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Abstract
Super abrasive diamond grinding wheels are the most promising tools for the precision machining of advanced ceramics
and carbide materials. However, the efficiency of conventional conditioning of these tools is limited owing to high dressing
tool wear, long process time, low form flexibility, and induced damage to the abrasive grains. Wire electrical discharge
machining (WEDM) is an alternative method for conditioning of superabrasive grinding wheels with electrically conductive
bonding materials. In this study, cylindrical plunge grinding of an alumina ceramic with a resin-bonded diamond grinding
wheel is investigated. The assigned type of resin bond contains copper particles and is accordingly electrically conductive
for wire electrical discharge conditioning (WEDC). Conventional (mechanical) and WEDC methods are used for generating
the same profile on two similar diamond grinding wheels. As a result, the specific grinding energy was reduced up to 26%
and 29% during rough and finish plunge grinding, respectively. Reduced specific grinding energy and forces, along with
more effective grain protrusion and sharpness by using WEDC for profiling of grinding wheels, have contributed positively
to the ground surface conditions despite the relatively rougher wheel surface topography in comparison to the conventional
profiling. The more considerable reduction in the mean roughness depth (Rz) than in the arithmetical mean roughness value
(Ra) (11% smaller Rz values in WEDC versus mechanical conditioning) verifies that the workpiece surface underwent less
surface degradation in case of WEDC because of smaller grinding forces. Furthermore, the profile wear behavior of the
workpiece ground with the WED conditioned grinding wheel was superior to the conventionally conditioned one.

Keywords Diamond grinding wheel · Ceramics grinding · Wire electrical discharge machining ·
Grinding wheel conditioning · Grinding wheel profiling · Specific grinding energy

1 Introduction

The grinding process has been commonly considered as
one of the main and irreplaceable finishing processes to
achieve parts with high accuracy in form and dimension,
superior surface roughness, and compressive residual stress
[1]. On the other hand, the ever-increasing demand for
higher quality, precision, and durability in many key indus-
trial applications has led to the vast implementation of
high-performance materials such as superalloys, advanced
ceramics, and ceramic composites. Therefore, appropriate
grinding tools and strategies should be assigned for cop-
ing with the challenges associated with the grinding of
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these difficult-to-cut materials. Thanks to their high hard-
ness and wear resistance, the superabrasive cubic boron
nitride (CBN) and diamond grinding wheels have made
it possible to grind these groups of materials efficiently
and precisely [2, 3]. However, the conventional mechani-
cal conditioning (cleaning, dressing, and profiling) of these
superabrasive grinding tools is in turn cumbersome, costly,
and time-consuming and for complex profile forms, espe-
cially concave ones, even noneconomic [4]. Furthermore,
there is little controllability over the microtopography of
superabrasive wheel surfaces with metallic, hybrid, and
resin bonds using conventional conditioning methods [5].
Using vitrified bonded silicon carbide (SiC) wheels is
a well-established method for the dressing and profiling
of metal, hybrid, and resin-bonded superabrasive grinding
wheels. This method suffers, however, from high wear rate,
limited internal edge sharpness, long process time, and large
negative environmental impact [6]. Furthermore, numer-
ous abrasive grains are not abraded, but pulled out of the
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wheel surface instead, owing to the large contact forces with
the SiC wheel. The severe contact conditions could also
induce thermal and mechanical damages to the grains and
consequently lead to the deterioration of their performance
while grinding [7]. These factors are major obstacles to the
widespread application of metal, resin, and hybrid bonded
superabrasive grinding tools.

In recent years, some novel non-conventional condition-
ing techniques are introduced by academy and industry to
overcome the abovementioned shortcomings and increase
the flexibility and applicability of conditioning processes
[7, 8]. Electrical discharge conditioning is one of non-
traditional alternatives to perform conditioning (dressing
and profiling) of superabrasive grinding wheels. In this pro-
cess, the conductive bond material is removed by electrical
discharges between an electrode (a continuously fed wire
in case of WEDC) and the bond material. This technique
is basically applicable to the electrically conductive metal-
bonded grinding tools. However, owing to a large variety
of commercially available synthetic resin bond materials,
which contain a metal proportion (specifically copper),
the electrical discharge conditioning process can be also
extended to many resin-bonded grinding wheels [9]. In con-
trast to the mechanical conditioning and the die sinking
electrical discharge machining, the wire electrical discharge
conditioning provides a wear-free tool for profiling and
dressing of grinding wheels, where an improvement of pro-
file accuracy and process repeatability can be expected.
The force-free process conditions in WEDC also favor the
attainable profile accuracy and repeatability [9, 10]. Fur-
thermore, the conditioning process time can be optimized
owing to the lack of initial profiling and subsequent repro-
filing intervals of the conditioning tool. Therefore, a single
wire can be utilized for the generation of countless profile
forms and features. In terms of wheel surface microtopog-
raphy, it is possible to provide an effective grain protrusion
by using WEDC, as the discharge process does not influ-
ence the generally non-conductive abrasive grains. Within
a conventional mechanical conditioning on the other hand,
the abrasive grains undergo a significant flattening or a com-
plete pullout, neither of which is desirable for the chip for-
mation process during grinding [10–12]. Therefore, WEDC
provides sharper abrasive grains and leads to the reduction
of grinding forces and consequently to a lower wheel wear
[11]. Regarding the dielectric material, WEDC is divided
into CH-based and water-based erosion processes. Gener-
ally, superabrasive diamond grains in a CH-based dielectric
material are more vulnerable to thermal damage owing to
the relative permeability of water and oil and the smaller
spark gaps common for CH-based electrical discharge pro-
cesses. Therefore, there is a higher risk that the sparks occur
on the grain surfaces and cause thermal damage, which is
not ideal for the grinding performance of diamond grains

[13]. In the case of water-based electrical discharge machin-
ing, the grains are less likely damaged by direct erosion
sparks and a better controllability of grain protrusion can be
achieved [13].

In this study, cylindrical plunge profile grinding of a
ceramic material (aluminum oxide) with a resin-bonded
diamond grinding wheel is investigated. Conventional
mechanical conditioning and WEDC methods were used
to generate a defined profile form on two similar diamond
grinding wheels with an electrically conductive bond
material. Surface microtopography of the grinding wheels
after profiling and after grinding experiments, specific
grinding energy within cylindrical profile grinding with
both grinding wheels, profile wear of the ground ceramic
workpieces, and their surface roughness are compared to
provide an assessment of the two applied conditioning
methods.

2 Experimental setup and conditions

Wire electrical discharge conditioning of a resin-bonded
diamond grinding wheel (D76 C75 BH-R) was performed
on a MP2400 machine from the precision series of
Mitsubishi Electric with deionized water as the dielectric
medium. A brass wire with a diameter of 0.25 mm
(MASTER-CUT type OBN from Mitsubishi Electric) was
assigned for the wire electrical discharge machining tests.
In order to make the profiling of a rotating grinding
possible, the wire electrical discharge machine is equipped
with a specially designed rotary spindle (RSI-55 from ITS
technologies) with a programmable driver integrated in the
machine’s controller. It is accordingly possible to program
the desired grinding wheel profile in 2D and generate it
over the wheel surface through the controlled rotation of
the wheel spindle. The rotation speed of the wheel was
set at 400 rpm to provide sufficient washing effect of the
erosion zone and avoid excessive vibrations of the wire
at the same time. Even though the wire radius is almost
the only limitation on the profile form in WEDC, the
target profile was defined so that it could be also generated
by mechanical profiling. Accordingly, the same profile
was generated mechanically by using a SiC dresser wheel
with a mesh number of 120 (C120 K5 V15 from Tyrolit)
on a resin-bonded diamond grinding wheel of the same
specification as the wire electrically conditioned wheel. The
profiled diamond grinding wheels were used to grind round
workpieces made of aluminum oxide AK99.5 (classification
C799 according to DIN EN ISO 60672-1) on a CNC-
controlled cylindrical grinding machine (EMAG HG 204S).
The chemical composition and mechanical properties of
the ceramic workpiece material are presented in Table 1.
The initial diameter of the workpieces was 20 mm. The
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Table 1 Mechanical properties and specification of the workpiece
material

Al2O3 content (%) 99.5–99.7

Density (g/cm3) 3.91

Average crystallite size (μm) 5–15

Bending strength (MPa) 300

E-Modulus (GPa) 350

Vickers hardness HV10 (N/mm2) 15,000

Fracture thoughness (MPa·m1/2) 3.5

grinding parameters and conditions are listed in Table 2.
The controller of the grinding machine is attached to an
on-line monitoring and data acquisition unit (appCom from
Comara), which enables the collection and processing of
spindle data including the actual grinding spindle power
within the machining process. Both WEDC and grinding
setups are presented in Fig. 1.

The assigned profile form is presented in Fig. 2 and
includes two external and one internal radii. After a plunge
grinding depth of 2.5 mm with both grinding wheels, spe-
cific grinding energy, workpiece profile accuracy, work-
piece average surface roughness (Ra), and the workpiece
average roughness depth (Rz) were compared. The work-
piece profile and surface roughness measurements were per-
formed, respectively, three times using a Hommel-Etamic
T8000 (from Jenoptik) tactile surface measurement device.
Furthermore, the surface topography of both profiled dia-
mond grinding wheels was investigated by a 3D-confocal
microscope (μsurf from NanoFocus) before and after grind-
ing experiments. This investigation was made possible by
comparing the area-based surface parameters of the grind-
ing wheels including average height (Sa) and parameters
extracted from their Abbott–Firestone curves including core
roughness depth (Sk), reduced peak height (Spk), and
reduced valley depth (Svk). The grinding wheel surface
measurements were also repeated three times.

Table 2 Grinding parameters and conditions for plunge grinding of
aluminum oxide

Cutting speed, vc (m/s) 35

Speed ratio, qs (-) 90 (roughing)

(wheel/workpiece) 150 (finishing)

Radial in-feed, vfr (mm/min) 1.0 (roughing)

0.5 (finishing)

Grinding depth, (mm) 2.3 (roughing)

0.2 (finishing)

Spark-out time, (s) 2.7

Grinding oil DiaGrind KSB 1100-B

(Oelheld)

3 Results and discussion

3.1 Grinding wheel microtopography

The material removal performance of a grinding wheel is
significantly affected by its microtopography. Therefore,
the surface topography and grain conditions of the
conventionally profiled diamond grinding wheel, as well
as the one conditioned with WEDC, are investigated
before and after the grinding experiments to characterize
their wear behavior and mechanisms. Figure 3 shows
the initial topography and the generated profile on the
conventionally profiled grinding wheel and the wheel
conditioned with the WEDC before grinding. Confocal
images of these surfaces with higher magnification, along
with the surface topographies of both grinding wheels
after grinding experiments, are presented in Fig. 4. The
conventionally dressed grinding wheel has a very smooth
surface with relatively low grain protrusions, where a
considerable number of worn and flattened grains might
be embedded on the bond surface (Fig. 3a). As is shown
in Fig. 3b, sharper abrasive grains, a more considerable
grain protrusion, and relatively rough wheel surface are the
results of the WEDC. This surface topography, as shown in
Fig. 4c, depends on the wire electrical discharge parameters,
in particular the gap voltage and electrical pulse shape.
The electrical signal is characterized, inter alia, by the
open-circuit voltage, whose variance from the gap voltage
determines the energy released within a single spark and is
therefore directly proportional to the material removal rate
in WEDC. On the other hand, the gap between the wire path
and the generated profile on the grinding wheel is governed
by the gap voltage. There is accordingly a lower limit on
the gap voltage according to the grain size and the desired
grain protrusion, where too low gap voltage for a given
grain size will lead to frequent wire rupture. Regarding the
average grain size of 76 μm, the electrical parameters were
set to achieve high material removal rates, while a grain
protrusion of about 30 μm was generated. At first sight,
it seems that the rougher surface resulting from WEDC
might lead to inferior ground workpiece surface conditions,
while it could favor the reduction of specific grinding
energy and grinding forces. Moreover, the more porous
wheel surface microtopography provides more chip pockets
and possibility for better lubrication in the grinding contact
zone. The surface topographies of both grinding wheels
after grinding process explain the influence of initial surface
conditions on machining characteristics. The topography
of the conventionally conditioned grinding wheel after
grinding in Fig. 4b shows a significant wear in the form
of peripheral scratches in grinding direction. One possible
reason for the generation of these scratches could be the
grains which undergo pullout during the grinding process
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Fig. 1 Wire electrical discharge
conditioning of the diamond
grinding wheel (a); and
cylindrical grinding setup of the
alumina workpiece (b)

and could leave behind groove-like traces before leaving
the contact zone. Flattening of grains during the mechanical
conditioning leads to the increment of individual grain
forces during grinding and therefore to more considerable
grain pullout. This effect tends to roughen the wheel
surface and accelerate the wear of the bond material and
could in turn impair the bonding force and lead to more
intensive loosening of the grains. Besides some traces
of grain pullout and the corresponding scratches, which
are less pronounced than those on the conventionally
conditioned grinding wheel, the WED-conditioned grinding
wheel is more predominantly subjected to smoothening
of the bonding surface, as Fig. 4d shows. A smaller
amount of surface scratches could imply that the grain
pullout on the WED-conditioned wheel might have been
less significant than the conventionally profiled grinding
wheel owing to sharper cutting edges, possibly smaller
grain forces, and better tribological grinding conditions.
However, a considerable degree of porosity is still visible
on the WED-conditioned grinding wheel after grinding.
The influence of both wheel surface conditions will be
distinguished regarding the specific grinding energy and
workpiece surface roughness in the next two sections.
The wheel surface microtopography was quantitatively
investigated by the introduced 3D area-based roughness

Fig. 2 Profile form of the conventionally and the WED conditioned
grinding wheels (dimensions are in millimeters)

parameters. Comparing these parameters before and after
grinding could provide an insight into the wear behavior of
both grinding wheels conditioned with different methods.
The corresponding arithmetic mean height (Sa), the core
roughness depth (Sk), the reduced peak height (Spk), and
the reduced valley depth (Svk) values are presented in

Fig. 3 Surface topography of the conventionally conditioned (a); and
the WED-conditioned (b) grinding wheels
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Fig. 4 Surface topography of the conventionally conditioned wheel
before grinding (a); and after grinding (b), and the WED-conditioned
wheel before grinding (c); and after grinding (d)

Fig. 5. The higher porosity and roughness of the WED-
conditioned grinding wheel are obvious from all reported
roughness values. According to the arithmetic mean height
values, the WEDC has generated a surface, which has Sa
values more than five times larger than the conventionally
profiled grinding wheel of the same specification. Such
a discrepancy could give rise to a perception that the
corresponding ground surface roughness values on the
workpiece might lie also significantly apart from one
another. In Section 3.3, the ground surface roughness
will be discussed, which does not support this perception.
An obvious trend in the surface microtopography of the
conventionally conditioned grinding wheel is that the four
investigated roughness parameters undergo an increasing
trend after application. Except the reduced valley depth
(Svk), the WED-conditioned grinding wheel, on the other
hand, gets smoother after being used. The most outstanding
behavior can be observed on the considerable reduction
of Sk values of the WED-conditioned grinding wheel.
The reduction of Sk implies that a larger proportion of
the surface points lies in the core region of the surface
height histogram. The considerable reduction of Sk values
suggests as well that the wheel wear in this region is more
moderate than the topography peaks. At the same time, the
rather constant increment of all surface parameters on the
conventionally profiled grinding wheel would imply that
a uniform wear of the wheel surface (bond and grains)
has occurred during grinding. Furthermore, it supports the
previous hypothesis that the grain pullout, which tends
to roughness on the wheel surface is more likely in the
case of conventionally profiled grinding wheel. The specific
grinding energy and consequently the grinding force as two
of the driving factors for grain pullout are discussed in
Section 3.2.

With the same specifications, the combined Spk and
Sk values provide a measure for the grain protrusion
on the grinding wheel surface. The increment of these

Fig. 5 3D surface parameters corresponding to the presented surface
samples in Fig. 4
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values in Fig. 5 on the conventionally profiled grinding
wheel during grinding could be associated with the slight
sharpening of the grinding wheel (bond setback) in contact
with the workpiece. However, the WED-conditioned wheel
was already sharp after conditioning. Its grain protrusion
was reduced owing to the grain wear, while it was still
considerably larger than the protrusion on the conventio-
nally profiled grinding wheel after the grinding tests.

3.2 Specific grinding energy

Specific grinding energy is a measure for the assessment
of the grinding performance and its mechanisms. Figure 6
shows the specific grinding energy during the cylindrical
plunge grinding using different conditioning methods
within roughing as well as finishing passes. In case of
the WED-conditioned grinding wheel, the specific grinding
energy during roughing and finishing was reduced up
to about 29% and 26% respectively, in comparison to
the conventionally conditioned grinding wheel. As the
tangential grinding force is directly proportional to the
specific grinding energy, it can be deduced that the WEDC
generates a more suitable wheel surface topography (grain
sharpness, protrusion, and better tribological conditions).
The chip formation and surface formation mechanisms
in grinding of brittle and hard ceramic materials mainly
include crack generation and propagation [14]. As the
process conditions and kinematics are the same for both
sets of grinding experiments, the reduction of specific
grinding energy could be associated with lower individual
grain forces and a shift of the dominating material removal
mechanism towards more efficient chip formation and
smaller amount of rubbing and plowing, which is in
correlation with the sharper and more effectively protruded
abrasive grains on the wheel surface as a result of WEDC.

Fig. 6 Specific grinding energy during cylindrical plunge profile
grinding using the conventionally profiled and the WED-conditioned
grinding wheels

Moreover, the generation of radial cracks and their depth
govern the surface and sub-surface damage in grinding of
ceramics, which have again a direct proportionality to the
individual grain forces [14]. Therefore, given a proper set of
process parameters and conditions, it could be possible to
compensate the induced damage to the workpiece surface by
using the WED-conditioned grinding wheel. As discussed
in the previous section, better tribological conditions on
the WED-conditioned wheel could also contribute to the
reduction of grinding forces, and consequently to lower
wheel wear and workpiece surface damage.

3.3Workpiece surface roughness

The surface roughness of the ground workpieces is the
last investigated aspect for the assessment of WEDC
process. The average surface roughness (Ra) and the mean
roughness depth (Rz) of the ground workpieces across
the grinding direction are presented in Fig. 7. Regarding
the porous and rough wheel surface topography and sharp
protruding grains on the WED-conditioned grinding wheel,
it might be expected that the ground workpiece surface
roughness is higher than the workpiece ground by the
conventionally profiled grinding wheel. In case of metallic
and ductile workpiece materials, where material plowing
and plastic deformation are the dominant chip formation
mechanism, wheel sharpness would be directly projected
over the surface characteristics of the ground workpiece and
higher grain protrusion could roughen it. However, sharper
and more considerably protruded grains lead generally to
the reduction of grain forces. The surface degradation in
grinding of brittle materials is governed by the nucleation
and initiation of lateral cracks, which depend in turn on
the normal grinding forces exceeding a critical material-
dependent threshold value. Therefore, smaller grinding

Fig. 7 Surface roughness during plunge profile grinding with
conventionally profiled and WED-conditioned grinding wheels
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forces could lead to the reduction of crack propagation
beneath the workpiece surface. Accordingly, it is quite
possible that this factor overrules the influence of wheel
roughness and porosity on the ground workpiece surface
roughness. Therefore, unlike ductile materials, the WEDC
has led to ground surface roughness values, which are not
necessarily larger than those with conventional conditioning
process. In the investigated case study, both roughness
parameters Ra and Rz were in average even slightly better
when WEDC was used for profiling of the diamond
grinding wheel. The Ra and Rz values of the workpiece
ground with the WED-conditioned wheel were improved
by about 10% and 11% in comparison to the conventional
conditioned grinding wheel. Regarding the correlation
among the WEDC parameters, wheel surface topography,
ground workpiece surface conditions, and properties of the
workpiece material further investigations are required for
predicting and controlling the ground workpiece surface
roughness. It is moreover suggested that grinding wheel
specifications (grain material, grain size, possible grain
coatings, bond material, and composition) be tailored for the
best performance within the WEDC process as well as the
grinding process.

3.4 Profile wear

The assessment of profile wear on the ground workpieces
was performed by considering four geometric features on
corresponding ground surfaces. Figure 8 illustrates two
measurement samples, while three measurements were
performed for each grinding wheel conditioning method.

Fig. 8 Measured profiles on the workpieces ground with the
conventionally conditioned (a); and theWED-conditioned (b) grinding
wheels

Table 3 Profile measurement on the workpieces ground with the
conventionally conditioned (CC) and WED conditioned (WEDC)
wheels (average values of three measurements)

Parameter Nominal WEDC CC

Radius R1 (mm) 1.50 1.52 1.46

Radius R2 (mm) 13.92 13.87 13.83

Depth H (mm) 0.80 0.78 0.78

Angle A (◦) 120.00 120.44 120.31

The average measurement results after one plunge grinding
pass on the workpieces ground with the WED-conditioned
and conventionally conditioned wheels, along with their
nominal values, are presented in Table 3.

The linear and angular measurements show that after a
total plunge grinding depth of 2.5 mm, the conventionally
conditioned and the WED-conditioned grinding wheels lead
to maximum profile deviations of about 0.09 mm and 0.05
mm, respectively. Larger profile deviation in case of the
conventionally conditioned wheel can be associated with
larger grinding forces and accordingly larger wheel wear in
comparison to the WED conditioned wheel. The increments
of the angle A in both cases imply, furthermore, that the two
external radii on the grinding wheels experience the most
considerable amounts of wear, as their engagement depth
with the workpiece is the largest (2.5 mm) along the ground
profile.

4 Conclusion

This study presented a systematic comparison between
the conventional mechanical and wire electrical discharge
methods for the profiling of a resin-bonded diamond
grinding wheel. The correspondingly conditioned grinding
wheels were applied to the cylindrical plunge grinding
of an alumina ceramic workpiece, where the following
conclusions were made:

– At the very first glance, WEDC provided a porous
and rough grinding wheel surface in comparison to
the conventional conditioning method. Qualitative and
quantitative investigation of wheel surface topographies
revealed that, up to the performed material removal,
WED-conditioned wheel provides a more effective
grain protrusion and lubrication, and consequently
experiences lower grain wear and pullout. It can
be expected that the WED-conditioned wheel retains
its chip formation ability over a wider range of
material removal amounts and requires less frequent
re-conditioning cycles.
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– Effective grain sharpness and protrusion, along with
better tribological conditions in WEDC, favor the
reduction of grinding force and energy, which in turn
allows for larger material removal rates in grinding, and
better wear behavior and grain retention of the grinding
wheel.

– Despite the higher roughness and porosity of the
grinding wheel using WEDC, the reduction of grinding
forces has apparently led to the compensation of crack
propagation mechanisms and provided less surface and
subsurface damage to the brittle workpiece material
during grinding. Accordingly, comparable and even
slightly better ground workpiece roughness values are
resulted in comparison to the conventionally profiled
grinding wheel.

– The present study verifies that WEDC can be con-
sidered as a promising method for conditioning of
superabrasive grinding tools with electrically conduc-
tive bonding systems. Although the advantages of
WEDC over the conventional conditioning are evi-
dent, especially where complex, flexible, and repro-
ducible profile forms are demanded, the application of
WEDC can be even further promoted by customizing
the grinding wheel specifications to the individual pro-
cess requirements. In this regard, as an example, the
porosity of the wheel surface is not a shortcoming, but
a potential which enables the application of grinding
wheels with finer grain sizes, without increased risk of
chip loading, grinding energy increment, and thermal
damage.

– More investigations are being made to provide WEDC
parameters and conditions for improving the ground
profile accuracy, surface integrity, and wheel profile
persistence, while assuring the highest possible erosive
material removal rates and efficient grain protrusion.
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