surface 
roughness was still in a range to be used for sealing counterfaces, the dressing over-
lap ratio for corundum has been increased to 𝑈𝑈𝑑𝑑  =  8. An increase in the radial feed 
rate for CBN led to chatter marks and was not carried out. In addition, the spark out 
times have been varied according to the experimental design shown in Figure 5. As 
the results in test series 2 showed micro lead structures using the CBN grinding 
wheel, more parameter combinations have been investigated for the CBN grinding 
wheel to analyse the cause-effect-relations. 
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Figure 5: Grinding parameter variation in test series 3 

2.2 Micro lead measurement 

The IMA-MICROLEAD®ANALYSIS, shown in Figure 6, is a structure-based evaluation 
method for sealing surfaces, based on three-dimensional topographic surface data, 
measured by modern optically surface measurement instruments, such like confocal 
microscopes or white light interferometers (Figure 6.1). The method has already 
been presented several times in various stages of development at the “International 
Sealing Technology Conference” [19–23] before it was finally developed by the IMA 
to market maturity. The original development of a new approach was inspired by the 
lack of suitable methods for the measuring, analysis and description of microscopic 
lead structures. 

In the context of a so-called structure-based surface analysis, a grinding structure is 
considered to be a single grinding groove resulting from the engagement of an abra-
sive grain. Instead of the common 2D and 3D surface parameters like 𝑅𝑅𝑅𝑅,𝑅𝑅𝑅𝑅, 𝑆𝑆𝑆𝑆  or 
𝑆𝑆𝑆𝑆, the method uses digital image processing algorithms, like segmentation (Figure 
6.2) and feature extraction to separate and to analyse single grinding structures with 
regard to geometric properties (Figure 6.3). With this procedure, surface topogra-
phies are divided into structural elements that are evaluated individually. In this way, 
the angular orientation, the volume, the length, the width and the depth of each lo-
cated single grinding structure are computed within an areal high-resolution meas-
uring field, see Figure 6 (4.b). This resulting extensive set of data, containing geo-
metrical properties of many grinding structures (Figure 6.4.a), are analysed by 
means of statistical methods (see Figure 6.4). 

A component of such an evaluation is, for example the distribution curve 𝑊𝑊𝑊𝑊 (Figure 
6.4.c) of the computed angles of the structures. Closer inspection reveals, that there 
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is normally no uniform preferred direction of the structure angles in the shaft circum-
ferential direction. Many structures have slightly different orientations. The distribu-
tion corresponds to a Gaussian distribution. If the 𝑊𝑊𝑊𝑊 curve shows an approximately 
symmetrical distribution with a maximum at an angle of 0°, which corresponds to the 
circumferential direction of the shaft, the measurement shows a micro-lead-free sur-
face. When the curve results asymmetrically and shifted to either the positive or neg-
ative direction the measurement results in a micro lead afflicted surface. In addition 
to the distribution diagrams of the structure orientation (Figure 6.4.c) and the oriented 
structure volume (Figure 6.4.d), several derived micro lead parameters are also part 
of the evaluation. A complete overview of all parameters can be found in [3, 24]. 

 
Figure 6: Flowchart of the micro lead analysis 

For the consideration of the further results of the experiments carried out, two pa-
rameters of the IMA-MICROLEAD®ANALYSIS are mainly relevant. The median angle of 
the angular distribution 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆 is the median value of the angular orientation of 
all evaluated grinding structures.  

𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑊𝑊𝑊𝑊(𝛾𝛾)) (1) 
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The parameter directly indicates if the overall structure orientations deviate from the 
circumferential direction. It can be considered as the micro lead angle and should be 
0° for micro lead free surfaces.  

The standard deviation of the angular orientations 𝑆𝑆𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠 represents the width of the 
angular distribution curve (4.c) and is specifically relevant, because broader angular 
distributions have proven to be less harmful for a sealing system. 

𝑆𝑆𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑠𝑠𝑠𝑠𝑠𝑠�𝑊𝑊𝑊𝑊(𝛾𝛾)� (2) 

In the case of a wider angular distribution, if the curve shifts in the positive or negative 
direction, the percentages of the positively or negatively directed structures change 
more slowly than in the case of narrow angular distributions. This therefore results 
in a more robust sealing system. Thus, one goal for achieving well suited surfaces 
for rotary sealings is to increase 𝑆𝑆𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠 while reaching a value of 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆 = 0°. 

3 Results 

Figure 7 shows an overview of all investigated test points for the corundum and the 
CBN grinding wheel. The x-axis refers to the standard deviation of the angular ori-
entations 𝑆𝑆𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠, the y-axis refers to the median angle of the angular distribu-
tion 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆. Although industrial common process parameters have been used for 
both grinding wheels, which led to a similar range of surface roughness, it is notice-
able, that the application of the CBN grinding wheel favours the formation of micro 
lead. A median angle of the angular orientations up to 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆 = − 0.14° occurred. 
Pre-investigations at IMA have shown, that micro lead angles in this range cause 
leakage during sealing operation with rotary shaft seals. On the same time, the sur-
faces ground with CBN show a higher range of the standard deviation of the angular 
orientations of 𝑆𝑆𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠 = 0–1.7. Remarkable is the negative correlation between the 
standard deviation of angular orientations and the median angle of the micro lead 
structures. An increase of the standard deviation of the angular orientations 𝑆𝑆𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠 
leads to an increasing negative median angle of the angular distribution 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆 
for CBN. Thus, a more detailed experimental design has been investigated for CBN. 
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Figure 7: Influence of the grinding wheel specification on micro lead formation 

The points in the following diagrams show the mean value of the three repetitions for 
each test point. Error bars indicate the range between the smallest and largest meas-
ured value for the test repetitions. 

A detailed analysis of the correlations between the dressing parameters and the me-
dian angle of the angular distribution 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆 confirms the above-mentioned ob-
servations for the corundum grinding wheel, where less micro lead structures oc-
curred in comparison with CBN. For corundum, no significant influence of the dress-
ing overlap ratio 𝑈𝑈𝑑𝑑 or ratio of dressing speeds 𝑞𝑞𝑑𝑑 could be determined, see Figure 
8. All 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆 values were between 0° and 0.03°, which can be regarded as micro 
lead free. The standard deviation of the angular orientations was between 𝑆𝑆𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 = 
0.4 and 0.8. Tendentially higher ratio of dressing speeds lead to smaller standard 
deviation of the angular orientations 𝑆𝑆𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆.  
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Figure 8: Influence of the dressing parameters on the median angle of the angular distribu-

tion Sdmedian,S for corundum grinding wheel 
For the CBN grinding wheel, the lowest ratio of dressing speeds 𝑞𝑞𝑑𝑑 caused the most 
critical median angles of the angular distribution 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆  = 0.14°. The correlations 
are shown in Figure 9. For constant dressing overlap ratios 𝑈𝑈𝑑𝑑, an increase of the 
ratio of dressing speeds 𝑞𝑞𝑑𝑑 led to an increase in the median angle of the angular 
distribution up to 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆 = 0° (micro lead free). Furthermore, an increase in the 
dressing overlap ratio 𝑈𝑈𝑑𝑑 led to decreasing median angles of the angular distribution 
𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆. For the standard deviation of the angular orientations 𝑆𝑆𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 contrary 
trends have been observed. Increasing ratios of dressing speed 𝑞𝑞𝑑𝑑 as well as de-
creasing dressing overlap ratios 𝑈𝑈𝑑𝑑 created lower median angles of the angular dis-
tribution 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆.  
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Figure 9: Influence of the dressing parameters on the median angle of the angular distribu-

tion Sdmedian,S for CBN grinding wheel 

In further investigations, the influence of the grinding parameters for constant dress-
ing parameters has been analysed. For the corundum grinding wheel similar trends 
compared to the dressing parameter influences have been observed. It was not pos-
sible to identify significant changes of the median angle of the angular distribu-
tion 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆 in dependence of the spark out time 𝑡𝑡𝑎𝑎, the grinding wheel circumfer-
ential speed 𝑣𝑣𝑠𝑠 or the radial feed rate 𝑣𝑣𝑓𝑓𝑓𝑓, see Figure 10. The standard deviation of 
the angular orientation 𝑆𝑆𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 showed an increase for increasing grinding wheel cir-
cumferential speeds 𝑣𝑣𝑠𝑠.  
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Figure 10: Influence of the grinding parameters on lead structures for corundum grinding 

wheel 

For the investigations of the influence of the grinding parameters on micro lead with 
the CBN grinding wheel, one dressing parameter setting has been chosen, which 
produced significant lead structures in the dressing test. An increase in the grinding 
wheel circumferential speed 𝑣𝑣𝑠𝑠  resulted in a reduction of the median angle of the 
angular distribution 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆 for a radial feed rate 𝑣𝑣𝑓𝑓𝑓𝑓 = 1 mm/min and 2 mm/min. 
For the highest investigated radial feed rate 𝑣𝑣𝑓𝑓𝑟𝑟 = 3 mm/min, the increase in the 
grinding wheel circumferential speed did not affect the median angle of the angular 
distribution 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆.  

For all investigated radial feed rates 𝑣𝑣𝑓𝑓𝑓𝑓, an increase in the grinding wheel circum-
ferential speed vs led to a reduction of the standard deviation of the angular orienta-
tion 𝑆𝑆𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆. The correlations are shown in Figure 11.  
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Figure 11: Influence of the grinding wheel circumferential speed vs on micro lead structures 

for CBN grinding wheel 

Figure 12 shows the influence of the spark out time 𝑡𝑡𝑎𝑎 on the resulting micro lead 
structures. For all investigated radial feed rates 𝑣𝑣𝑓𝑓𝑓𝑓, highly negative median angles 
of the angular distribution 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆 occurred for grinding with short spark out 
time 𝑡𝑡𝑎𝑎. An increase in the spark out time from 𝑡𝑡𝑎𝑎 = 15 to 𝑡𝑡𝑎𝑎 = 30 s did not result in a 
further increase of the median angles of the angular distribution 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆. With re-
gard to the standard deviation of the angular orientation 𝑆𝑆𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 a negative correlation 
was identified, especially for a radial feed rate of 𝑣𝑣𝑓𝑓𝑓𝑓 = 2 mm/min. 
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Figure 12: Influence of the spark out time ta on micro lead structures for CBN grinding wheel 

4 Discussion 

Although comparable engagement situations for the CBN and the corundum grinding 
wheel were present, the application of a corundum grinding wheel shows a better 
suitability for the manufacturing of radial sealing counterfaces. Although a wide 
range of industrial common grinding and dressing parameters has been investigated, 
no functional critical lead structures have been identified.  
Possible reasons can be the splittering behaviour of the corundum grains, which are 
dressed with higher depths of dressing cut. This leads to a higher degree of grain 
breakout and can cause an unregular grinding wheel topography which does not 
create inclined structures on the workpiece. As corundum grains wear more than 
superabrasives, the grinding wheel topography is changing during operation be-
cause of changes in grain geometry and self-sharpening effects, where blunt grains 
break out and new sharp grains come in contact with the workpiece. This can also 
prevent the formation of inclined structures on the workpiece. 
CBN grinding wheels are dressed with a smaller depth of cut because of their higher 
hardness. Aggressive dressing parameters, e. g. high ratios of dressing speed 𝑞𝑞𝑑𝑑 
and small dressing overlap ratios 𝑈𝑈𝑑𝑑, which tend to create a rough grinding wheel 
topography, showed the best suitability for grinding micro lead free radial shaft seal-
ing counterfaces.  
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A negative ratio of dressing speeds tends to a long engagement path between dress-
ing tool and grinding wheel in comparison to positive ratio of dressing speeds, [25]. 
If this rotation is superposed with the axial dressing feed, inclined structures on the 
grinding wheel surface are created. In dependence of the ratio of rotational speeds 
between grinding wheel and workpiece they can be reproduced skewedly at the 
ground surface and produce micro lead structures with critical median angles of the 
angular distribution 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆. An increase of the ratio of dressing speeds 𝑞𝑞𝑑𝑑 led to 
an increase in the median angle of the angular distribution up to 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆 = 0° (mi-
cro lead free). 
Furthermore, an increase in the dressing overlap ratio 𝑈𝑈𝑑𝑑 led to decreasing median 
angles of the angular distribution 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆, which can cause leakage. Because of 
the smaller axial dressing feed rate, a smaller CBN volume is dressed per grinding 
wheel revolution. According to LINKE, this causes a micro grain breakage at the grain 
peaks, [25]. Opposite to this, small dressing overlaps and high axial dressing feed 
rates lead to a high dressing chip diameter, [25]. This provokes a higher degree of 
grain macro grain breakage or breakout of complete grains which results in an un-
defined grinding wheel topography without systematic structures, that can be repro-
duced on the workpiece surface. Although it would be obvious, that high axial feed 
rates increase the micro lead angle, the engagement kinematics lead to grain 
breakouts and irregular splittering of the CBN grains which helps to avoid inclined 
micro structures.  
Tendentially higher ratios of dressing speeds 𝑞𝑞𝑑𝑑 led to a smaller standard deviation 
of the angular orientations 𝑆𝑆𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆. A higher ratio of dressing speeds 𝑞𝑞𝑑𝑑 leads to a 
higher roughness of the grinding wheel with a high grain protrusion. Thus, a smaller 
number of grains comes in contact with the workpiece and creates a smaller number 
of grinding grooves, [25]. They possess a lower deviation of the angular orientation.  

An increase in the dressing overlap ratio 𝑈𝑈𝑑𝑑 leads to a fine grinding wheel topography 
with a large number of cutting edges with low grain protrusion, [26]. Every cutting 
edge has its individual geometry. The workpiece material is machined by a higher 
number of grain engagements. This results in a higher number of grinding structures 
on the ground surface, that are a result of the grain geometry. Thus, a higher stand-
ard deviation of angular orientation 𝑆𝑆𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 can be observed. 

An increase in the grinding wheel circumferential speed 𝑣𝑣𝑠𝑠 for constant specific ma-
terial removal rates Q’w means that the same workpiece material is machined by 
more grain engagements. This results in more grinding structures on the surface, 
which can have a higher standard deviation.  
Furthermore, an increase in the radial feed rate 𝑣𝑣𝑓𝑓𝑓𝑓 leads to higher chip thicknesses 
a lower number of grain engagements and thus to larger grinding grooves with 
smaller deviation.  
An increase in the grinding wheel circumferential speed 𝑣𝑣𝑠𝑠  leads to smaller chip 
thicknesses. One explanatory approach, that ca be derived is, that the forces on 
each grain are reduced which can also reduce their deflection. A smaller standard 
deviation of angular orientation 𝑆𝑆𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 is the result, because without grain deflection 
the grain orientation is more similar. 
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An increase in the spark out time 𝑡𝑡𝑎𝑎 resulted tendentially in median angles 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆 
closer to 0° and with lower deviation from the circumferential orientation. A possible 
hypothesis for this behaviour is the decreasing contact lengths because of the re-
duction of the infeed.  
As the application of CBN grinding wheels is used for the economical production of 
large batch sizes with reduced grinding wheel wear, they cannot be replaced by co-
rundum grinding wheels without disadvantages. CBN grinding wheels allow higher 
grinding wheel circumferential speeds and specific material removal rates. Because 
of the higher thermal conductivity of CBN in comparison with corundum, the risk of 
grinding burn is shifted to higher machining rates. These facts allow a higher produc-
tivity. The hardness of CBN reduces grinding wheel wear, which increases the pos-
sible batch sizes and reduces the dressing efforts. This has a positive influence on 
the process reliability, [26]. Thus, a knowledge-based process design is necessary 
to profit of the positive application behaviour of CBN in the production of radial seal-
ing counterfaces. A high standard deviation of the angular orientation 𝑆𝑆𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆  led to 
increasing negative median angles of the angular distribution 𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆. For tribo-
logically optimized sealing counterfaces median angles of the angular distribution of 
𝑆𝑆𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑆𝑆 =  0° and a high standard deviation of the angular orientation 𝑆𝑆𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 are 
the objective. As the results showed that a high standard deviation occurred in com-
bination with high micro lead angels, a target conflict has to be solved. 
Further investigation will focus on a fundamental understanding of the formation of 
inclined micro structures in the single grain contact. A FE-model will help to analyse 
the influence of the grain geometry on the micro lead structures. The correlations 
between grain geometry and micro lead will be transferred to the multi grain engage-
ment by measuring the grinding wheel topography in dependence of the dressing 
parameters. 

5 Summary and Conclusion 

In order to achieve functional and reliable sealing systems with rotary shaft seals, a 
suitable lead-free shaft sealing surface is required. First, the problems were de-
scribed why the issue of lead has caused problems in the industry for many years 
and why the problems are still increasing although lead measurement methods are 
now available. The trend towards higher requirements on system components will 
certainly continue. A knowledge-based design of the manufacturing processes used 
for the manufacturing of the components will thus become inevitable. First essential 
steps towards a knowledge-based design of external cylindrical plunge grinding pro-
cesses for tribologically suitable sealing surfaces were presented in this article. In 
experimental investigations at the LABORATORY FOR MACHINE TOOLS AND PRODUCTION 
ENGINEERING WZL OF RWTH AACHEN UNIVERSITY, the dressing and grinding param-
eters have been varied and the ground surface were measured by IMA-MicroleadA-
nalysis at the INSTITUTE FOR MACHINE ELEMENTS IMA AT STUTTGART UNIVERSITY. 
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In general, a corundum grinding wheel showed a better application for the grinding 
of lead free surfaces, since only small lead angles close to the circumferential direc-
tion of the shafts resulted. No influence of any grinding or dressing parameters on 
the resulting micro lead angle could be determined. 
In contrast to this, a CBN grinding wheel in combination with a highly negative ratio 
of dressing speeds and a high dressing overlap ratios repeatably produced func-
tional critical micro lead structures, although an industrial common range of param-
eter has been used. This means that under certain circumstances, lead afflicted shaft 
surfaces can enter the market in batches without the knowledge of those responsi-
ble. This can have significant economic consequences for companies and underlines 
the need for appropriate quality control. 
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