
ORIGINAL ARTICLE

Grinding of transformation-toughened mixed oxide ceramic

Berend Denkena1 & Alexander Krödel1 & Andi Wippermann1
& Philipp Wolters1

Received: 30 March 2020 /Accepted: 6 July 2020
# The Author(s) 2020

Abstract
During the manufacturing of ceramic components, grinding is an important manufacturing step. It influences the workpiece
quality and the operational reliability. Thermomechanical loads during grinding can influence the lifetime and operational
reliability of ceramics by modifying their bending strength and subsurface properties. Therefore, it is necessary to consider the
influence of the grinding forces and mechanical loads on the strength of the ceramics in order to design a suitable grinding
process. In this investigation, a quick-stop device is used to interrupt the grinding process of the newly developed mixed oxide
ceramic SHYTZ (strontium hexaaluminate/yttria-toughened zirconia) and the market-established ceramic ATZ (alumina-tough-
ened zirconia). Subsequently, an analysis of the occurringmaterial removal phenomena, the number of active abrasive grains, and
the real thermomechanical loads is carried out. It was found that the number of active grains and the material removal phenomena
are influenced by the tool specifications. Besides that, the experimentally determined number of active grains was found to be up
to 14 times higher than predicted by an analytical model given in literature. Consequently, the calculated single grain chip
thickness was found to be up to 12.1% lower than analytically predicted. The investigation of the process forces and thermal loads
showed up to 52% higher loads for ATZ than for SHYTZ. The subsequent analysis of the resulting bending strength of the
ceramics revealed a lower influence of the grinding process on the strength of SHYTZ than for ATZ. Furthermore, a correlation
between the used tool bonding and the resulting thermomechanical loads, bending strength, and residual stresses could be
observed.
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Nomenclature
a Thermal diffusivity
ae Depth of cut
ap Width of cut
as(t) Time-dependent accelerating behavior
Acu Chip cross-sectional area
Ak Contact area
AKG Grain contact area
cp Specific heat capacity
C Grain concentration
E Young’s modulus
F′n Specific normal force
FnG Grain normal force

F′t Specific tangential force
FtG Grain tangential force
hcu Single grain chip thickness
K0 Modified Bessel function of the second kind and

zeroth order
K1, K2 Model constants
KIc Fracture toughness
lg Geometric contact length
lgG Grain contact length
L Dimensionless half length of the heat source
NGaktA Number of active grains
NGV Abrasive grain density
qw Heat flow
qwG Heat flow of a single grain
Q′w Specific material removal rate
RG Grain radius
RS Grinding wheel radius
RW Heat distribution factor
sdiv Distance between grain and sample
sG Path covered by a grain
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sG,x Path covered by a grain in x-direction
sG,y Path covered by a grain in y-direction
ss Path covered by the sample
svc Path covered due to cutting speed
svc,x Path covered due to cutting speed in x-direction
svc,y Path covered due to cutting speed in y-direction
svf Path covered due to feed velocity
svf,x Path covered due to feed velocity in x-direction
svf,y Path covered due to feed direction in y-direction
t Time
T(x,z) Temperature at a specific place
Tmax Grinding temperature
TmaxG Grain contact temperature
u Dimensionless parameter
vB Bolt velocity
vbrake Velocity of the brake
vc Cutting speed
vft Feed velocity
vs Carriage velocity
X Dimensionless distance to the center of the heat

source
Xm Monoclinic phase content
Z Dimensionless depth under the workpiece surface
λ Thermal conductivity
σESP Residual stresses
σf Bending strength
φ Angular position of a grain

1 Introduction

Mixed oxide ceramics are used in a wide range of medical
applications due to their mechanical properties and their bio-
compatibility [1, 2]. The high strength and fracture toughness
of zirconia-doped oxide ceramics are associated with the
tetragonal-to-monoclinic phase transformation during crack
propagation. To enable the phase transformation, stabilization
of the metastable tetragonal phase through alloying with
aliovalent ions is necessary. Due to this stabilization, the
volume-increasing effect of the phase transformation only
takes place when the ceramic is loaded [3, 4].

The high regulatory requirements and quality standards of
medical products make it necessary to carry out a final
finishing process step to reach the required surface quality
and geometrical accuracy [5, 6]. Due to high hardness, grind-
ing is the most important machining process for the finishing
of mixed oxide ceramics [7]. As a finishing process step, the
grinding process defines not only the resulting quality of the
workpiece but also its operational reliability [8]. Furthermore,
it is a relevant cost factor that accounts for up to 41% of total
production costs. The thermomechanical workpiece loads of
the grinding process can modify the bending strength and the
subsurface properties. This can lead to a reduction of the

workpiece lifetime or operational reliability. Furthermore,
these loads can lead to damages and strength reduction, which
can prevent the usage of the workpiece in the intended appli-
cation. It is important to design the grinding process properly,
since up to 92% of the value creation have been done before
the grinding takes place [8–15].

1.1 State of the art

In order to design a suitable grinding process, the influence of
the grinding forces and the thermomechanical loads on the
strength of the ceramics must be considered [16, 17]. The
grinding forces result from the sum of the forces acting on
the active cutting grains of the grinding tool [16, 18]. The
resulting friction converts the mechanical energy into heat
and thus into a thermal load [18]. Therefore, the forces and
contact conditions acting on the active grains during the grind-
ing process determine thermal and mechanical loads.
Moreover, the material removal mechanisms have an influ-
ence on the quality and strength of the ground workpiece
[19–34]. In order to describe the correlation between process
parameters, single grain chips, material properties, material
removal mechanisms, and workpiece load, different models
have been developed [11, 23, 35–39].

However, contact conditions and the load of the active
grains during the process cannot be easily investigated. One
possibility of the investigation is to use single diamond
scratching tests [40–43]. A disadvantage of this method is
the comparatively low scratching speed, which is often up to
six orders of magnitudes lower than during grinding process-
es. However, lately developed single diamond scratching tests
allow scratching speeds that are in the same order of magni-
tude as grinding processes [40]. However, it is not possible to
investigate the influence of multiple grain engagements on
material removal mechanisms with this method. A new meth-
od to specifically investigate those engagements is the inter-
ruption of cut, which allows to freeze the actual engagement
process in the cutting zone [44]. An analysis of the resulting
contact zone via scanning electron microscopy enables the
investigation of the material removal phenomena and the
number of active grains NGaktA.

In order to realize an interruption of cut in grinding, quick-
stop devices have been used frequently in the past. Hereby, the
cutting speed vc is the critical factor to achieve reliable results.
Because of this, the challenge in realizing an interruption of
cut is the high relative speed between the grinding tool and
workpiece of up to 50 m/s [44–46]. Therefore, quick-stop
devices have to accelerate the workpiece as quickly as possi-
ble. In this way, a minimum period of time in which there is a
relative speed between the sample and grinding tool during
the interruption can be ensured. The first investigations using
quick-stop devices dealt with cutting processes like turning
and milling due to the high cutting speeds in grinding [47].
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Later on, publications investigated the interruption of grinding
processes using a segment acceleration method. However, no
systematic studies were carried out [48]. Recently developed
quick-stop devices enable a reliable interruption of the grind-
ing processes with cutting speeds of up to 35 m/s [44, 45, 49,
50].

In this paper, the number of active grains and the occurring
material removal phenomena are investigated for the grinding
of two transformation-toughened mixed oxide ceramics.
Furthermore, the thermomechanical loads as well as their in-
fluence on the bending strength of the workpiece are analyzed.
The investigated ceramics are the newly developed mixed
oxide ceramic SHYTZ (strontium hexaaluminate/yttria-
toughened zirconia) and the market-established ceramic
ATZ (alumnia-toughened zirconia).

2 Materials and methods

2.1 Quick-stop device

The experimental setup and the interruption process of the
quick-stop device are displayed in Fig. 1. All components of
the device are made of hardened tool steel to reduce unintend-
ed movements or deflections. The main parts of the device are
the captive bolt pistol, the sliding carriage with the sample, a
dovetail guidance, two brake devices, and a base plate, which
is mounted on the machine bench of a Röders RFM 600 ma-
chine tool. A screw can be used to apply a preload to the
carriage. The carriage is held by a shear pin during the grind-
ing process to avoid any movement of the carriage before the
interruption is started. This enables the interruption of grind-
ing process with cutting speeds of up to 50 m/s. This means an
increase of 43% of the cutting speed which can be interrupted
with this device, compared with previously used devices [44,
45, 49, 50].

As a first step (Fig. 1a), a pre-grinding of the sample is
carried out in order to create comparable conditions for the
subsequent quick-stop experiments. After that, a metal cable is
used to connect the automatic release unit with the infeed axis
of the machine (Fig. 1b). While the grinding of the sample
takes place, the movement of the infeed axis leads to tension
on the metal cable and activates the automatic release unit.
This triggers the bolt at the same position of the grinding
wheel in every experiment regardless of the feed velocity vf.
The impact of the bolt accelerates the carriage opposite to the
direction of the feed velocity and thus out of the contact zone
between the sample and grinding wheel into brake I (Fig. 1c).
Measurements with a high-speed camera show that the car-
riage reaches a maximum speed of 66 m/s due to this acceler-
ation. Brake I consists of a technical high-density foam that is
hold in place by a metal enclosure. The foam absorbs the
kinetic energy of the carriage. To prevent the carriage from

moving back into contact with the grinding wheel due to an
elastic behavior of the foam, the spring-applied second brake
(II) moves out when the carriage has left its initial position
(Fig. 1d). Finally, the carriage stops between brake I and brake
II at the end of the experiment (Fig. 1e).

The duration of the accelerating phase until sample and
grinding tool are separated from each other is important for
chip removal mechanisms. Therefore, an analytical error anal-
ysis model was developed. This model can be used to evaluate
the period of time during which the tool remains in contact
with the sample after the bolt hits the carriage. In this way, the
influence of the contact period on the results of the interrup-
tion can be estimated. In Fig. 2, the relative movement be-
tween a grain of the grinding wheel and the sample is illus-
trated. The dependencies presented are utilized to create the
basis of the error analysis model. The model is based on equa-
tions (1)–(6) [51].

sG tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sG;x tð Þ2 þ svc;y tð Þ2

q
ð1Þ

svc;y tð Þ ¼ t � vc � cos φþ ωc � tð Þ ð2Þ
sG;x tð Þ ¼ t � vft þ vc � sin φþ ωc � tð Þ� � ð3Þ

ωc ¼ vc
RS

ð4Þ

sdiv tð Þ ¼ sS−sG;x ð5Þ

sS tð Þ ¼ 1

2
� aS tð Þ � t2 ð6Þ

In the moment just before the interruption of cut (t = 0
ms), the grain is engaged in the material with the single
grain chip thickness and moves with the cutting speed vc.
Its position at the contact arc is described by the angle φ.
After being hit by the bolt, the sample (t′) moves with a
velocity vS, which depends on the time-dependent accel-
eration behavior aS(t) of the slide. The process is success-
fully interrupted when a gap between the engaging part-
ners exists. Thus, the distance between the grain and sam-
ple sdiv(t) must be greater than zero. In order to calculate
this distance, it is necessary to calculate the movement of
the sample and the tool resulting from the feed velocity svf
and the cutting speed svc. Together, they describe the dis-
tance the grain travels with respect to the specimen (sG)
(Eqs. (1)–(3)). In order to perform those calculations, the
angular velocity must be determined, which can be done
by using the cutting speed vc and the grinding wheel ra-
dius RS (Eq. (4)).

The subsequent error analysis shows that the movement
distance of the grain until the interruption of the cut is com-
pleted is between 9μm (vc = 10m/s, vft = 12,100mm/min,φ =
0°) and 168 μm (vc = 50 m/s, vft = 12,100 mm/min, φ = 0°).
Compared with the geometric contact length, this corresponds
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to an error between 0.3% (ae = 0.18mm) and 15.3% (ae = 0.02
mm).

2.2 Grinding experiments

All grinding experiments were conducted as a face grinding
operation in up-grinding kinematic. The parameter settings are
summarized in Table 1. Each parameter is varied at five levels
whereby each level is equidistantly distributed [51].

The investigation of the material removal mechanisms and
the number of active grains is performed subsequently to the
quick-stop experiments via scanning electron microscopy
(SEM) (Zeiss EVO 60 VP). Since the material removal mech-
anisms at the beginning of the contact zone are most similar to
the mechanisms of the surface generation, only the first third
of the contact zone is evaluated for the analysis of the material
separation mechanisms. The entire contact zone is analyzed
for the investigation of the number of active grains. The set of
grinding experiments is then repeated without interruption of
cut to determine the mechanical and thermal loads of the
grinding process. In this series of experiments, the grinding
forces are measured via a Kistler 9257B 3-component piezo-
electric dynamometer. Furthermore, residual stresses σESP and
the monoclinic phase content Xm are determined using a GE
XRD 3003 ETA X-ray diffraction system with a 2-mm-
diameter collimator and CoKα-radiation applying the sin2ψ-
method. The measuring error for the residual stresses is ±
10 MPa and less than three percent of the measured values
for the monoclinic phase content. The bending strength σf is
determined using a Zwick Type Z 1445 in a four-point bend-
ing test according to DIN EN 843-1. In these tests, the sample
dimensions are 3 × 4 × 45 mm. The distance between the
lower bearings is 40 mm and 20 mm for the upper bearings.
A feed speed of 3.5 mm/min is applied in a fully air-

conditioned room with a temperature of 24 °C and an air
humidity of 50%. The grinding temperatures are measured
in process with four thermocouples with a diameter of
0.25 mm (Omega Type K). The resulting thermoelectric volt-
ages are amplified with a measuring amplifier (Bedo
Elektronik Type SAK12-660-100) and digitalized with an
A-D converter (National Instruments Type BNC-2090). The
measuring error of the temperature measurements is 0.4% of
the measured value.

2.3 Grinding tools

Typical tools for the machining of ceramics are used in all
investigations. To investigate the influence of the bond, three
different bonding systems are used, which are shown in
Table 2. All tools have a 1A1 geometry, a tool diameter of
30 mm, and an abrasive layer width of 8 mm. All tools use
diamond with a grain size of 91 μm as abrasives. The bonding
systems differ in porosity and stiffness [51]. Therefore, their
variation has a major influence on the resulting workpiece
surface. For example, it is assumed that the chosen grinding
tool is the most important factor for grinding-induced surface
damages [13].

sG

sG,x

+ c t

svf svc,x

svc
svc,y

y

x

hcu

lk
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M M
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= 0.004 ms
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,= + c t
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Fig. 2 Illustration of the relative
movement between grain and
sample during the interruption of
cut

Table 1 Parameter settings of the grinding experiments

Process variables Levels

Cutting speed vc (m/s) 10 20 30 40 50

Feed velocity vf (mm/min) 100 3100 6100 9100 12,100

Depth of cut ae (mm) 0.02 0.06 0.1 0.14 0.18

Coolant 5% oil in-water emulsion
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2.4 Workpiece material

Two workpiece materials are used in this study. Their compo-
sition andmaterial properties are shown in Tables 3 and 4. The
first ceramic is the newly developed transformation-
toughened mixed oxide ceramic SHYTZ (strontium
hexaaluminate/yttria-toughened zirconia) [52, 53]. Table 4
shows that this ceramic has a very high bending strength σf
compared with the second ceramic combined with a high frac-
ture toughness KIc. The second ceramic is the market-
established ceramic ATZ (alumnia-toughened zirconia). In
this study, it is used as a reference.

3 Results and discussion

3.1 Material removal

The presented quick-stop device allows the investigation of
the occurring material removal phenomena in the contact zone
between the grinding tool and the workpiece. The knowledge
of these plasto-mechanical processes allows to examine the
influence of the material removal on the subsurface workpiece
properties. Figure 3 shows a SEM image of the contact zone
and the different material removal phenomena, which may be
present (Fig. 3a–e).

The spectrum of observed material removal phenomena
covers phenomena from ductile material removal up to inter-
crystalline outbreaks including microgrooving and
microploughing. The appearance of those material removal
phenomena depends on the actual depth of cut of the grain

that removes the material. The lowest risk of crack initiation
occurs during ductile material removal due to the plastically
deformed and smooth grinding groove ground. A higher pen-
etration depth of the active grain leads to the phenomenon of
microgrooving (Fig. 3b, c). Hereby, a triaxial hydrostatic com-
pressive stress state occurs, which eventually leads to a plastic
deformation of the material. Behind the active grain, the pres-
sure on the material is then relieved. Consequently, chipping
occurs behind the active grain if a critical surface pressure is
exceeded (Fig. 3c). In this process, lateral and median cracks
may result and decrease the strength of the material. In the
case of microploughing, the material is plastically displaced to
the sides by the active grain (Fig. 3d). This leads to crack
initiation in the undeformed areas next to the grinding groove
due to high plastic deformations. This causes inter-crystalline
outbreaks with a size of about 0.27 and 0.33 μm (Fig. 3e).

In Fig. 4, the proportion of the material removal phenom-
ena is shown for both ceramics. For this purpose, a distinction
is made between a ductile and a brittle material removal as
well as a transition zone between them. This transition zone
contains attributes of both material removal types. Therefore,
every area of the contact zone, which shows signs of the phe-
nomena of microgrooving or microploughing, is counted as a
transition zone. Areas with inter-crystalline outbreaks are
counted as brittle outbreaks. Furthermore, the influence of
different grinding wheel specifications is investigated.

The ceramic SHYTZ shows a 3–5% higher proportion of
ductile removal mechanism than ATZ depending on the used
grinding tool. The same applies to brittle outbreaks, whose
proportion is between 2 and 3% lower for SHYTZ than for
ATZ. The reason for this is the higher hardness of ATZ com-
bined with its lower fracture toughness compared with
SHYTZ. ATZ shows an increased tendency to crack which
leads to an increased proportion of brittle material removal.
The reason for this is the increased tendency of ceramics to
crack with increasing hardness and decreasing fracture tough-
ness [14]. It should also be noted that the usage of a sintered
metal bond leads to a 3–4% higher proportion of brittle out-
breaks, while at the same time the proportion of ductile

Table 4 Mechanical and thermal properties of the ceramics

SHYTZ ATZ

Bending strength σf (MPa) 1528 ± 175 1447 ± 125

Weibull module m 10.3 13.2

Fracture toughness KIc (MPa √m) 8.8 5.5

Hardness HV1 (GPa) 12.6 14.5

Young’s modulus E (GPa) 213 250

Thermal conductivity λ(300°C) (W/m K) 3.0 4.7

Thermal diffusivity a(300°C) (mm2/s) 0.9 1.3

Specific heat capacity cp(300°C) (J/g K) 0.56 0.66

Table 2 Grinding tools

Tool 1 Tool 2 Tool 3

Bond Resin Sintered metal Galvanic

Abrasive Diamond Diamond Diamond

Grain size 91 μm 91 μm 91 μm

Grain concentration C150 C176 C189

Pore volume 0% 32% 0%

Table 3 Composition of the ceramics

Oxide Empirical formula SHYTZ ATZ

Zirconia (%) ZrO2 90.6 74.2

Alumina (%) Al2O3 3.7 20.0

Yttria (%) Y2O3 3.3 4.2

Hafnia (%) HfO2 1.8 1.6

Strontia (%) SrO 0.6 -
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material removal is reduced by 5–9%. This indicates an in-
creased tendency for crack initiation in case of the utilization
of sintered metal bonds compared with resin-bonded tools.

3.2 Single grain chip thickness

For a deeper understanding of the thermal loads and the oc-
curring material removal phenomena in the grinding process,
it is necessary to determine the number of active grains and the
single grain chip thickness. Due to the friction during material
separation, each active grain is a heat source in the grinding
process and thus influences the thermal load of the workpiece.
In addition, the number of active grains influences the single
grain chip thickness. The single grain chip thickness in turn
influences the material removal phenomena that occur. Brittle

material removal occurs when the single grain chip thickness
is higher than the material-specific critical single grain chip
thickness [23]. To determine the number of active abrasive
grains NGaktA in the contact zone, all indications of active
abrasive grains in the SEM images of the contact zone after
the interruption of cut are counted. The identification criterion
for an active grain is a change of the homogenous grinding
grooves in the contact zone. Depending on the grain protru-
sion of the abrasive grains, the active grains leave different
marks in the contact zone. Further identification marks for
active grains are material accumulations, scratches, and
grooves, which begin or end in the contact zone. Examples
can be seen in Fig. 5.

With this analysis, it is possible to determine the number of
active grains experimentally instead of using analytical
methods. In Fig. 6, the results of this analysis are shown for
both ceramics and all bond types. To evaluate the number of
active grains per square millimeter, the number of counted
active grains is divided by the area of the contact zone. The
number of active grains is between 8 and 17 active grains/
mm2. A comparison of the experimentally determined number
of active grains with an analytical model is shown in Fig. 6.
The material-independent model of Lierse is used for the an-
alytical determination of the number of active grains [11]. It
can be seen that there is a difference between the experimen-
tally and the analytically determined number of active grains
for all tools. In every case, the experimentally determined
number of active grains is higher than the analytically deter-
mined number. The experimentally determined number of
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active grains is compared with the analytical model up to 14-
times higher if low feed velocities are used. Besides this, the
number of active grains is negligibly higher for SHYTZ than
for ATZ. The reason for this is the lower hardness of SHYTZ
combined with its higher fracture toughness.

However, the bond of the grinding tool has a greater influ-
ence on the number of active grains. The high mechanical
compliance of the resin bond leads to a high number of active
grains at low feed velocities. The mechanical structure of the
bond allows grains with lower grain protrusion to participate
in the grinding process since the bond is deformed due to
grinding forces [18]. At higher feed velocities, higher process
forces are to be expected (see Fig. 10). In combination with
the flexibility of the bond, this leads to a higher number of
active grains, as the deformation of the bond allows grains
deeper in the bond to participate in the grinding process.
Overall, the number of active grains of the resin bonds is
between 14 and 17 active grains/mm2. The lower mechanical
compliance of the sinteredmetal bond leads to a lower number
of active grains. The lower grain protrusion of the sintered
metal bond also contributes to this. The number of active
grains of the sintered metal bond is therefore with 10 to 14
active grains/mm2, the lowest compared with the other bonds.
The galvanic bond shows 8 active grains/mm2 for low feed
velocities. However, the high grain concentration of this bond
leads to an increase in the number of active grains to 16 active
grains/mm2 for higher feed velocities.

The differences between the experimentally and analytical-
ly determined numbers of active grains are caused by the
assumptions of the analytical model. Lierse assumes that the
material is neither elastically nor plastically deformed when
the abrasive grain penetrates the workpiece and that the abra-
sive grain exactly separates the overlapping material volume.

Furthermore, the possibility of brittle outbreaks and their rel-
evance for the number of active grains is neglected. The me-
chanical compliance of the bond is also neglected. The only
tool-related parameter that is taken into account in this model
is the abrasive grain densityNGVwhich is also used in Lierse’s
calculation of the single grain chip thickness hcu [11]. The
method of analysis used in the present paper makes it possible
to determine the number of active grains without using sim-
plifying assumptions.

Considering that the number of active grains also influ-
ences the single grain chip thickness, Fig. 7 shows a compar-
ison of the single grain chip thickness for all bonds. The single
grain chip thickness is calculated with the experimentally de-
termined number of active grains using the analytical model of
Lierse [11]. It can be seen that the different numbers of active
grains in the bonds lead to different single grain chip thick-
nesses for each bond. Therefore, the single grain chip thick-
ness of the resin bond is up to 12.1 % lower than for the
galvanic bond and up to 7.9 % lower than for the sintered
metal bond. It can also be seen that the single grain chip
thickness based on the experimentally determined number of
active grains is smaller than in the analytical model. This is not
negligible as it has an influence on the material removal phe-
nomena [23].

3.3 Mechanical and thermal loads

With the previously obtained knowledge about the number of
active grains, it is possible to determine the mechanical and
thermal loads on a single grain. For the mechanical loads, this
is shown exemplarily in Fig. 8 with regard to the influence of
the cutting speed. The grain normal and tangential forces (FnG,
FtG) can be calculated by dividing the normal and tangential
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forces by the number of active grains. This allows a more
reliable assessment of the mechanical loads in the contact zone
between grain and material compared with the specific normal
and tangential force. Any possible friction between the bond
and the workpiece can be neglected in this case due to a high
grain protrusion of the tools combined with the comparable
low single grain chip thickness [54].

An increase in the cutting speed with a constant material
removal rate leads to a degressive load drop due to a lower
single grain chip thickness, as it can be seen in Fig. 8. It also
shows that the process forces for machining ATZ are higher
than for SHYTZ, regardless of the cutting speed. Higher me-
chanical loads in the grinding process increase the risk of
crack formation. It should be noted that cracks have the po-
tential to negatively influence the flexural strength of the ce-
ramics. It is possible to reduce the mechanical load by increas-
ing the cutting speed, but at the same time this leads to an
increase in the thermal load.

Investigations of the influence of the feed velocity and the
depth of cut show that in general the process forces for the
machining of ATZ are higher than for SHYTZ, as shown in
Figs. 9 and 10. Regarding the grain forces, this means that the
grain normal forces are 18–31% higher for the machining of
ATZ. The same applies to the grain tangential forces which
are 25–28% higher for ATZ than for SHYTZ.

The reason for this is the higher hardness of ATZ in com-
parison with SHYTZ. These results show that the mechanical
load in grinding of ATZ is higher than for grinding of
SHYTZ. It must therefore be assumed that ATZ has a higher
risk of crack initiation as a result of the grinding process due to
the higher mechanical load. The analysis of the experimental

results of all bonds shows that the grain forces of the sintered
metal bond are higher than for the other bonds. The reason for
this is the comparatively low number of active grains and a
lower grain protrusion of the sintered metal bond [51].

The strength of the ceramics can be influenced not only by
mechanical but also by thermal loads. To determine the ther-
mal loads in the grain contact zone, it is necessary to deter-
mine the heat distribution factorRW. RWdescribes the percent-
age of the specific cutting power that passes into the work-
piece as heat flow qw. The heat distribution factor can be
calculated using the following equation:

RW ¼ qw � lg
F 0

t � vc ð7Þ

This factor can then be used to calculate the temperatures in
the grain contact zone using an analytical model [55–57].
Before the calculation of the temperatures in the grain contact
can be carried out, it is necessary to verify that the tempera-
tures are calculated correctly. To verify the calculated temper-
atures in the contact zone, they are compared with the mea-
sured temperatures in the contact zone as shown by various
authors [54, 58–61]. Figure 11 shows the comparison of mea-
sured and calculated temperature. It can be seen that when
using heat distribution factors of 9 and 10 %, the calculated
values almost correspond to the measured values with a max-
imum deviation of 2.3 %.

The heat distribution factor is influenced by the process
parameters and the machined material [60]. Therefore, Fig.
12 shows the grinding temperature Tmax and the heat distribu-
tion factor as a function of the cutting speed. It can be seen that
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both the grinding temperature and the heat distribution factor
increase with increasing cutting speed. The reason for this is
mainly the simultaneous increase of the specific cutting power
and the higher number of grain engagements per time when
the cutting speed is increased. The steeper increase of the
temperature and heat distribution factor for ATZ results from
its higher thermal conductivity and thermal diffusivity. The
calculated temperatures represent the mean grinding tempera-
ture resulting from the superposition of the single grain inter-
ventions and the resulting local grain contact temperatures of
the active grains.

Due to the fact that high thermal loads can cause phase
transformations in the ceramics or locally alter stress states,
it is more meaningful to analyze the grain contact temperature
than the mean grinding temperature. Therefore, an analytical
model [55–57] is applied to calculate the grain contact tem-
perature with Eqs. (8)–(14). Hereby, T(x,z) is the temperature
at a specific place, qwG the heat flow from a single grain, K0

the modified Bessel function of the second kind and zeroth
order, lgG the grain contact length, RG the grain radius, and X,
Z, L, and u are dimensionless parameters.

T x; zð Þ ¼ 2 � qwG � a
π � λ � vc � ∫XþL

X−L e
−u � K0 � Z2 þ u2

� �1
2 � du ð8Þ

qwG ¼ RW � FtG � vc
lgG

ð9Þ

lgG ¼ RG � arccos 1−
hcu
RG

� �
ð10Þ

X ¼ vft � x
2 � a ð11Þ

Z ¼ vft � z
2 � a ð12Þ

L ¼ vft � lg
4 � a ð13Þ

u ¼ vft � x−x0ð Þ
2 � a ð14Þ

The abrasive grain is considered as a heat source that
moves with the cutting speed. In Fig. 13, the calculated grain
contact temperatures are shown as a function of cutting speed
and depth of cut.

The presented increase of the grain contact temperature due
to higher cutting speeds results from the corresponding de-
crease of the single grain chip thickness. With a reduction of
the single grain chip thickness, each active grain has to re-
move less material, resulting in a higher relative share of fric-
tion. This eventually leads to higher temperatures. It can be
seen that higher cutting speeds lead to a higher difference in
the grain contact temperature of ATZ and SHYTZ. A steeper
increase of the temperature can be observed for ATZ analo-
gous to the previous mentioned grinding temperature in the
contact zone. The higher cutting speed leads to an increase of
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the grain contact temperature for ATZ of up to 52% compared
with SHYTZ. For increasing depths of cut, the grain contact
temperatures of both ceramics are comparable with a maximal
difference of 5% for a depth of cut of 0.18 mm. The higher
grain contact temperatures for higher depth of cuts result from
the greater contact length which leads to a longer friction
distance. This increases the energy demand for the material
deformation.

A variation of the feed velocity has a minor influence on
the grain contact temperature compared with the cutting speed
and the depth of cut as shown in Fig. 14. The displayed ex-
perimental results show that the grain contact temperature is at
its highest when a grinding tool with a sintered metal bond is

used and at its lowest when a tool with a galvanic bond is
used. It can also be seen that the grain contact temperature
has a minimum around feed rates of 3000 mm/min before
the grain temperature rises again. The influence of feed veloc-
ity can be attributed to the opposite relationship between heat
input and heat dissipation with increasing feed velocity. On
the one hand, higher feed velocities increase the temperature,
as the power used to deform the material increases. On the
other hand, thermally stressed material areas are removed
more quickly, which limits heat propagation into the material
[9]. However, this is negligible in this case, as the constant
cutting speed for all feed velocities determines the relative
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movement between the abrasive grains as heat source and the
workpiece as heat sink. Furthermore, the heat distribution fac-
tor increases with increasing cutting speed [11], which also
increases the amount of heat transferred to the workpiece. The
number of active grains has also an influence on the grain
temperature. Higher feed velocities lead to a higher number
of active grains which can transfer heat out of the contact zone
into the tool bond. However, the number of active grains in-
creases slower with higher feed velocities (see Fig. 6) while
the power required for material deformation rises steadily.
This ultimately leads to an increase of the grain contact tem-
perature for higher feed velocities.

The reason for the higher grain contact temperatures of the
sintered metallic bond is the low number of active grains of
this bond. With a low number of active grains, a smaller
amount of heat can be conducted by the grains into the bond.
This leads to grain contact temperatures that are up to 46%
higher than for the galvanic bond and therefore to a higher
thermal load in the contact zone. Overall, it can be stated that

the grain contact temperatures during grinding are higher for
ATZ than for SHYTZ. For both ceramics, the calculated grain
contact temperature reaches values above 1000 °C, which can
lead to a strength-influencing retransformation from the
monoclinic into the tetragonal crystal structure of the zirconia.

3.4 Residual stresses and bending strength

The grinding process can cause microcracks and phase trans-
formations in the ceramics which influence the stress state in
the subsurface area of the material. This is often associated
with a decrease of its bending strength. In Fig. 15, this is
displayed for a variation of the feed velocity and the grinding
tool composition. Compared with the initial state (see Table 4)
of the ceramics, the bending strength of both materials is re-
duced for every factor due to grinding-induced damages. For
the tools with a resin bond and a galvanic bond, a similar
course of the bending strength can be observed. The maxi-
mum value for the bending strength lies between a feed ve-
locity of 3000 and 6000 mm/min.

In contrast to this, the tool with a sintered metal bond al-
ready reaches the maximum bending strength at a feed veloc-
ity of 3000 mm/min. Afterwards, the bending strength is sig-
nificantly reduced. It even decreases for the sintered metal
bond and in one case for the resin bond below the limit value
of the bending strength for implants of 800 MPa specified in
DIN EN ISO 13356. This is due to the combination of the
highest grain contact temperatures and the highest grain forces
of the sintered metal bond in comparison with the other tools.
For SHYTZ, this means a reduction of the bending strength of
up to 42% to 632 MPa and for ATZ a reduction of up to 61%
to 432 MPa. The generally lower bending strength for lower
feed velocities indicates a negative influence of thermal loads
which are higher for lower feed velocities. Another reason for
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this is the lower number of active grains for lower feed veloc-
ities which can convey forces and heat.

However, cutting speed and depth of cut have a greater
influence on the bending strength as can be seen in Fig. 16.
For ATZ, a decrease of the bending strength of up to 69%with
increasing cutting speed can be observed. This correlates with
the high thermal load of the material. For SHYTZ, this reduc-
tion of the bending strength is only up to 29%. Similar obser-
vations can be made for an increase of the depth of cut. This
leads to a reduction of the bending strength of up to 70% for
ATZ and up to 35% for SHYTZ.

The bending strength is not only influenced by surface
defects and microcracks but also by residual stresses.
Residual stresses can occur in the grinding process due to
inhomogeneous plastic deformations of the material and ther-
mal loads as a consequence of the engagement of the abrasive
grains. Furthermore, for transformation-toughened mixed ox-
ide ceramics, an increase of strength can occur as a result of
the phase transformation of the zirconia. Tension-induced te-
tragonal to monoclinic phase transformations shift the residual
stresses into the compressive stress range due to a volumetric
growth of the zirconia grains in this process. High thermal
loads inhibit the phase transformation and can cause a retrans-
formation from the monoclinic to the tetragonal phase, thus
shifting the residual stresses into a tensile stress range.

The experimental results show a correlation between the
residual stresses, the measured bending strength, and the
monoclinic phase content. Because of the high thermal load
of the workpieces when using the tool with sintered metal
bonding, only low residual compressive stresses are present
in the material after grinding (see Fig. 17). The high thermal
load when using the tool with sintered metal bonding is a
result of its low number of active grains. The small number
of active grains limits the heat dissipation via the abrasive
grain into the bond. An increase of the feed velocity leads to
the generation of tensile residual stresses. This explains in
combination with the low monoclinic phase content the loss

of bending strength (see Fig. 15). The highest compressive
residual stresses are reached for the usage of a tool with gal-
vanic bonding due to the lower thermal loads in this case.

Analogous to the previous results, the residual stresses
as a function of cutting speed and depth of cut also cor-
relate with the bending strength and the monoclinic phase
content (see Figs. 16 and 18). Due to the high thermal
loads, the residual stresses are also shifted into the tensile
stress range with an increase of cutting speed and/or depth
of cut. The previously observed tendencies for the influ-
ence of the grinding process on SHYTZ and ATZ can also
be observed in this case. The residual compressive stress-
es and monoclinic phase contents are in every case lower
for ATZ than for SHYTZ. This is caused by the higher
stabilizer content in ATZ, which makes higher grinding-
induced loads necessary to trigger a phase transformation
of the zirconia to the monoclinic phase.

4 Conclusion

This paper investigates the occurring material removal phe-
nomena , the number o f ac t ive g ra ins , and the
thermomechanical loads and their influence on bending
strength and residual stresses during grinding of two mixed
oxide ceramics by using an innovative quick-stop device.
Based on the obtained results, the following conclusions can
be drawn:

& The newly developed ceramic SHYTZ shows a lower
amount of brittle material removal and a higher amount
of ductile material removal than the market-established
ceramic ATZ.

& With the presented method, it is possible to determine
the number of active grains and the single grain chip
thickness experimentally instead of analytically.

& The experimentally determined number of active grains
was found to be higher than the analytically determined
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number of active grains. This influences the determination
of single grain chip thickness and the design of the grind-
ing process.

& The thermal andmechanical loads during grinding of ATZ
are higher than for SHYTZ due to the higher hardness and
lower thermal conductivity of ATZ.

& The lower thermomechanical loads in grinding of SHYTZ
and the subsequently higher monoclinic phase content
lead to a higher bending strength and compressive residual
stresses for SHYTZ than for ATZ.

& SHYTZ can be manufactured with higher process loads
than ATZ while influencing its bending strength to the
same extent.

& The grinding tool bond influences the number of active
grains, the thermomechanical loads, and thus also the
bending strength and residual stresses of the ground ce-
ramics. The results show that higher compressive residual
stresses and bending strengths can be achieved with resin
or galvanic bonded tools. The use of a sintered metal-
bonded tool leads in comparison to a decrease of these
properties.
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