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Abstract Laser thermal shock (LTS)-assisted grinding is a
novel technology for processing ceramics. However, the ma-
terial removal mechanism in LTS-assisted grinding has not
been studied extensively, hindering the sufficient develop-
ment of its potential. This paper focuses on the material re-
moval mechanism in LTS-assisted grinding by investigating
the material removal behavior in LTS-assisted scratching of
yttria-stabilized tetragonal zirconia polycrystal (Y-TZP). In
order to reveal the different material removal behaviors be-
tween the Y-TZP specimen surfaces with and without LTS, the
scratch characteristics were investigated and compared in
terms of hardness of the ceramic surface, scratching force ratio
(SFR), and scratch morphology. Compared with the surface
without LTS, the grooves on the surface with LTS were
deeper, the SFR was larger, and the hardness of surface de-
creased. These results indicate that the grindability of Y-TZP
significantly improved from the assistance of the LTS. As
further evidence, prominent marks of grain spalling were
found in the scratch grooves on the surface with LTS and
the material removal volume increased. These results indicate
that the cutting efficiency of the tool improved after the
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surface was treated with LTS. Furthermore, the plastic ridges
and marks of grain spalling on the surface assisted with LTS
indicate the existence of ductile-brittle mixed mode. This is
significant and beneficial for ceramics grinding due to its im-
proved surface integrity and large material removal rate.

Keywords Laser thermal shock-assisted scratching - Material
removal mechanism - Y-TZP - Hardness - Scratch
characteristics

1 Introduction

Advanced ceramic materials are used due to their unique com-
bination of physical and mechanical properties, which include
high hardness, good wear resistance, chemical inertness, and
low density. These features have led to the wide use of ad-
vanced ceramics materials in applications for the nuclear in-
dustry, aerospace industry, and automotive components, and
with biocompatible implants [1-4]. However, the same prop-
erties that make ceramics attractive for these applications also
create challenges with their machining. Machining is unavoid-
able due to the high dimensional accuracy and surface integ-
rity required in the above industries [3, 5-7]. Ceramics grind-
ing is currently the preferred method to perform this machin-
ing [8, 9]. However, low machining efficiency and rapid
grinding wheel consumption are major concerns with the cur-
rent approach. Better understanding of the material removal
mechanisms is a logical and necessary step to make improve-
ments in these regard. The grinding process is the result of
individual abrasive grains engaging in cutting actions. Thus,
the investigations into material removal mechanisms of grind-
ing are primarily based on abrasive scratch tests. Therefore, in
order to improve the potential of ceramics grinding based on
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material removal mechanisms, the abrasive scratch process
was the initial area of study [5, 7, 10—15].

Sivakumar [10] investigated the different wear behaviors
based on scratch tests conducted by a smooth and rough sty-
lus. The results indicated that the scratch process with a rough
stylus was comparable to severe wear, which includes the
increased probability of crack formation. According to the
viewpoint of Desa [7], who concluded that grinding is an
accelerated abrasive wear process, severe wear is essentially
an efficient form of material removal, which is desired in
ceramics grinding. The results of scratch tests suggested that
the use of rough abrasive could achieve large material removal
rates. For surface/subsurface damage, Kanematsu [11] con-
ducted scratch tests with progressive loads in order to deter-
mine the relationship between damage characteristics and me-
chanical response of materials. Based on results of these tests,
factors concerning the relative merits of each zirconia type
such as wear properties, contact fatigue, and machining dam-
age were briefly discussed [12]. Noting that most scratch tests
were conducted in dry conditions, Desa [7] conducted single
point, unidirectional scratch tests in different lubricant condi-
tions to examine how the lubricants affected subsurface dam-
age and material removal in the scratch process. Subhash [13]
developed a new model to reflect the susceptibility of a ce-
ramic to scratching-induced damage. The findings above for
material removal behavior in scratch tests serve as the basis for
pursuing further improvements in ceramic grinding.

This progress notwithstanding, the above research has been
limited to conventional scratching, which uses an entirely me-
chanical process. In recent years, hybrid manufacturing tech-
nologies such as ultrasonic vibration-assisted machining,
laser-assisted machining, and electrical discharge grinding
[5, 16-19] have attracted much attention due to expected im-
provements in machining time, costs, quality, or precision. To
research and develop hybrid manufacturing techniques, hy-
brid scratch tests have been conducted. Feng [5] investigated
the difference between ultrasonic vibration-assisted and con-
ventional scratching to reveal the mechanism of ultrasonic
vibration-assisted process. He confirmed that ultrasonic
vibration-assisted scratch contributed to additional material
removal. Rebro [16] studied the laser-assisted machining of
mullite. This technique weakened the work material through
thermal softening and then the softened material was removed
immediately. They successfully performed crack-free laser-
assisted machining of mullite. However, this technology cur-
rently needs reforming equipment. The expense of this equip-
ment is an obstacle to the adoption of the technology.

More recently, Kumar [4] and Zhang [9, 20] developed a
novel two-step hybrid process to grind ceramics. First, the
ceramic was irradiated by laser. During laser irradiation, the
rapid heating and cooling process, called laser thermal shock
(LTS), caused steep temperature gradients. These gradients
weakened the strength of the material surface [4]. Following
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this step, the weakened material was removed by grinding.
This process was very different from the technique of weak-
ening the work material through thermal softening. This pro-
cess was proved to be feasible for ceramic micro-grinding and
macro-grinding [4, 9, 20]. However, investigation into the
material removal mechanism of the process has not been
conducted.

The current research was conducted to determine the ma-
terial removal behavior of Y-TZP ceramic surfaces treated
with LTS. This can provide a basis for understanding the ma-
terial removal mechanism. Single-point scratch tests were
used in current study in order to avoid the interaction between
cracks originating from surrounding contacts. The SFR,
scratch morphology, and material removal volume were in-
vestigated and compared for Y-TZP ceramics surfaces with
and without LTS.

2 Experimental conditions and procedures
2.1 Materials

Y-TZP (supplied by Shanghai Institute of Ceramics, Chinese
Academy of Sciences) served as the object ceramic material
due to its susceptibility to thermal shock. The testing surface
of each specimen was grinded and then polished sequentially
with 15, 6, 3, and 1 um diamond paste. The surface roughness
was then measured by a 3D profilometer. The mean value of
roughness (Ra) was 16 nm. For scratch testing, the ceramic
specimen was cut into pieces with dimensions of 15 (L) mmx
10 (W) mmx 5 (D) mm. The relevant mechanical and thermal
properties are given in Table 1.

2.2 Setup and conditions

Prior to LTS,a layer of carbon powder was sprayed on the
polished surface in order to change the surface from specular
to diffuse.

An IPG fiber laser (CW) was employed to irradiate the
ceramic surface. The laser power used in the experiments
was 187 W. The scan speed was 60 mm/min. The spot diam-
eter was approximately 2 mm. To avoid the interaction of two
laser tracks, 3 mm was adopted as the distance between two
laser tracks based on the results of pre-experiments. Figure 1a
shows the experimental apparatus for laser irradiation, and
Fig. 1b shows the laser irradiation tracks.

The temperature of the ceramic surface during the experi-
ment was monitored by an infrared imaging system (SC7700,
FLIR Systems Inc., USA). According to the records, the tem-
perature of specimen increased from room temperature during
laser spot moving along each track. Some of the temperature
results are shown in Fig. 2. The maximum temperature was
645 °C which is below the melting point of Y-TZP (2716 °C)
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Table 1  The relevant mechanical and thermal properties

Material Elasticity modulus/ GPa Poisons ratio Yield stress/ MPa Density g/mm’ Specific heat capacity Conductivity
J/Kg°C W/mm°C

Y-TZP 210 03 1240 6.02 450 2.0x107°

[21]. Therefore, no recasting layer existed on the specimen
surface after laser irradiation. Figure 2b illustrates that the
ceramic surface experienced large temperature gradients. This
large temperature gradient modified the surface integrity ac-
cording to the characteristics of Y-TZP. These changes can be
a benefit to ceramics grinding due to the “size effect” that
more defects per unit volume result in better grindability
[22, 23].

Note that the temperature gradient before the laser spot was
larger than the temperature gradient after the laser spot
(Fig. 2b). The volume of the localized region under laser spot
expanded due to heating from the laser spot. Based on these
observations, it can be concluded that the part of specimen
located before the laser spot experienced the most tensile
stress. The large temperature gradient in this region also in-
creased the likelihood of defects.

After laser irradiation, the ceramic specimen was cleaned
with an ultrasonic washer in acetone for 5 min. The hardness
tests were then conducted by Microhardness Tester (Shanghai
Taiming Optical Instrument Co., Ltd, China). Utilizing an
optical microscope, the indentations morphologies were
recorded.

Scratch tests were performed using a lateral force measure-
ment technology attached to a Nano Indenter XP (Agilent
Technologies, Inc., USA). A Berkovich indenter was also
employed. Every scratch test was done at the center of laser
tracks, as shown in Fig. 3. All the scratches were in the same
direction and parallel to the laser tracks. Every scratch test was
conducted according to a three-step procedure [14, 24]. First, a
pre-scan was performed at a very small load (20 uN) to obtain

Fig. 1 a Schematic of irradiation
experimental setup; b the laser
irradiation track

Base plate

)

specimen

the initial specimen surface profile. Second, the “true” scratch
test was conducted. A progressive load from 0 to 200 mN was
applied. The length for each scratch was 2500 pm. The scratch
speed was 10 pm/s. During scratching, the scratch depths and
applied load were recorded. Finally, the surface profile of the
specimen was scanned again with the identical procedure as in
the pre-scanning. The distance between two scratches was
large enough to avoid any interaction [14]. Control experi-
ments were conducted by repeating all procedures on a ceram-
ic surface not treated with LTS. The air temperature was
25 °C, and the relative humidity was 40-50 % throughout
the experiment.

The 3D shapes of scratch grooves on the surface with and
without LTS were recorded by True Color Confocal Micro-
scope (Axio CSM 700, Carl Zeiss Co. Ltd., Germany).
Scratch morphology and material removal volume were ob-
tained based on the 3D shapes.

3 Results and discussion

Single-point scratching can avoid the interaction of abrasions,
temperature, and coolant liquid during the grinding process.
Understanding the material removal behavior in scratching of
ceramics is essential for thoroughly analyzing the material
removal mechanism during the grinding process. Based on
single-point scratch tests, this current study aimed to reveal
the difference of material removal mechanism between a sur-
face treated with and without LTS.
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Fig. 2 Temperature field on the specimen surface during laser

irradiation: a image captured by infrared imaging system; b temperature
distribution

3.1 Hardness and the depth of the weakened layer

In order to check the weakened layer introduced by LTS, the
specimen was cut into two pieces and the cross-section (face

g scratch traces
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d e L
2" laser trac 4™ laser track

3" laser track
Fig. 3 The laser tracks and the scratch traces
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1) was polished. The cross-section micrographs of the weak-
ened layer were obtained by True Color Confocal Microscope
(Fig. 4). It can be drawn that the weakened layer did not
separated from the base material, as shown in Fig. 5.

Hardness is an important material property which has a
great effect on manufacturing of materials. The hardness of
the ceramic surface with and without LTS was different. The
average value of hardness on the surface with LTS was
1143HV while the value of surface without LTS was
1258HYV, which represents a significant decrease of 9 % after
the specimen was treated with LTS. Furthermore, the hardness
of the specimen with LTS increases with the increasing of the
depth, as shown in Fig. 6. The procedure to obtain the rela-
tionship between the hardness and the depth is shown in
Fig. 7. When the weakened layer was removed completely,
the hardness of the material would be stable. Based on Fig. 6,
the thickness of the weakened layer is about 188 pum.

This reduction in hardness represents a weakening of the
surface material strength. It also means that the normal grind-
ing force can decrease [25]. The reduction of normal grinding
force is benefit to the increase of the grinding wheel life.

A radial microcrack was observed on the surface treated
with LTS, as shown in Fig. 8b. The indentations with long
microcracks were always located in the laser irradiation tracks.
Not all of indentations on the surface were with long
microcracks. The other microcracks attaching to these inden-
tations which located near the middle part between neighbor-
ing laser irradiation tracks were short.

3.2 Scratch groove morphology

Scratch groove morphology is a visual result of the material
removal mechanism. The ridges and cracks symbolize ductile
mode and brittle mode, respectively. The 3D shapes of typical
scratch grooves on the surface treated with and without LTS
were recorded by a True Color Confocal Microscope, as
shown in Fig. 9. The white regions beside the grooves in
Fig. 9a, b were the ridges formed by plastic deformation. It
should be noted that the white regions in Fig. 9a were more
obvious than those in Fig. 9b. It is concluded that the plasticity
of the surface without LTS is larger than the surface with LTS.
This is beneficial to minimize the microcracks caused by

face 2

laser tracks Lo )
g "~/ -micrograph

face 1

Fig. 4 Schematic of the sample to study the weakened layer
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Fig. 5 The micrograph of the cross-section of the weakened layer

grinding but correspondingly is not beneficial for removing
material.

The outlines of the cross-section perpendicular to the
scratch direction are shown in Fig. 9a, b. The locations of
cross-section are indicated by the yellow lines. The depth
and width of grooves were measured based on the images.
Because the bottoms of the grooves were not even, a novel
approach to measure the depth was necessary. Measurement
locations along the centers of the grooves were determined
and are marked by yellow lines in Fig. 9¢, d. Figure 9c shows
that the actual scratch depth on the surface not treated with
LTS was approximately 320 nm while the depth of surface
treated with LTS was 437 nm, as shown in Fig. 9d. The loca-
tion of the measurement ranged from 2105 to 2160 pum in
which the normal load was constant, as shown in Fig. 10.
The depth of grooves on the LTS-treated surface was therefore
37 % larger than the polished surface. These results indicate
that LTS will make a ceramic surface easier to penetrate in the
grinding process. The possibility of grinding with a lower
normal grinding force is significant because a large normal
grinding force is more likely to damage the finish surface [26].

1260

12401

1220

1200

Hardness (HV)

1180

1160

L L L L
1 4'30 50 100 150 200 250

Depth (um)

Fig. 6 The hardness versus the depth

Face 2 is polished sequentially with
10, 3 and 1 pm diamond paste.

- =

The thickness of removal material is measured.

I

The mean hardness is measured in 3™ laser
track on face 2.

-

Is the value of
hardness stable?

Fig. 7 The procedure to obtain the hardness in different depth

It is should be further noted that the grooves on the surface
not treated with LTS were more smooth while many marks of
grain spalling were found on the surface treated with LTS. No
microcracks were found on these two surfaces, which indicate
that the microcracks around the indentation described in Sec-
tion 3.1 may contribute to grain spalling in the scratch process.
Grain spalling can decrease the possibility of crushing to large
particles. It is an expected phenomenon in ceramics grinding
due to the larger material removal rate than a ductile mode and
a better surface integrity than a brittle mode. It is therefore
expected that the process of LTS may not cause deteriorating
surface integrity during grinding. The appearance of grain

surface treated
without LTS

microcrack

B

surface treated
with LTS

(b)

Fig. 8 a Indentation on the surface treated without LTS, b indentation on
the surface treated with LTS
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Fig. 9 Scratch groove morphology and the cross section outlines of
scratch grooves. The locations of the cross-section outlines were at the
vellow lines. a Cross-section of scratch groove on surface treated without

spalling and ridges indicates that the material removal mech-
anism changes from ductile mode to ductile-brittle mixed
mode.

3.3 Scratching force ratio

Scratching force ratio (SFR) is an important parameter in ce-
ramics grinding because it describes the grindability of ce-
ramics. The SFR for each scratch test was obtained from the
equation SFR=F1/Fn, where Ft is the tangential load and F7 is
the normal load. In the scratch process, Ft has a dominant
effect on material removal rate, and Fn determines the abra-
sive penetration into the material. Previous studies have
shown that the SFR of scratching can reveal the properties
of material removal [5, 27]. The SFR mainly depends on the
grindability of workpiece material [28]. The larger the SFR
becomes, the higher the grindability of workpiece material is
[29].
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(d)

LTS; b cross-section of scratch groove on surface treated with LTS; ¢ the
depth of'the scratch groove on surface treated without LTS; d the depth of
the scratch groove on surface treated with LTS

In the current tests, the normal load was gradually in-
creased from 0 to 200 mN, as shown in Fig. 10. Because

2080, 12160
200 -~

100

normal load (mN)

0 ' 5(I)0 ' 1 0l00 ' 15'00 ' 20IOO ' 25IOO
Scratch Distance (um)
Fig. 10 Normal load applied along the scratch track
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0.25 - SFR of surface with LTS
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LY WMW
0.15 - I !
é 0.104 H M | SFR of surface without LTS
0.05
0.00

500 ' 10100 ' 1 5I00 ' 20100
Scratch Distance (um)
Fig. 11 Comparison of the SFR of surfaces with and without LTS

the loads at the beginning and the end of the scratches
were zero, only the middle part of each scratch process
was analyzed.

To obtain the SFR measurements, scratch tests were first
conducted on the surfaces treated with LTS. The tests were
then repeated on the surface without LTS. All of the results are
shown in Fig. 11. The SFR was small at the beginning of each
scratch and then gradually increased as the normal load in-
creased. The SFR increased slightly when the normal force
exceeded 100 mN. The asymptotic values of SFR for the

(b)

surface with and without LTS were approximately 0.21 and
0.18, respectively. The dramatic effects of treating the surface
with LTS are apparent with a SFR increase of 16.7 %.

This increase of SFR is exciting because Ft (Ft=SFRX Fn)
will increase when SFR increases for a given Fn. Ft has a
significant effect on material removal. Therefore, the larger
SFR will produce larger material removal volume, which is
a benefit to ceramics grinding. The conclusion is confirmed in
Section 3.4 of this paper. Likewise, for conditions with iden-
tical material removal, a larger SFR corresponds to a smaller
Fn, which can produce less surface/subsurface damage [26]
and longer grinding wheel life. 4 smaller Fn also minimizes
radial and median crack propagation [30], which should help
maintain surface integrity.

3.4 Material removal volume

The results above have demonstrated that LTS on a ce-
ramic surface can reduce the normal machining force for
ceramic grinding. In order to determine whether the LTS
on a ceramic surface can also enhance the material re-
moval rate, the volume of ridges and grooves was mea-
sured. The typical results are shown in Fig. 12. The
volume was measured at the end of the grooves where
200 mN was applied. The lengths of the measured areas
were approximately 55 pm.

' 1.0
1A
54 i I
1
25 z
4 0.5
35 : .
45 ;
f 0.0
pm =
pum
1.0

1 B llos
35 } {)
45 f ‘

pm == 20.0

(d)

Fig. 12 3D graphics of scratch marks: a ridges on the surface treated without LTS; b ridges on the surface treated with LTS; ¢ groove on the surface

treated without LTS; d groove on the surface treated with LTS
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In Fig. 12a, the ridges caused by plastic deformation were
conspicuous on the surface not treated with LTS. The volume
of these ridges was approximately 16.5 pum>. The volume of
the groove in Fig. 12¢ was approximately 67.3 pum?. Thus, the
material removal volume of the scratch on the surface without
LTS was 50.8 um’. In Fig. 12b, the ridges on the surface with
LTS were not conspicuous because the micro-chips formed by
scratching were cleaned with an ultrasonic washer for 5 min.
The volume of these ridges was 10.3 um?. The volume of the
groove in Fig. 12d was approximately 94.4 um>. The material
removal volume was therefore 84.1 um®. This result confirms
the conclusion in Section 3.3 that the LTS on the ceramic
surface can increase the material removal. The volume of ma-
terial removal on the surface with LTS was approximately
65.6 % larger than that on the polished surface. The large
material removal rate may be due to a combination of more
defects in the surface layer of the ceramic specimen and the
larger tangential load. More defects can lead to grain spalling
rather than plastic deformation because crushing occurs via
fractures originating at distributed pre-existing flaws where
the elastic strain energy density exceeds a critical value [31].

Additionally, the prominent ridges and the small material
removal volume of the surface scratch without LTS showed
that most material in groove was not eliminated, rather it was
extruded on both sides of the groove. This suggests that the
scratches were in ductile mode. For the surface with LTS, the
ridges and the marks of grain spalling indicated the existence
of ductile-brittle mixed mode in the scratches. The ductile-
brittle mixed mode is significant for ceramics grinding due
to a larger material removal rate in this mode. Grain spalling
can also decrease the possibility of crushing to large particles.
These phenomena can benefit the surface integrity of the
ceramic.

4 Conclusions

A series of scratching tests have been performed on the sur-
faces with and without LTS to find the differences in material
removal behavior between them. The surface hardness,
scratching force ratio, scratch groove morphology, and mate-
rial removal volume were analyzed and compared. The results
provide a basis for understanding the material removal mech-
anism of ceramic grinding although the scratch tests conduct-
ed here were quasi-static.

A large temperature gradient was produced on the ceramic
surface by LTS. This gradient leads to a decrease in grinding
resistance of the ceramic surface. The hardness of the ceramic
decreased significantly by 9 % on the surface treated with
laser irradiation. The indentation tests indicated that there
were obvious microcracks around the indentations on the sur-
face treated with LTS in contrast to few microcracks around
the indentations on the surface not treated with LTS. These
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microcracks can contribute to grain spalling in the scratch
process. However, the reasons for long microcrack generation
are not fully understood and are a suitable subject for further
research. In scratch tests, the SFR increased dramatically by
16.7 % after the surface was treated with LTS. The groove
depth for this LTS-treated surface was approximately 37 %
larger than the polished surface. The material removal volume
of'the scratch on the surface with LTS was larger than without,
producing values of 50.8 and 84.1 um?’, respectively. The
increase was approximately 65.6 %. No microcracks were
found on the surfaces with or without LTS while some obvi-
ous marks of grain spalling existed on the surface with LTS.
These results imply that the material removal mechanism
changed from plastic deformation to grain spalling.

These conclusions indicate that laser irradiation on the ce-
ramic surface facilitates material removal due to the existence
of the ductile-brittle mixed mode. This is significant for ce-
ramics grinding due to favorable surface integrity and a higher
material removal rate. Future research will focus on the dam-
age size induced by LTS and scratching, which can provide
greater understanding towards ceramic grinding.
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