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The methodology of the grinding wheel active surface evaluation
in the aspect of their machining potential
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Estimation of the machining capacity of grinding wheels after
the conditioning process, during their operation and after the
grinding process is an important and complex problem. The
article presents a methodology for the evaluation of wheel
topography using a new height indicator and sharpness of
abrasive grains, which enables determination of the
machining potential of the wheel to be tested. Analysis of the
developed parameter was carried for three different grinding
wheels and for two different state after the conditioning
process and after 30 minutes of grinding.
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The machining capacity of abrasive tools results from: the
features of the tool structure, the type and properties of
abrasives and their adhesives, geometrical parameters of
abrasive grains and topography of the active surface [4, 7-9,
11, 15]. Different signals from the process being carried out
or from the properties of the tools may be used to evaluate
the processing potential. Typically, after the initial
transformation of the signals, the usefulness of the measure
is evaluated to assess the condition of the tool, taking into
account the strength and consistency of the measure's
dependence on changes in the tool state [5, 10, 12, 2, 22, 24,
25]. The measures used can be divided into measures in the
fields of time, frequency and time-frequency.

During grinding, the mechanical and chemical properties
of the grinding wheel do not change greatly, while the grinding
wheel's active surface changes as a result of wear processes
[2, 3, 27, 38, 39]. Abrasion of the tips of abrasive grains (fig.
1a) contributes to the increase of forces and specific energy,
crushing of the tops of grains is a process of renewing the
cutting properties, and the crushing of whole grains results in
deviations in the dimensions and shape of the tool. In the
treatment of light metal alloys, there may also be fragmentary
coverage of the active surface of grinding wheels with
processing products (fig. 1b) [4,28].
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Fig. 1. Examples of wheel grinding forms: a) image of the initial phase
of abrasive wear of the top of the grain, b) grinding on the surface of
the grinding wheel

In formulating an effective methodology to assess the
topography of the active surface of grinding wheels, in the
aspect of detecting adverse changes in its condition, the
following problems require solutions:

o determination of measures useful for evaluation of
machining potential and identification of forms of wear [1, 3,
5, 12-14, 18, 37];

» determination of the methodology for determining digital
images of grinding wheel surfaces (preferably without
disassembly from the grinder spindle — using scanning
methods, light scattering analysis methods [22, 23] or replica
methods [18]), including selection of areas to measure and
taking into account the diversity of micro-screening conditions
and characteristics of grain consumption in individual zones
of the active surface;

» definition of tool durability criteria [7, 26, 27, 37, 39]. The
basics of the selection of parameters for the assessment of
the topography of grinding wheel surfaces are different from
the basics of the evaluation of the geometrical structure of the
treated surfaces. The differences most often result from the
need to identify grains as specific spatial forms and from the
need to identify forms of grinding wheel wear. In addition, the
surfaces of abrasive tools and surfaces after machining with
these tools differ little in terms of gradient value and
unevenness structure [13, 16, 37], thus it can be concluded
that most parameters for the evaluation of stereometric
features useful for assessing topography after machining are
not useful for assessment of the active surface of grinding
wheels.
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In each of these cases, the methodology for the selection
of parameters for the assessment of stereometric features,
forming a complementary set, ensuring high classification
effectiveness and the ease of interpreting the assessments
and technological suitability will be different.

Next, the methodology for the evaluation of the active state
of abrasive tools surfaces is used, using new, effective
parameters that allow for a more complete analysis of tool
wear, evaluation of their condition and selection of treatment
parameters, as well as determination of durability.

Practical importance of the topography evaluation of the
active surface of grinding wheels

The complexity of assessing the state of the active surface
of grinding wheels, carried out for the purpose of forecasting
the results of the process and durability of tools, results not
only from the randomness of the shape and position of
abrasive grains, but also from a large number of interactions
of grains and their impact on the shape of the surface.

The sizes of abrasive grains usually range from 0.5 ym
(abrasive foils, lapping and polishing pastes, abrasive
microbrews) to 300 ym (grinding wheels for efficient grinding
and cutting). The number of grains in a volume of 1 mm3
varies from 32 to 106.

The specific energy in abrasive and erosive machining
processes is considerable — usually from 10 to 1000 J/mm3
[13, 20]. The temperature in micro-volumes often exceeds
1200°C and even 1500°C, which results, among others, in
formation of microwells in the form of spherical shells [18] with
sizes from several to several dozen micrometers and a
characteristic form, resulting from stresses in the coatings
during cooling.

Local temperature gradients reach 108°C/s and
103°C/mm. The high energy consumption of the grinding
processes results in considerable forces and thermal
phenomena that cause deformation of the workpiece, tool
and machining system, as well as unfavorable stress
distributions in the surface layer of the workpieces.

The inaccuracy of production is influenced not only by the
energy consumption of processes and processing power, but
also by the local concentration of energy, the shape and
location of the treatment zone and the speed of the heat
source [2, 3, 13, 14, 35]. It follows that the most accurate and
comprehensive assessment of the properties of abrasive
tools is a very important task of great practical importance.

Probabilistic aspects of shaping the machined surface in
grinding processes

The phenomena occurring in the grinding zone are
described by features with a short time of occurrence (about
tens of microseconds), include areas with small areas of local
impact (about a dozen or so square micrometers) and are
characterized by a discontinuity of creating a shallow form of
the removed material elements with great frequency (0.3+10
MHz). These phenomena are therefore difficult to
experimentally observe.

For example, on the surface of a grinding wheel with
diameter D = 400 mm and height H = 40 mm and grain size
az = 120 ym there are more than 2 - 10¢ abrasive grains, and
on the surface 500 x 20 mm abrasive film with diamond
particles with a dimension of 0.5 ym — about 1010 grains.

The characteristics of abrasive grains depend on
micro-cutting processes in which there is a large variation:
side flows of material and formation of flash, separation of
material and its removal from the treated surface, and forces
and temperature in the contact zone.

When analyzing the number of events per unit time of the
grinding process, it can be noticed that for the example of a
grinding wheel, when its peripheral speed is 60 m/s, the
number of grains moving over the surface of the objectin 1 s
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time exceeds 1.2 - 107. During processing of 120 s, almost
one and a half billion grains pass over the surface of the
object. These values are many times greater for smaller
grains.

The analysis of the geometrical parameters of abrasive
grains and the quantities characterizing their distribution, in
particular the indicators characterizing the grinding wheel
machining potential, as well as the analysis of changes in
these quantities during the grinding process is the basis for
analyzing the phenomena occurring during machining.

These issues acquire particular importance in the grinding
of new materials, often difficult to process, including light
metal alloys used in the aerospace and biomedical industries
[4, 6, 8, 15, 17]. With the increase in the use of these
materials, there is a need to design and create new tools with
precisely defined and controlled parameters describing the
design and distribution of abrasive grains.

In precise abrasive machining, the phenomena occurring
in the environment of a single abrasive blade have — due to
the massive nature and complex mechanisms of the
accumulation of mechanical and thermal effects [13, 14, 17,
35] — a decisive influence on the technological and economic
parameters of the machining. Knowledge of deformations,
stresses and displacements of the material processed in the
micro-separation process is a source of valuable information
on the phenomena occurring in the micro-scratching process.
Combining this data with the evaluation of the tool's
properties and the analysis of their changes along with the
time of grinding, made with the use of indicators of high
classification capacity, allows for the optimization of the
process.

It should be emphasized that the features and sizes of
active fragments of the surface of the grain tops are variable
in the contact zone and depend on the grain depth, variable
along the grain path [17]. Based on the analysis of the
material separation mechanism and its lateral displacements,
it can be concluded that orientation of the grain in relation to
the main motion direction, increasing the width of the cutting
layer, is one of the ways to limit unfavorable lateral material
flows [17, 18]. This applies to grains having a flat or preferably
concave rake surface with a small inclination angle y (usually
negative in abrasive microscopic processes). The corner
features such as large radii of roundings or clashing of the
tips as well as the staining of the tool surface with machining
products are disadvantageous.

In the diagnosis of geometrical forms of unfavorable
changes in topography of the active surface, it should be
taken into account that clusters of top surfaces are
characterized by a field much smaller than the area of the
middle grain section or cross-sectional area at the height of
the binder. Fields of flat areas, which are the surface overlays
of the tool, are characterized by a larger development of the
circumference and a field much larger than the largest even
fields of grain clash.

The topography of the active surface of the grinding wheel
along with the parameters of the grinding process and the
properties of the technological system determines the
geometrical structure of the surface being machined. This, in
turn, has a big impact, among others on:

«» friction processes and wear of associated surfaces,
deformation and contact stiffness,

concentration of stress and fatigue strength,

resistance to corrosive effects,

tightness of connections,

contact thermal conductivity,

phenomena of reflection, absorption and penetration of
waves (light, electromagnetic, etc.),

» application processes, adhesion and strength of refining
coatings,

» properties of textures produced in subsequent treatments,
» aerodynamic and hydrodynamic properties,

» subjective assessments of buyers of specific products.
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The surface shaping of accurate elements often occurs in
abrasive or erosive machining processes. Such surfaces
have randomized fractal features, sometimes with a "foreign"
main component [3, 5, 13, 30, 33, 34, 36]. Knowledge about
the processes of shaping the geometric structure of the
surface in the grinding process is important in formulating the
form of indicators used to assess the topography of the
grinding wheel.

Methodology of creating effective measures and
parameters for the topography evaluation of the active
surface of abrasive tools

Topography of the surface of tools and workpieces is the
subject of research conducted in many scientific centers
[5, 33, 35, 37-39]. However, the approach still prevails, in
which similar parameters are used to analyze these two
different types of surfaces, making the assessment of their
interaction less precise.

The aim of the authors was to determine sets of
parameters: with maximum information usefulness, fulfilling
the complementarity condition, containing information on the
dispersion and variability of geometric parameters, facilitating
the interpretation of the relationship between parameter
values and specific surface features and enabling the
determination of possible adjustments to the surface shaping
process. It has been taken into account that the sets of
parameters useful for the evaluation of abrasive tool surfaces
will be different than for the evaluation of machined surfaces.

In the topography analysis of the active surface of abrasive
tools, particular attention should be paid to the features of
peaks of grain tops over a certain plane located at different
levels, e.g. from 0.1 to 0.4 values of the St parameter from
the highest surface peak (fig. 2). This is due to the features
of the process in which the tool's active surface contacts the
workpiece only the tops of the most protruding grains towards
the surface being machined. Valuable conclusions regarding
the results of the abrasive machining process can be derived,
among others, thanks to decomposition of the tool surface
with the use of Voronoi cells.

The first task is to determine the distance between the
peaks of the hills by the method of nearest neighbors whose
central points are the peaks of the grains [16]. This then
allows to determine the relations between the grain base field
and the Voronoi cell field, and determine the inclination
angles of the lines connecting the neighboring grain peaks.

Fig. 2. Scheme for analysis of hill elevation characteristics of abrasive
grains located at different levels of St value from the highest point of
the grinding wheel

Evaluation of the distribution and shape of hill tops grains
above a certain level from the highest peak can be, among
others base for:

» grain activity evaluation;
» forecasting of the specific energy of the treatment,
depending on distribution of geometrical parameters of
machined layers individual grains;
» assessment of tool wear processes;
« selection of machining parameters.

The developed software allows to designate, among
others the following parameters:
sets z(x, y) for surface elevations;
surface of the elevation above the specified plane;
surface of the base of the elevation (island);
geometric measures of elevations;
number of hills;
x and y coordinates of the highest apex of the hill;
height and dispersion of vertex heights altitude;
average distance between elevation peaks, designated on
the basis of cell surface decomposition Voronoi by the
method of closest neighbors;
« surface area of Voronoi cells,
e X and y coordinates of the Voronoi cell vertices;
« relations between the field and the perimeter of the base
of the hill;
o parameters characterizing the development of the base
circumference exaltation;
« values and statistical characteristics of the first derivative
distribution outline: dz/dx, dz/dy (including value statistics
close to zero);
« variability of the described parameters in the position
function cutting plane.

New, effective indicator of the topography evaluation of
the active surface of grinding wheels and forecasting of
tool machining potential

The measures described above for the evaluation of the
active state of abrasive tool surfaces characterize important
features, but their information content increases only in a
carefully selected set of several measures. The measure,
which decisively increases the information content, is the new
parameter, which captures both the height position and the
sharpness of the vertex peaks. This parameter (Wwozs), which
is a surface feature (3D), was developed by the authors using
the applications in the AM-FM (2D) signal analysis of the
Teager-Kaiser energy operator (TKEO), wuseful for
demodulation of signals [1, 26, 31].

The TKEO operator — proposed for the first time by Teager
and then refined by Kaiser [21] — captures the level and
variability of the analyzed signal. The discrete TKEO value
can be estimated on the basis of three neighboring signal
samples zi_1, z, zi+1 (for all values of the z signal, i.e. fori=1
.. N).

Kaiser [21] in the operator's description cites an analogy
to the energy of a vibrating spring—mass system in which the
total energy is proportional to the square of the mass velocity
and its potential.

The TKEO operator is defined as follows:

Wz(z(x)) =(dz/dx)? — z(x)-(d?z/dx?) (1)
or a discrete form, approximate formula:
Wz(z(i)) = z(i)2 —z(i— 1) z(i + 1) (2)

In the assessment of stereometric features of the active
surface of abrasive tools, the geometrical features of areas
including grain tops are important, i.e. those parts of the
profile that are located above a certain level h, zn=z—-h >0,
e.g. above the mean line h=0,i.e. z—h>0.

It is also worth noting that in the assessment of the height
and variability of elevation profiles, in the case of abrasive



tools (due to their operational features), it is justified to
determine the absolute value from ¥;.

The usefulness of z index for surface evaluation, even
after its modifications, is limited due to the fact that this index
refers to the profile, and the inference about the surface
topography of abrasive tools based on the profile is not
sufficiently accurate.

Therefore, the authors developed a height and variability
index of the height (sharpness) of the grain tops, referring to
the surface (3D), with the following form:

Wuozs (X, ¥) = (abs(fzh(x, y)))0® @)
where:
fzh(x, y) = fz(x, y) dla z(x, y) > h @

fz(x,y) = z(x, y)* = z(x - 1,y) z(x + 1, y) z(x, y = 1) z(x,y + 1) (5)
Wuozs = (T Wwozs(X, ¥))/(Rx*RY) (6)

where: Rx, Ry is the size of the rectangular surface area in
the x and y directions, and Wwo is a dimensionless indicator.

Research methodology

The abrasive materials:
o A 1-250 x 25 x 76.2-99A100K7VTE10-35 — conventional
grinding wheel,
o B 1-250 x 25 x 76,2-99A100K7IVTE10-35 — grinding
wheel with modified spatial structure (with increased
porosity),
o C 1-250 x 25 x 76.2-99AY100K7VTE10-35 — grinding
wheel containing special grain with spatially developed
structure.

Conditions and parameters of wheel exploitation tests are
summarized in tab. I.

TABLE I. Conditions of grinding performance tests
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The research of topography of abrasive tools was carried

out by the method of replication of the active surface, using
material for RepliSet replicas by Struers (according to the
manufacturer, the resolution of this material is 0.1 pm).
Measurements of tool surfaces after conditioning and after
the machining process (after 20 passes and after 30 min)
were made using Olympus LEXT OLS4000 measurement
system.
Images of flat areas on the surface of the tested grinding
wheels (fig. 3) were determined taking into account two
criteria: the value of the first derivative of the height of grain
surface elevations above the level of the adhesive and the
height of specific points of these elevations. The boundary
condition for the first criterion was: dz/(dx-dy) < (0.3-(dz)sr),
with the average value of the dz derivative being about 12
times lower than the maximum value. The limit condition for
the second criterion was: z > 0.7 - max(2).

Evaluation of the active surface condition of abrasive
tools

Fig. 4 presents the determined values of the Wwozs index
(x, y) for the tested grinding wheels after the process of
shaping their active surface and after grinding with the
parameters given in the tab. I.

There are significant differences in the local values of this
indicator for the new active surface and the area changed as
a result of wear after 30 minutes of grinding — this applies to
all three tested wheels. First of all, the maximum value of the
indicator decreases more than twice, which means high
sensitivity of this parameter, especially that the values of
typical surface topography evaluation parameters,
determined in order to compare suitability, change rather little
or their changes are not a result of wear. The analysis shows
that the average of 25% of maximum values, preferably on a
surface containing not less than 1000 grains, can be a good
parameter of the consumption dynamics evaluation.

Fig. 5 shows grain contour views — the contours of the
highest sharp edges are highlighted in red. There is a very
large decrease in the value of the Wwezs index (sharpness of
the highest vertices).

Clear differences in the Wwozs index value can be seen in
histograms (fig. 6), especially for wheels with induced
porosity (fig. 6¢c and fig. 6d) and larger distances between
active grains, which means their higher load and lower
specific energy of grinding. Similarly, for grinding wheels with
a developed surface (fig. 6e and fig. 6f), the initial values of
the indicator were smaller compared to the remaining
grinding wheels, which resulted from the leveling of the peaks
after the process of shaping the grinding wheel surface; after
grinding, there was a significant reduction in the size of large
index values. This means that many new small microwells
were created at a similar height, and the number of vertices
located high above the active surface decreased (which is
confirmed by data in tab. I11).

Tab. Il lists the more important parameters used to assess
the stereometric features of the surface, and in the table 11l —
average values of the developed indicator along with selected
other values of known parameters for the assessment of
stereometric features of the surface for the three tested
grinding wheels in the two analyzed states.

The average value of the Wwozs index for grinding wheels
containing grains with developed surface increased after
grinding, thus the surface condition of the grinding wheel did
not deteriorate, on the contrary — many new aligned tips of
abrasive grains appeared. The values of some parameters,
e.g. Spq and Sy, differentiate the grinding wheel parameters
before and after grinding, but they are not correlated with
changes in cutting properties, which depend on the
sharpness of the abrasive grains with the largest radii of
action.
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TABLE Il. Set of the most important parameters for the

evaluation of stereometric features of the surface

height and sharpness indicator
of abrasive grains

mean square surface deviation

kurtosis (excess) of the surface

maximum height of the hill

maximum depth of the recess

average arithmetic deviation

p=10%

inverse area surface material ratio

p = 50%
q=97.5%

extreme height of the summit

mean square surface gradient

coefficient of surface area
development

trimming = 5%

density of surface peaks

arithmetic mean curvature
of the surface peak

average valley area

area of the average hill

total height

vertex density

arithmetic mean curvature
of the vertex

Gaussian filter,

mean square unevenness

0.8 mm of the plateau
Gaussian filter, mean square unevenness
0.8 mm of the valley
Gaussian filter, | material ratio on the plateau—valley
0.8 mm transition
indicator of the material surface
area

TABLE IIl. Determined values of selected parameters for the
evaluation of stereometric features of the surface of the tested
grinding wheels

143 | 9.66 | 14.1 | 119 | 12.0 | 13.3
63.2 | 56.4 | 67.2 | 65.4 | 62.8 | 64.8
33 | 449 | 594 | 7.84 | 484 | 4.07
159 119 | 232 120 | 144 107
317 | 356 | 472 | 599 | 484 | 398
51 43.8 | 515 | 49.7 | 49.2 | 51.4
76.1 | 63.5 74 729 | 72.8 | 73.7
148 146 165 164 | 155 165
163 | 1.32 | 1.64 | 15 156 | 1.66
99.4 | 66.5 | 99.8 | 85.1 91 102
6.7 6.01 | 342 | 3.21 | 3.85 | 5.14
83.9 | 53.1 59 57.3 | 53.3 | 54.9
0.08 | 0.10 | 0.09 | 0.10 | 0.11 | 0.07
0.09 | 0.11 | 0.13 | 0.18 | 0.13 | 0.12
475 | 475 | 704 | 719 | 628 505
78.2 | 119 | 476 | 77.1 | 456 | 81.6
64.1 | 48.2 | 51.9 | 51.4 | 49.1 | 52.6
259 | 29.2 | 403 | 17.2 | 23.6 | 8.45
79.3 | 929 | 825 | 845 | 69.3 | 99.6
28.1 | 61.7 | 484 | 298 | 21.3 | 34.1
0.89 | 1.21 | 046 | 1.77 | 1.05 | 2.72

Conclusions

The machining potential of abrasive tools results from the
features of their structure, type and properties of abrasives
and binders, geometrical parameters of abrasive grains and
topography of the active surface. During the grinding process,
abrasion of the grain tops occurs and micro- and macro-
crumb grains occur, which means that the surface
topography of the tool changes mainly. The advantageous
stereometric features of the active surface of the grinding
wheel can be considered: the persistent and renewable
sharpness of the grain tops, in many cases also a large
number of micro-crops, and in precise processing — small
dispersion of the active blades' radiation.

Different signals extracted from the implemented process
or research on the properties of tools can be used to evaluate
the processing potential. There are many parameters known
to evaluate the geometric features of a surface. Parameters
useful for the evaluation of the surface after treatment do not
have the information content sufficient to accurately assess
the grinding wheel surface condition and predict the
machining results.

The aim of the authors was to develop a methodology to
assess the active surface condition of abrasive tools using
new parameters with better information usefulness, fulfilling
the condition of complementarity and easy to interpret
relations between parameter values and specific surface
features of tools — to help determine possible adjustments to
the grinding wheel surface process and predict their
durability.

One of the new parameters is the index of the height and
variability of the height (sharpness) of the grain tops, referring
to the surface (3D). This index integrates the influence of the
height and the sharpness of the corners, and its analysis in
relation to individual points of the assessed surface allows to
determine the form of wear and to conclude about the tooling
potential of the tool.

The use of the indicated method of replicas makes it
possible to assess the condition of the grinding wheel without
dismantling it from the machine spindle.
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