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Abstract

In this study, single-point grinding experiments were performed on alumina and zirconia ceramics to investigate the grinding
processes under two-dimensional compressive prestress (TCP). Grinding forces and grooves were measured under different values
of TCP to evaluate the grinding defects. The material removal rate and actual grinding depth were exploited to investigate the
grinding-induced damage and material removal mechanisms. The results demonstrate that the grinding forces show an increas-
ing tendency with the increasing values of TCP, while the cracks and chipping along the grinding groove edges of both alumina
and zirconia ceramics can be reduced. In addition, the material removal rates of both alumina and zirconia ceramics show the
same change tendency with the grinding-induced damage for decreasing the actual grinding depth under different values of TCP.

Keywords Alumina and zirconia ceramics - Grinding induced-damage - Prestress - Principal stress

Abbreviation
TCP two-dimensional compressive prestress

1 Introduction

Owing to the advantages, such as good wear resistance, high
thermal stability, and excellent corrosion resistance, engi-
neering ceramics have been widely used in industrial appli-
cations [1, 2]. However, such ceramics could easily induce
machining damage [3] because of their inherent brittleness,
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leading to unpredictable effects on the reliability and lon-
gevity of ceramic parts [4, 5]. Thus, the enhancement of the
machining quality and processing efficiency of engineering
ceramics has been a key point of the corresponding study,
and great efforts have been made towards improving the
machining process, especially the grinding process.

The damage mechanisms of engineering ceramics are
related to the material removal mode [6], and some novel
processing methods have been proposed to investigate these
mechanisms. Bifano et al. [7] performed the plunge grinding
experiments on fused silica and confirmed that brittle mate-
rials would undergo plastic flow instead of fracture when
the depth of machining was small enough. Dai et al. [8]
also studied the feasibility of ductile machining of hard and
brittle materials, and confirmed that when the actual depth
of the cut was below the critical value, the material removal
pattern changed from brittle to ductile regime machining.
Kttagawa and Maekawa [9] proposed a hot-machining tech-
nique using plasma jet heating. The machinabilities of Pyrex,
mullite, and silicon nitride were greatly improved by hot
machining, whereas those of alumina and zirconia ceramics
were not. Furthermore, to obtain low force, high quality, and
high productivity of brittle materials [10], Ramesh et al. [11]
observed the variations of grinding forces and surface qual-
ity improvements at velocities of 40-160 m/s in the grinding
of SiC as well as alumina and zirconia ceramics.

Manufacturing under compressive prestress is a process-
ing method in which compressive prestress is exerted on a
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workpiece, in which the surface and subsurface damage can
be restrained, before its actual manufacture practice. Heard
and Cline [12] applied axial pressure on the cylindrical beryl-
lium oxide and aluminum nitride ceramics. On this condition,
the fracture mechanism of beryllium oxide ceramic underwent
a transition from brittle fracture at low pressure to plastic flow
at high pressure. Yet, aluminum-nitride ceramic did not show
a similar tendency. Huang et al. [13] numerically simulated a
rock-surface indentation process with respect to lateral stress,
and noted that the lateral stress played a significant role in
the crack extension in rock. Considering that a hydrostatic
condition can constrain the deformation in plastic forming
processes [14], Yoshino et al. [15, 16] operated single-point
cutting and scratching experiments on silicon, quartz, and
glass under high hydrostatic pressure. The results indicated
that high hydrostatic pressure was required for arresting the
process of the crack formation. Besides, scratching experi-
ments were conducted on alumina ceramic [17] and silicon
carbide ceramic [18] under conditions of compressive pre-
stress, respectively. The results showed that compressive pre-
stress could effectively suppress damage during scratching.

From researches above, compressive prestress showed a
significant influence on constraining induced-damage dur-
ing manufacture processes. However, very few researches
focused on induced-damage during grinding processes.
Thus, in this study, single-point grinding experiments were
carried out with and without TCP by using a clamp for pre-
stressing to investigate the impact mechanisms of the TCP
on the grinding-induced damage of alumina and zirconia
ceramics, such as crack, debris, plastic deformation. What’s
more, a corresponding model was established to explain the
stress state after the TCP applied.

2 Experimental Procedure

The study materials are alumina and zirconia ceramics,
which are commercially available. The specimens have a
dimension of 10 mm X 10 mm X 10 mm. Their mechanical
properties at ambient temperature are shown in Table 1.

Compressive prestress was applied using a TCP load-
ing clamp, as shown in Fig. 1. The clamp consists of two
V-blocks, a high-strength pressure bolt, a nut, a strain-gauge
pressure sensor, and a display device. Figure 2 was the dia-
gram of the single-point grinding process. The lateral load-
ing force was exerted by rotating the high-strength pressure
bolt, from which signal acquisition was collected by the
sensor, amplified using an amplifier, and displayed on the
display device. Single-point grinding experiments were con-
ducted on MGK7120X60/1 high-precision grinding machine
with a self-designed single-point grinding wheel, as shown
in Fig. 3. The tip of the cutting tool was a diamond grain.
Table 2 lists the experimental grinding parameters.
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Table 1 Properties of alumina and zirconia ceramics

Mechanical properties Alumina Zirconia
Density (kg/m” 3.7 6.1
Elastic modulus (GPa) 300 210
Compressive strength (MPa) 2500 2000
Poisson’s ratio 0.2 0.3
Hardness (GPa) 17.5 11.8
K;c (MPa/m'’?) 35 10
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Fig.2 The diagram of the single-point grinding process

For the experiments, the grinding depth was set at 5, 10,
and 20 pm. During the experiments, grinding forces were
measured using a dynamometer (Kistler 9257B). After
grinding, the specimens were cleaned with acetone in an
ultrasonic cleaner. The 3-dimensional profiles of grind-
ing grooves were scanned using the Keyence VHX-2000
microscope, which was also used to measure the material
removal volume. After conductive coating, the morphologies
of grinding grooves were observed through the JSM-6360
scanning electron microscope.
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Fig.3 Manufacture device for machining test with two-dimensional
compressive prestress

Table 2 Conditions of grinding experiments

Grinding parameter Value
Wheel speed (m/s) 22.8

Table speed (m/min) 1

Grinding depth (pm) 5, 10, 20
Environmental conditions Atmospheric
Coolant None

3 Results

3.1 Surface Morphology

The features of typical grinding grooves of alumina ceramic
are shown in Fig. 4. The micrographs reveal the grinding
induced-damage and severe chipping along the groove edges
of the alumina ceramic. The chipping scale increased with the
increase of grinding depth. In addition, the chipping and frac-
ture were so severe that the groove edge almost could not be
observed under the condition of 0 MPa when grinding depths
were 10 and 20 pm. Nevertheless, the chipping region of alu-
mina ground under 300 MPa TCP is smaller than that under
0 MPa. The severe chipping resulted from the expansion of
grinding-induced damage, while the cracks intersected with
each other and possibly connected to pores, eventually leading
to chipping. Figure 5 shows the magnified grinding grooves.
For the sample’s surface ground under 0 MPa TCP, cracks were
seen passing through the center of the groove; however, these
cracks were observed less frequently on the sample’s surface
ground under 300 MPa TCP. The surface of the grinding track
contained parallel micro cracks perpendicular to the grinding
direction. In addition, debris was seen on the grinding track, and
the substrate material underwent plastic deformation.

Figure 6 presents micrographs of the grinding grooves of
zirconia ceramic. Unlike the alumina ceramic, the grooves are
relatively smooth with a straight edge. Occasional chipping

== 300MPa,D8C=5um

~ .

- Sy - < &

~ \0MPa,DOG=20 i1 == -300MPa,ROC=20um

Fig.4 Micrographs of grinding grooves of alumina

and cracks can be observed along the groove edges. In gen-
eral, less chipping occurs on the groove surface ground under
300 MPa TCP than that under 0 MPa. Further examination
under higher magnification revealed more details of the grind-
ing track, as shown in Fig. 7. The grooves present plastic defor-
mation characteristics for both conditions; however, the grind-
ing track surface under 300 MPa TCP is neater and smoother
than that under O MPa. There remains debris that has under-
gone plastic deformation on the bottom of the groove surface
under 0 MPa TCP. Pits can be observed on the grinding tracks
on both samples’ surfaces under 0 and 300 MPa TCP.

3.2 Material Removal Volume

Figure 8 shows typical 3-dimensional profiles of grinding
grooves and cross-section profiles of alumina ceramic at
the grinding depth of 20 pm, scanned through the Keyence
VHX-2000. The comparison of Fig. 8a with Fig. 8b shows
that under the condition of TCP, either the practical grind-
ing depth or groove width of alumina ceramic decreases. To
elucidate them, the volume of the material removed was cal-
culated using the Keyence VHX-2000 according to the groove
profile. Figure 9 provides a comparison of material removal
rates of alumina and zirconia ceramics when grinding and
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Fig.5 Micrographs of grinding grooves of alumina ground at 20 pm
depth under TCP of a 0 MPa and b 300 MPa

not grinding under TCP. As shown, the existence of TCP
results in lower material removal rates; this could partially be
due to the existence of TCP results in the lower actual grind-
ing depths of both alumina and zirconia ceramics. In addi-
tion, the reduction in chipping and fragments also results in
smaller material removal rate when TCP is applied. This can
be explained by the fact that the compressive prestress reduces
the actual grinding depth and inhibits cracks, including lat-
eral cracks that extend to free surface and make the material
removed. Eventually the material removal volume decreases.
As shown in Fig. 10, for the machine stiffness [19], the actual
grinding depth is lower than the setting grinding value, and
the TCP also diminishes the actual grinding depth. But with
the grinding depth increases, the ratios of both alumina and
zirconia ceramics become smaller.

3.3 Grinding Force

During material grinding processes, ductile deformation,
chip forming and friction between the grinding wheel and
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Fig.6 Micrographs of grinding grooves of zirconia

workpiece are related to the grinding forces. In this study,
the normal grinding force was measured during the grind-
ing processes of both alumina and zirconia ceramics. The
values of average normal forces are plotted in Fig. 11. Nota-
bly, the normal grinding forces of both materials increase
with the increase in grinding depth and TCP values. This
phenomenon can be interpreted by the emergence of a cor-
responding stress to result in higher grinding forces for both
alumina and zirconia ceramics when the TCP is applied. For
alumina ceramic, compressive prestress has a scarce influ-
ence on the grinding force when the grinding depth is 5 pm,
yet slightly increases the grinding force when the grinding
depth increases. Further, for zirconia ceramic, normal grind-
ing force tends to significantly increase under 300 MPa TCP
compared with alumina ceramic when the grinding depth
is 5 pm. According to surface topography, the increasing
grinding force will not intensify the grinding-induced dam-
age but could shorten the longevity of the grinding wheel.

3.4 Discussion
Chipping and cracks occurred under both conditions of

the grinding processes of alumina and zirconia ceramics.
The origins of machining defects are not present on or near



International Journal of Precision Engineering and Manufacturing (2020) 21:1-9 5

)
e lastic deformation
1\/ &= . >

- o

Fig.7 Micrographs of grinding grooves of zirconia ground at 20 pm
depth under TCP of a 0 MPa and b 300 MPa
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Fig.8 Typical 3-dimensional profiles of grinding grooves and cross-
section profiles of alumina at a 0 MPa and b 300 MPa
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Fig. 9 Material removal rates of alumina and zirconia
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Fig. 10 The effect of prestress on grinding depth ratios

the surface but in the interior of the specimen [16]. For
the machining defects that originated inside the specimen,
the prestress can prevent crack propagation by balancing
the stress that induces the crack and chipping. This agree
well with the observation of grinding grooves indicating
that compressive prestress reduces the chipping and cracks
(Figs. 4 and 6).

Figure 12 showed the coordinate system of the TCP
grinding process. In the previous research [20], stress com-
ponents had been given, respectively. Besides, Jiang and Tan
[21] studied the stress field during the single-point scratch-
ing process. Based on the researches above, establishing
the Boussinesq potential function, the stress state of a cer-
tain point in the cylindrical coordinate system was given as
Eq. (1).
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material under the compressive prestress. When 4 is close
to the friction coefficient of the material and scriber (e.g.,
0 <1< 1), it can be characterized for the scratching process.
When A is large (e.g., A> 1), it can be used to describe the
grinding process of the single-diamond grain under com-
pressive prestress.

As the previous research confirmed [22], tensile stresses
are likely to cause crack initiation and propagation, while
shear stresses induce surface chipping. When 6 = 0, the prin-
ciple stresses reach their extreme values, the 6,y = 6,5 = 0.
Hence, to elucidate the machining mechanism of engineer-
ing ceramics, the principle stress field can be a key factor.
The stress state expressed by Eq. (1) can be transformed into
the principal stress field, consisting of principal stresses o,
0,, and o3, given as Eq. (2) [23].

2
0y = Ogg (2)

0, +0_, Opy_0p; 2 + 2
O3 2 O-rz

0,10 0,,_0. 2
— 070, rr=%zz 2
o = + ( ) +o0o e

Usually, the principal stresses are arranged in the sequence
of their algebraic values. The first principal stress o, if posi-
tive, is the maximum tensile stress. According to the prin-
cipal stress, the maximum shear stress is given as follows:

_ 01— 03
Tinax = 2 (3)

The maximum stress is supposed to occur in the plane just
underneath the abrasive grain [22], that is the plane with
0=0; thus, we discuss stress distribution in this plane. The

= g o) + 2 ) o

0-99 = %I_?fv) (COS('D - 1+clos(p> FZ(I_Z;Z:ZMG“"W< - (1+0105<P)2 B O-p

c,=— 2375?2 cos*p(cosp + AcosOsing) (H
Cp = 2”2}%;1'119(1 - 2\/)% — 20,,cos0sinf

6, =— 2”;2 cossingp(cosp + AcosOsing)

6,=0

where 0,,, 04y, and o, are normal stress components in the
cylindrical coordinate system; o, is the compressive pre-
stress; F, is the normal force; A is the ratio of normal and
tangential forces; R is the distance between the stress unit
and origin coordinate. Equation (1) clearly shows that the
stress state of a stress unit inside the material is related to
the load, Poisson’s ratio, position of the unit (0 and ¢), and
prestress. Note that when 4 =0, the machining mechanics
model can be used to describe the indentation process of the

@ Springer KE;E

curves of the principal stresses of the single-point grind-
ing mechanic model calculated through Matlab in the plane
with 8 = 0 are plotted in Fig. 13. The selected parameters
are F, =8 N, R=60 pm, A=1.3, and v=0.2. The figure
shows that the algebraic values of all three principal stresses
decrease with the increase of TCP. From the picture, it is
easy to get that o, is always the tensile stress while o5 is
always the compressive stress when there is no TCP. And o,
is a hoop stress. Further, the primary principal stress changes
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from the tensile stress to the compressive stress when the
TCP is exerted. And the second and third principal stress
are in a situation of the compressive stress. Figure 14 shows
that the maximum shear stress reduces in the region around
the abrasive grain (—40° < @ <40°) when the compressive
prestress increases. The reducing of the maximum principle
and shear stresses can explain the reduction of chipping and
cracks. Furthermore, the reduction of chipping and cracks is
in a good agreement with the ground surface characteristics
of experimental results (Figs. 4 and 6). However, continuing
to increase the value of TCP will lead to deterioration of the
ground surface.

4 Conclusion

In this research, single-point grinding experiments were
performed on alumina and zirconia ceramics ground and
not ground under TCP to investigate the grinding-induced
damage. Less amounts of grinding-induced damage, such
as cracks and chipping, were observed under an appropriate
value of TCP. These phenomena can interpret that origins
of machining defects are arrested by the TCP, and the crack
propagation and chipping are prevented eventually. In addi-
tion, an appropriate value of TCP can reduce the maximum
principle and shear stresses so that the propagation of cracks
and chipping can be inhibited. While the TCP is applied,
either the grinding depths of both alumina and zirconia
ceramics decrease or the widths of the grinding grooves
decrease, leading to smaller material removal rates. For the
action of TCP, corresponding stresses should occur, result-
ing in higher grinding forces for both alumina and zirconia
ceramics.
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