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Abstract

In this study, a type of the grooved grinding wheel with inclined cross section is designed based on trapezoidal beam. The
grinding type of grooved grinding wheel with inclined cross section is used as a new structuring method to process alumina
ceramic. The inclined cross-section groove of a grinding wheel can improve the wear-resistant properties of laser macro-
structured grinding wheel. First, a pulse laser was used to ablate rectangular cross-section groove and inclined cross-section
groove on two bronze-bonded diamond wheels. Second, a grinding test was performed by using the grooved grinding wheel with
rectangular cross-section and grooved grinding wheel with inclined cross section. The experimental results showed that the
grooved grinding wheel with inclined cross section presented a reduction of grinding forces between 18 and 31.7%, but the better
surface was not obtained. In addition, the inclined cross-section groove could reduce stress concentration, thus improving the
wear of the grinding wheel surface. This indicates that the grooved grinding wheel with inclined cross section has better grinding
performance than the grooved grinding wheel with rectangular cross section owing to the inclined cross-section structures. This
provides further evidence for a method of constructing grooved grinding wheel with inclined cross section based on trapezoidal
beam design.
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1 Introduction

As an advanced engineering ceramic, alumina ceramic is
widely used in aerospace, medical fields, and other important
industrial fields, which has high mechanical strength and high
temperature resistance [1-3]. However, alumina ceramic is
more difficult to process and has high machining and finishing
costs because of their high hardness and high strength. The
demand of high accuracy alumina ceramic is increasing with
the development of technology [4, 5]. Conventional grinding
techniques can no longer meet the requirements of precision
manufacturing community. Therefore, the study of machining
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technique during the machining is important for improving the
accuracy of alumina ceramic.

Laser structure technology has obvious advantages in ma-
chining advanced materials compared with the conventional
grinding technology [6—10]. First of all, Walter et al. [11] pro-
posed a novel laser method for CBN grinding wheel based on
surface structuring with ultrashort picosecond pulsed lasers.
Although the grinding force could be reduced between 25
and 54%, the wear rate of the structured tools was higher than
the non-structural tools. Then, to improve the surface quality of
the workpiece, Deng et al. [12] studied the influence of the
micro-structure pattern on the performance of laser micro-
structured coarse-grained diamond grinding wheels. The results
of the experiments showed that better workpiece surface quality
was obtained when using micro-structured grinding wheel.
However, the wear resistance of micro-structured grinding
wheel was obviously lower than that of non-structured grinding
wheel. The above-mentioned investigations indicate that the
grinding force and surface roughness of the workpiece can be
reduced by using the micro-structured grinding wheel.
Nevertheless, the coolant transportation ability and the lubrica-
tion capability are not obvious. In order to improve the coolant
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transportation ability and the lubrication capability of grinding,
Zhang et al. [13, 14] put forward laser macro-structured grind-
ing wheel (LMSG). The grooves were contributed to chip dis-
posal and coolant flow, thereby reducing the effect of chip and
the grinding temperature. However, the wear of grinding wheel
was serious on the macroscopic level near the groove edge.
From the literature review above, the research objects are main-
ly grooved grinding wheel with rectangular cross section, and
the primary reason for the short life of laser macro-structured
grinding wheel is the insufficient structural strength. In order to
improve wear-resistant properties of laser macro-structured
grinding wheel, we put forward grooved grinding wheel with
inclined cross section (ICSG). In accordance with the findings
in the literature, the inclined cross-section technology had been
used in thermal sciences and engineering structures. For exam-
ple, trapezoidal structure had prominent advantages over rect-
angular structure enhancement in heat transfer [15, 16]. The
trapezoidal structure increased both ductility and the ultimate
load-carrying capacity of the beams [17]. Therefore, it can be
assumed that inclined cross-section groove can improve the
coolant ability and wear-resistant properties of laser macro-
structured grinding wheel.

In this paper, we introduced a grooved grinding wheel with
inclined cross section inspired by the structure of the trapezoi-
dal beam. The inclined-cross-section groove and rectangular-
cross-section groove were introduced as the grinding param-
eter for discussing the better groove structure. First, the meth-
od for manufacturing the grooved grinding wheel with rect-
angular cross section and grooved grinding wheel with in-
clined cross section was developed. Subsequently, alumina
ceramics were ground using the grooved grinding wheel with
rectangular cross section and grooved grinding wheel with
inclined cross section. The grinding forces and the surface
quality of the workpieces as well as the wear of grinding
wheels were comparatively analyzed.

2 Experimental details
2.1 Experimental apparatus and materials

The bronze-bonded diamond grinding wheels are
manufactured using a compact pulsed ytterbium-doped fiber
laser (model: YCP-1-120-50-50-HC-RG). The workpiece is
alumina ceramic with the dimension of 30 x 30 x 10 mm.
The laser apparatus is displayed in Fig. 1. The schematic dia-
gram of the structuring method is depicted in Fig. 2. The
details of the grinding wheels are tabulated in the Table 1.
The mechanical properties of the workpiece are listed in
Table 2.

The grinding experiments are carried out in the down-
grinding mode on the precision plane grinder (model
MUGK?7120x%5) to evaluate the grinding performance of the
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Fig. 1 Experimental apparatus for laser structured

grooved grinding wheel with rectangular cross section and
grooved grinding wheel with inclined cross section. The cool-
ant is a 3% solution of water-based coolant, and the flow rate
of cooling fluid is 18 L/min in all the experiments. In the
experiment, the normal and tangential grinding forces are
monitored with a high-accuracy dynamometer (Kistler
9256C2). After each set of experiments, the surface roughness
of the workpieces is measured with a contact probe
profilometer. The 3D optical microscope with an ultra-deep
depth of field is used to evaluate the ground surface morphol-
ogy of the workpieces and the wear of grinding wheels. The
experimental device for grinding is shown in Fig. 3. The
grinding parameters are listed in Table 3.

2.2 Design of inclined cross-section groove

Based on the above, the cross section of inclined cross-section
groove is shown in Fig. 4, where y is the direction of the
tangential force, z is the direction of the normal force, % is
the height, and the hems of the trapezoid are u and /,
respectively.

Therefore, the section inertia moment /,, of Y-axis is given
by

€ Inclined-cross-section groove

Fig. 2 Schematic view of laser macro-structuring
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Table 1 The specifications of bronze-bonded diamond grinding wheel

Wheel type SDC120N100B

Wheel diameter (mm) 200

Bore diameter (mm) 32

Wheel width (mm) 20

Depth of abrasive layer (mm) 5

Grain size (1m) 70~130

Concentration 75%

Abrasive material Diamond

I :L(u2+4ul+lz) (1)
7 36(u+ 1)

and the section inertia moment /, of Z-axis is given by

1
L=1g

h(u+ 1) + 1) ()
Using Egs. (1) and (2),

B 4h? (u2 + 4ul + lz)

L 3(u+1)? (12 + 1)
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where ¢ = % (0<¢@<1). The partial derivative with respect to
pin Eq. (4) is
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: )

If p=0.6, then f = 1.44(1).

In this work, in order to improve the wear-resistant prop-
erties of the grooved grinding wheel with inclined cross sec-
tion and retain more effective grains as much as possible, we
determine the ¢ value as 0.6 in comprehensive consideration
of the parameter. Meanwhile, w =1 4+ 0.35u, h/[=0.576.
When ¢ =0.6, the ratio of the Y-axis stiffness to the Z-axis
stiffness is 0.478; when ¢ = 1, the ratio of the Y-axis stiffness
to the Z-axis stiffness is 0.166. It means that the distortion-
resistant ability of the grooved grinding wheel with inclined

Table 2 Nominal properties of alumina ceramic used

Ceramic Density Flexure Vickers Fracture
(kg/m3 ) strength (MPa) hardness (GPa) toughness
(MPam 1/2)
Alumina 3.7 x 10> 500 18.3 53

Fig. 3 Experimental apparatus for grinding alumina ceramic

cross section is approximately 31.2% higher than the
distortion-resistant ability of the grooved grinding wheel with
rectangular cross section.

2.3 Laser structuring

The sizes of grooved grinding wheel with rectangular cross
section and grooved grinding wheel with inclined cross sec-
tion were designed. Figure 5 showed the laser structuring pat-
terns and their dimensions. The characteristic dimensions of
the rectangular cross-section groove were the groove width W,
the groove spacing /, and the depth of the groove D. The
characteristic dimensions of the inclined-cross-section groove
were the groove upper-bottom length U, the groove lower-
bottom length L, and the groove spacing S. The depth of the
inclined-cross-section groove was consistent with the
rectangular-cross-section groove.

Before the laser ablation operations, the grinding wheels
were dressed to create equivalent surface conditions for grind-
ing wheel. After that, the grinding wheels were machined
precisely by a stable pulsed laser (average power = 20 W,
wavelength = 1064 nm, pulse width = 10 ms, pulse frequency
= 30 kHz, scanning speed = 2200 mm/s). The laser beam was
focused perpendicular to the surface of grinding wheel by an
achromatic lens with a focal length of 33 mm. The surface of
the grinding wheel was subjected to laser structuring to intro-
duce rectangular-cross-section groove shape. Meanwhile, to
reduce the formation of the re-solidified layer, the molten
material could be blown away from the grooves with assistant
gas [18]. This method could precisely control the groove

Table 3  Grinding test parameters

Category Content
Depth of grinding a;, (um) 5

Wheel speed v, (m/s) 35
Workpiece speed v,, (m/min) 2,4,6,8
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Fig. 4 Cross section of the
inclined-cross-section groove

spacing. The groove spacing was set to 2.3 mm. As shown in
Fig. 6a, the groove width and the groove depth were identical
(W = 0.65 mm, D = 0.95 mm) for the rectangular grooves.
Inclined-cross-section grooves were realized by scanning the
surface line with a focused laser beam. The position of the
laser beam was from the focal point of the laser beam to
0.95 mm below the focal point of the laser beam. This was
done in 8 groups. The width of ablation was 1 mm for the first
time, and the width of the next ablation was 0.08 mm smaller
than the width of the previous ablation. The depth of each
ablated was 0.12 mm. Compared with the rectangular-cross-
section groove, the inclined-cross-section groove had larger
space. Therefore, to ensure the same number of grooves, the
groove spacing of the inclined-cross-section grooves was re-
duced. The groove spacing was set to 2 mm. As shown in Fig.
6b, the groove upper bottom length, the groove lower bottom
length, and the depth of the groove were identical (U = 1 mm,
L =035 mm, D = 0.95 mm) for the inclined-cross-section
grooves.

3 Results and discussion
3.1 Grinding forces

Figure 7 showed the images of the grinding force of the alu-
mina ceramic using different workpiece speed with a stable
wheel speed of 35 m/s and a fixed grinding depth of 5 um. As
shown in Fig. 7, the use of higher workpiece speed produced a

higher grinding force. The possible reason was increased in
radial penetration depth of grains. It resulted the increasing of
the grinding force. This was identical to traditional grinding
principle [19-21]. It was more important that the normal
grinding force F,,, and the tangential grinding force F, could
be effectively reduced in ICSG condition. The contact areas
between the inclined-cross-section grooved grinding wheel
and workpiece surface were smaller than the contact areas
between the rectangular-cross-section grooved grinding wheel
and workpiece surface, so the number of abrasive grains in
contact with the workpiece surface was reduced. Therefore,
less energy was used to offset the sliding and friction resis-
tance. It could also be seen from Fig. 6 that the grooved
grinding wheel with inclined-cross-section could provide
larger space for chip. This reduced the effect of chip on
the grinding force.

3.2 Surface roughness and surface morphology
3.2.1 Surface roughness

The roughness of the workpiece R, was measured at sampling
length of 0.8 mm and evaluation length of 4 mm. Figure 8§
illustrates the images of the surface roughness of alumina
ceramic. The use of lower workpiece speed produced better
workpiece surface quality, because the residual area height
was reduced by the lower workpiece speed. However, it was
also seen in Fig. 8 that the surface roughness of alumina ce-
ramic became rougher after grinding by ICSG condition. The

Fig. 5 Overview of produced (a) (b)
patterns and their dimensions. a
LMSG. b ICSG
u
. ; \/
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Fig. 6 Optical microscope

images of laser-structured (a)
grinding wheels. a LMSG. b
ICSG

(b)

ICSG grinding type had a smaller contact area than the LMSG
grinding type. This resulted in a reduction in the number of
active cutting edges that could improve the surface quality of
workpiece. However, the pressure of a single abrasive particle
is reduced because of the structural characteristics of the in-
clined cross-section groove. From previous research, it was
known that lower forces normally lead to a higher roughness
of the workpiece surface [22]. Therefore, it could be observed
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from Fig. 8 that the surface roughness of alumina ceramic
became rougher after grinding by ICSG condition.

3.2.2 Surface morphology
The morphologies of the workpieces surface were examined

at x 500 and x 1000 magnifications. Figure 9 showed the
morphology of alumina ceramic under the same workpiece
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Fig. 7 The relationship between grinding forces and workpiece speed

speed of 4 m/min. As illustrated in Fig. 9, some smooth areas
could be observed on all the workpiece surfaces. This could be
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Fig. 8 Effect of the workpiece speed on surface roughness
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interpreted that plastic flow was more suitable for material
removal than brittle fracture when the dimensional scale of
material removal was small enough. However, it was clear
that the surface quality had worsened when using grooved
grinding wheel with inclined cross-section. It could be sum-
marized that the chip thickness became relatively higher when
the contact layer was decreased. In this condition, the main
workpiece removal way was cutting action rather than
plowing. Therefore, it could be observed from Fig. 9b that
the texture of the workpiece surface scratches became rough-
er. Besides, some cracks were observed, especially around the
pits. This result could be interpreted as follows: the unde-
formed thickness under the ICSG condition was larger than
the undeformed thickness under the LMSG condition. The
larger undeformed thickness led to an increase in the number
of brittle cracks. Then, the emergence of brittle cracks pro-
duced more irregular pits [23].

3.3 Wear of grinding wheels

The first area to be observed was the groove surface after
grinding. As seen from Fig. 10, some grains had been pulled
out on the groove edge. This may be the abrasive grains at the
edge of the grooves were subjected to larger contact pressures.
Furthermore, both the grooved grinding wheel with inclined
cross section and grooved grinding wheel with rectangular
cross section had edge wear. In the grinding process, grinding
force was transmitted from the abrasive grain apexes to the
edge of the groove. Then, fatigue cracks at the edge of the
groove under the action of repeated stress loading were pro-
duced. Eventually, the wear of groove edge was formed due to
interference between adjacent fatigue cracks. More important-
ly, the wear of groove edge could be reduced effectually ow-
ing to the structure of inclined cross-section groove. In the
grinding type of the grooved grinding wheel with inclined
cross section, the inclined-cross-section groove could reduce
stress concentration. This would contribute to enhancing the
stability of the groove structure. Interestingly, the groove edge
displayed a sign that the groove edge would turn into a smooth
rounded corner, especially on the groove edge of grooved
grinding wheel with rectangular cross section. This finding
suggests that smooth rounded groove edge structure may fur-
ther reduce the wear of groove edge.

The second area to be observed was the non-structured
surface. It was evident from Fig. 11 that some grains had been
pulled out and left a cavity on the grinding wheel surface. The
main reason was that grains lack mechanical anchorage.
Moreover, it was also seen in Fig. 11 that some grains had
been fractured on the grinding wheel. On the one hand, grind-
ing force increased rapidly when the workpiece started to con-
tact the grains. This could have resulted in the fracture of
grains. On the other hand, under the influence of strain and
temperature, cracks were generated on the surface of the
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Fig. 9 Ground surface
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abrasive grains. These cracks under the repeated action of
grinding forces were extended and broken. Finally, some
grains had been fractured. It is important to note that the

Fig. 11 Micrographs of grits after (a)
a LMSG and b ICSG
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new cracks of grains still extend even when the grain is no
longer in contact with the workpiece [24]. It can be seen that
abrasive fractures can be effectively decreased by reducing the
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initiation of abrasive surface cracks. Under ICSG grinding
type, the surface stress of the grinding wheel was relatively
low, thus reducing the stress of single abrasive grain. This
would greatly reduce the fracture probability of abrasive par-
ticles. Therefore, the degree of grains fracture was remarkably
reduced when using the grooved grinding wheel with inclined
cross section, as shown in Fig. 11b. However, the abrasive
wear will adversely affect the grinding process [25-29]. For
example, Ding et al. [30] studied the effect of grains wear on
silicon carbide by ultrasonic vibration-assisted grinding. The
results indicated that grain wear affect the workpiece surface
quality significantly. Grains wear became more serious with
increasing grinding passes. The grains cannot effectively par-
ticipate in grinding, and more scratching occurred.
Consequently, it can be seen that grooved grinding wheel with
inclined cross section is more practical than grooved grinding
wheel with rectangular cross section, especially in the later
stage of the grinding process.

4 Conclusions

A grooved grinding wheel with inclined cross section was
invented for alumina ceramic surface grinding for enhancing
the grinding performance. The effect of two processing pat-
terns on the grinding force and workpiece quality was inves-
tigated. Moreover, the wear of the grooved grinding wheel
with rectangular cross section and grooved grinding wheel
with inclined cross section was comparatively evaluated.
Based on the experimental results, the following conclusions
can be drawn: Compared with the grooved grinding wheel
with rectangular cross section, the grooved grinding wheel
with inclined cross section shows a reduction of grinding
forces between 18 and 31.7%. However, the roughness of
the workpiece R, is not clearly improved. The roughness of
the workpiece that is ground by the grooved grinding wheel
with inclined cross section is 8% more than that of the work-
piece ground by grooved grinding wheel with rectangular
cross section. What is more important, the wear-resistant
properties of laser macro-structured wheel have significant
improvement because of the structural characteristics of the
inclined cross-section groove. For the grooved grinding wheel
with inclined cross section, the groove structure can be further
optimized. In future study work, the smooth rounded corner of
groove edge and the angle of the inclined cross-section groove
may be studied, mainly to improve the grinding performance
of grooved grinding wheel with inclined cross section.
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