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Abstract

To address the significant subsurface damage of a workpiece after grinding by a coarse-grained wheel, the research on nanosec-
ond ultraviolet laser micro-structuring of a coarse-grained diamond-grinding wheel was carried out, and the influence of process
parameters on the depth and width of the groove, the micro-structuring efficiency, and the qualification rate of micro-structured
grains were explored. The results show that the single-pass laser circular cutting method cannot achieve the desired groove size
even with an arbitrarily large number of scanning cycles. The multi-pass laser circular cutting method can effectively improve the
micro-structuring efficiency, and the width and depth of the groove increased and decreased respectively with the increase of the
pass spacing. The qualification rate of micro-structured grains was related to the groove spacing, the distribution of the grains on
the surface of the grinding wheel, the grain diameter, and the groove width. Under the assumption that the grains were evenly
distributed on the surface of the grinding wheel, the qualification rate first increased and then decreased with the increase of the

groove spacing.
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1 Introduction

Fine-grained or micro-powder diamond wheels are common
tools for precision and ultra-precision grinding of hard and
brittle material parts [1, 2]. However, this type of grinding
wheel has some drawbacks: A small chip space and a low-
retaining strength of the bond cause the surface of the grinding
wheel to be easily clogged and the grains to fall off easily,
which leads to frequent and time-consuming dressing of the
grinding wheel during processing [3, 4].

In view of the advantages of a coarse-grained grinding
wheel with a large chip space and a strong bond-holding force,
some scholars have tried to use coarse-grained diamond wheel
for precision and ultra-precision machining of hard and brittle
materials, and found that the surface roughness of the work-
piece after grinding can reach the nanometer level [4-6].
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However, it was also found that the subsurface damage depth
(SSD) of the grinded workpiece increases with the increase of
the grain size [7, 8]. The reasons for this are described as
follows: After dressing, the top of the grain (Fig. 1a) is cut
into a facet (Fig. 1b), which increases the contact area between
the grain and workpiece during grinding [9]. Therefore, the
cooling liquid cannot easily reach the grinding area. As a
result, the normal grinding force and the grinding temperature
increases, which eventually leads to an increase in SSD of the
workpiece after grinding [10, 11].

To solve this problem, a nanosecond ultraviolet laser beam
will be used to cut micron-sized grooves on the surfaces of
grains (i.e., laser structuring wheel), as shown in Fig. 1c. This
process sought to reduce the contact area of the grain-
workpiece and to increase the number of effective cutting
edges on the wheel surface. The goal is to improve the surface
quality of the workpiece after grinding.

Laser structuring is one of the methods for preparing a
structured grinding wheel [12]. A laser beam is used to pro-
duce a regularly arranged grooves [13] or blind holes [14] on
the surface of the grinding wheel, as shown in Fig. 2.
Depending on the dimensions of the groove width (or hole
diameter), Li et al. [15] subdivided the structuring into macro-
structuring (> 100 pm) and micro-structuring (< 100 pum).
Zhang et al. [16] used a laser beam to machine grooves with
a width of 1.2 mm, a spacing of 3.5 mm, a depth of 0.85 mm,
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Fig. 1 Schematic diagram of geometric shape of a single grain

and angles of 0°, 30°, 45°, and 90° (the angle between the
groove direction and the axis of the grinding wheel) on the
surface of a resin-bonded diamond wheel (grain diameter,
120 pum). It was found that compared with a non-structured
grinding wheel, the macro-structured grinding wheel can ef-
fectively reduce the grinding force, but fails to improve the
surface roughness of the grinded workpiece, and the edge of
the groove wears faster. A laser beam was used by Guo et al.
[17] to produce linear grooves with a width of 1015 pm, a
spacing of 30, 70, 90, and 150 um, and an angle of 90° on the
surface of a single-layer electroplated diamond wheel (grain
diameter, 120 um). It was found that the micro-structured
wheel can reduce the SSD of a grinded optical glass by 2—
3 um compared with a non-structured wheel, and the SSD
decreases with decreasing groove spacing. In addition, the
author also pointed out that because the groove direction of
the structured grinding wheel is perpendicular to the axis of
the grinding wheel, the cross-sectional shape of the groove is
casily reproduced to the surface of the optical glass during
grinding, resulting in a large surface roughness of the grinded
workpiece, and the surface roughness increases with increas-
ing groove spacing.

In view of this, the nanosecond laser micro-structuring of
the coarse-grained diamond grinding wheel will be studied in
this paper. First, the effect of a single-pulse energy, number of
scanning cycles, the number of scanning passes and pass

Fig. 2 Laser-structured grinding
wheel with different patterns

@ Springer

spacing on the width and depth of the groove, and micro-
structuring efficiency will be explored. Then, the effect of
groove spacing on the qualification rate of the micro-
structured grains will be investigated. Finally, two different
patterns of micro-structured diamond grinding wheels will
be prepared.

2 Experimental conditions

Figure 3 shows the galvanometer-based laser micro-
structuring experimental apparatus. The single-pulse energy
e, was 0.15-0.25 mJ, the pulse frequency fwas 30 kHz, the
wavelength A was 355 nm, and the pulse width 7 was 18 ns.
After the laser beam was reflected by the galvanometer and
focused by the lens in the scanning head, it was incident along
the normal direction on the surface of the grinding wheel
installed at main axis of the surface grinder with a defocusing
amount (A) of 0 mm and a focal spot diameter (d)) of 35 um.
The bronze-bonded diamond grinding wheel had a diameter
D =150 mm, a width W =10 mm, and a grain diameter d =
250 um. By coordinating the deflection angles of the two
galvanometers in the scanning head, the laser beam can be
controlled to scan on the surface of the grinding wheel accord-
ing to any predetermined planar path to prepare various pat-
terns of micro-structured grinding wheels.

Since the surface of the grinding wheel is a cylindrical
surface, thereby causing a change in the defocusing amount
and the laser power density when laser structuring, so that the
dimensional uniformity of the groove after structuring is poor.
To this end, the wheel’s central angle was equally divided by
the angle 6. The geometric relation between the defocusing
amount A and the angle 6 is shown in Fig. 4. When angle 0 is
small enough, the amount of change in the defocusing amount
is small, and its influence on the structuring process is almost
negligible. When the arc surface corresponding to an angle 0
(= 10°) was completed, the wheel was rotated by 6 along a
fixed direction for continued processing until the micro-
structuring of the entire wheel surface was completed.
Precise control of the rotation angle of the grinding wheel
can be realized through the spindle of the grinder with a pre-
cision of up to 0.1°.
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Fig. 3 Experimental apparatus for laser micro-structuring

The three-dimensional microscope with a super depth of
field and the video microscopy were used to observe the sur-
face topography of the grinding wheel.

3 Results and discussion
3.1 Groove size

The essence of a laser micro-structuring of grinding wheel is
to produce grooves of width w and depth / matching the grain
size on the surface of grains, thereby improving grinding per-
formance without affecting the service life of the wheel. If w
or 4 is too large, as shown in Fig. S5a—c, it will lead to a
decrease of grain strength or even the loss of cutting edges,
aggravating the grain wear and shortening the service life of
the wheel. If w or 4 is too small, as shown in Fig. 5d—e, since
the contact area between the grain and workpiece is not re-
duced sufficiently, the force and heat are not reduced contin-
uously during the grinding process, and therefore, the purpose
of improving the grinding performance of the wheel is not
achieved. When w and / are about 1/3 and 1/6 of the grain
diameter, respectively (Fig. 5f), it can not only ensure the
service life of the grain but also improve the cutting perfor-
mance of the grain. As the grain diameter d was 250 um for

Fig. 4 Geometric relation
between the defocusing amount
A and the angle 6
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this paper, the appropriate width w and depth % of the groove
were approximately 80 and 40 pm, respectively.

3.2 Single-pass laser circular-cutting experiment

Before the laser micro-structuring experiment, the laser cutting
experiments of the grinding wheel without protective gas were
carried out. Figure 6a shows the three-dimensional surface
topography of the grinding wheel after cutting. It can be ob-
served that the color of the interior and the surrounding area of
the groove blackens, which is caused by the oxidation of the
bronze bond and the oxidation and graphitizing of the dia-
mond. The cross-section of the groove is approximately V-
shaped for the following reasons: (1) The laser beam energy
in this experiment has a Gaussian distribution, leading to a high
material-removal rate in the spot central area of high-energy
density and a low material-removal rate in the edge region of
low-energy density; (2) with increasing groove depth, the
laser-cutting efficiency decreases gradually. The widths of the
grooves on the surface of the grains and the bond are basically
the same, but the groove depths on the two surfaces are not.
This is due to the difference in physical properties of bronze
and diamond, and their difference in absorption and transmis-
sion of ultraviolet laser energy. Only the size of the groove on
the grain’s surface was measured. The width of the top of the

Scanning head

0=5, A=0.071 mm

0=10", A=0.285 mm

0=15", A=0.642 mm

60=10", A=1.139 mm
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Fig. 5 Schematic diagram of
grooves with different sizes
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groove was used as the groove width w, and the distance be-
tween the bottom of the groove and the surface of the unpro-
cessed grinding wheel was taken as the groove height /.

The laser beam with different single-pulse energy e, was
used to scan circularly 300 times at a speed v=_800 mm/s
along a single track line parallel to the axis of the wheel
(i.e., single-pass laser circular cutting). The groove topogra-
phy was observed with a 3D optical microscope with an ultra-
deep depth of field. The results are shown in Fig. 6b—e. To
ensure that the initial conditions were as consistent as possi-
ble, four sets of experiments were conducted on the same
surface of the bronze-bonded diamond-grinding wheel after
laser profiling. It can be observed that when e, is small
(0.15 mJ, 0.18 ml), % is only approximately 3 um; when e,
increases to 0.217 mJ, / increases to 8.4 pm; when e, reaches
the maximum single-pulse energy of 0.25 mJ, 4 grows to
10.5 um with a speed decrease, and this value is significantly
different from the desired value (40 um).

To this end, the number of scanning cycles in Fig. 6e was
increased V from 300 to 1000 times (other parameters were
unchanged) and then the experiment was performed. It was

Grain Bond

Fig. 6 Topography of the single-
pass laser circular-cutting groove

(a) Topography of groove

h=8.4pum
w=37.0 pm

(d)e,=0.217 mJ, N=300
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found that when N is greater than 600, the plasma, sputtering,
and acoustic emission phenomena in the ablation process al-
most disappear (indicating that the material-removal efficien-
cy was very low). After the experiment, w and /& were mea-
sured to be only 45.7 and 18.4 um, respectively (the limit
value of the groove size under the current conditions), as
shown in Fig. 6f. The reasons are as follows: in the case where
the groove width is basically the same, as the groove depth
increases, the spatter generated during laser cutting is more
difficult to fly away from the processing area; therefore, the
amount of the recondensate absorbed on both sides of the
groove and accumulated at the bottom of the groove increases,
making it increasingly difficult for the laser beam to reach
directly to the bottom of the groove. As a result, the efficiency
of laser cutting to remove the material gradually decreases
until the material cannot be removed at the end, and a limiting
groove depth is reached.

In summary, under the present experimental conditions, the
single-pass laser circular-cutting method cannot achieve the
desired groove size even with an arbitrarily large number of
scanning cycles.

h=3.0 um
w=22.2 um

(b)e,=0.15 mJ, N=300 (c) ¢,=0.18 mJ, N=300
h=10.5 pm
.w=42 um

h=18.4 pm

500 pm
w=45.7 um
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(e) ¢,=0.25mJ, N=300 (f) ¢,=0.25 mJ, N=1000
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3.3 Multi-pass laser circular-cutting experiment

To solve the problem of the single-pass laser circular cutting
method, a multi-pass laser circular-cutting method is proposed
in this paper, which is to use a laser beam along the multiple
track lines parallel to the axis of the wheel with a center dis-
tance of / (k=2, 3 ..., n) to cut circularly the wheel surface, as
shown in Fig. 7a.

In this section, six sets of multi-pass laser circular-cutting
experiments were conducted under the conditions of e, =
0.25 mJ and v=_800 mm/s. The scheme and parameters are
shown in Fig. 7. To ensure the same cutting time of each
experiment, the number of scanning cycles N was set to 150
for the three sets of experiments with the number of scanning
passes k= 2. N was set to 100 for the three sets of experiments
with k= 3. After the experiment, the surface topography of the
grinding wheel and the groove size were measured by means
of a 3D optical microscopy with an ultra-deep depth of field,
as shown in Fig. 8.

In Fig. 8a, the internal color of the groove is darker, the
groove width w is measured to be 45.4 pm, and the depth % is
7.4 pm. It can be seen that the groove was still too narrow, and
it was difficult for the laser beam to directly reach the bottom of
the groove to efficiently remove material. As a result, a large
amount of laser energy was absorbed by recondensate in the
groove and transmitted to the surrounding area, which exacer-
bated the oxidation of the bond and oxidation and graphitiza-
tion of grain in and around the groove. When the pass spacing /
is increased to 16 pm, as shown in Fig. 8b, the internal color of
the groove is lighter (indicating a decrease in the degree of
oxidation and graphitization). The measured w is 50.2 pm
and /4 is 29.2 um (4 is nearly four times than that in Fig. 8a).
It can be seen that the efficiency of laser-induced material re-
moval significantly improved when the groove width exceeded
50 um. When / is increased to 24 pm, as shown in Fig. 8c, the
groove internal color is brighter, the measured w is 54.0 um,
and / reduces to 20.4 um compared with that in Fig. 8b. This
occurs because when the groove width exceeds a critical value,
the material-removal efficiency of the laser is basically con-
stant, so the total amount of material removed is basically the
same during the same period of time; when / is increased from
16 to 24 um, which inevitably leads to an increase of the groove
width and a decrease of the groove depth. When the number of
scanning passes k=3, Fig. 8d—f and Fig. 8b—c show similar

variation patterns: with the increase of the pass spacing, the
inner color of the groove brightens, and the width and depth
of the groove increase and decrease, respectively.

In the above experiments, when k=3 and /=24 um, w and
h are 71 and 30 wm, which is the closest to the desired values
(80 and 40 pm, respectively) of groove width and depth. To
this end, N was increased by increments of 20 from 100 to 200
times in Fig. 8f and then five groups of the experiments (the
remaining parameters were unchanged) were conducted. It
was found that with the increase of N, w basically remained
unchanged and / showed a slow growth trend. When N
reaches 140, the two values are 75.3 and 38.2 um, which are
the closest to the desired values of groove width and depth.

3.4 Laser micro-structuring experiment
3.4.1 Groove spacing

The micro-structured grain is qualified when there is one and
only one groove on the surface of the grain. The qualification
rate of micro-structured grains refers to the percentage of the
number of qualified grains to the total number of grains on the
surface of the grinding wheel. The greater the qualification
rate, the better the structuring effect. The distribution (number
and location) of the grooves on the surface of the grains is
determined by the groove spacing s. If s is too large, the
number of structured grains is too small to meet the require-
ments; if s is too small, then the number of grooves on the
surface of the grains is too large (>2), resulting in a decrease
in the strength of the grains and a shortened service life of the
grinding wheel, which also does not meet the requirements.
When s=d—2w=99.4 um, the micro-structuring experi-
ments on the surface of the laser-dressed bronze-bonded
diamond-grinding wheel with optimized the process parameters
were carried out, and experimental results obtained by video
microscopy are shown in the left panel of Fig. 9a. Depending
on the distribution of grooves on the grain surface, the micro-
structured grains can be classified into three categories, as
shown in the right panel of Fig. 9a. In the figure, the gray stripes
represent grooves, yellow stripes represent the unstructured sur-
face of the wheel, and the blue ovals (A—D) represent the grain.
The grains that their left edge is located between the dashed line
1 (through the left edge of the grain A and parallel to the axis of
the wheel) and the dashed line 2 (through the left edge of the

Fig. 7 Experimental scheme and (a) v s
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Fig. 8 Topography of the multi-pass laser circular cutting groove

grain B and parallel to the axis of the wheel) (referred to as
grains between A and B) have two grooves, and these are un-
qualified grains. Grains between B and C have one groove, and
these are qualified. Grains between C and D have two grooves,
and these are unqualified grains.

Fig. 9 Distribution of grooves on
the grain surface
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It can be seen from the above analysis that the qualification
rate of grains was related to the groove spacing s, the distribution
of the grains on the surface of the grinding wheel, the grain
diameter d, and the groove width w, wherein the latter two pa-
rameters were constant values in this section. In order to quantify

Groove

Grain

(a) s=99.4 um (b)0<s5<87.35um

Non-structured
surface
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Fig. 10 Qualification rate of (a) 0 0<s<87.35 um (b) 7F
micro-structured grains s 80 - 9(b) 9(c) 9(d) 9(e) 9(D) 9(g)
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%g) D-E 0<p<54.6%

the qualification rate of grains, it was assumed that the grains
were uniformly spread over the entire surface of the grinding
wheel (in fact, the distribution of the grains on the surface of the
grinding wheel is random). At this time, the qualification rate
was only related to the groove spacing. Based on this, the qual-
ification rate of micro-structured grains in Fig. 9a was calculated
asn=2s+w—d)/ (w+5)x100% = 12.9%.

Next, the groove spacing s € [0, 0.57tD] was divided into
five intervals (0<s<(d—w)/2,(d—w)/2<s<d—2w,d—
2w<s<d —w, d —w<s<d, and d<s<0.51D), the grains
were classified in each interval (Fig. 9b—g), and the qualifica-
tion rate 7 of micro-structured grains was calculated, and the
results are shown in Fig. 10. When s € [0, 87.35 um), there are
at least two grooves in each grain, and n=0. When s € [87.35,
99.4 um), grains between A and B have a groove at the edge;
the grain-cutting edge does not increase, and some abrasive is
lost, which are unqualified grains. The grains between B and C
have single grooves, and they are qualified grains; grains be-
tween C and D have two grooves and are unqualified grains;

Fig. 11 Surface topography of
micro-structured grinding wheels
with different patterns

Unit: mm

Unit: mm

Groove spacing s (um)

hence, 1 € [0, 12.9%). Similarly, when s € [99.4, 174.7 um),
the grains between C and D are qualified, n € [12.9, 69.7%);
when s € [174.7, 250 um), grains between D and E are qual-
ified, n € (54.6, 69.7%]; when s € [250, 157,080 pwm), grains
between B and C have no groove, and grains between D and E
are qualified, n € (0, 54.6%]. In summary, when s increased in
the range of [0, 0.57tD], the qualification rate 7 first increased
and then decreased, as shown in Fig. 10b. When s was
174.7 um, n reached its maximum value of 69.7%. Using
s=174.7 um, the surface topography of the micro-structured
grinding wheel is shown in Fig. 9e.

3.4.2 Preparation of a micro-structured grinding wheel

Finally, under the conditions of e, =0.25 mJ, v=800 m/s, k=
3,1=24 um, N=140, s=174.7 um, and o =60°, the laser
micro-structuring experiments with different patterns were
performed on the surfaces of two laser-dressed bronze-bonded
diamond wheels. Figure 11 shows surface topography of the
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(b) Micro-structured grinding wheel B
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prepared micro-structured grinding wheels A and B. The pat-
tern of wheel A is V-shaped, that of wheel B is W-shaped.

4 Conclusions

In this paper, nanosecond ultraviolet laser cutting and micro-
structuring experiments of coarse-grained diamond-grinding
wheels were carried out. A new method for the structuring of
grinding wheels based on multi-pass laser circular cutting was
proposed. The main conclusions are as follows:

(1). Using a e,=0.25 mJ laser beam single-pass circular
cutting the grinding wheel, simply increasing the num-
ber of scanning cycles N did not allow the groove width
w and depth 4 to reach the desired value (80 and 40 pm,
respectively).

(2). Increasing the number of scanning passes £, i.e., using a
multi-pass laser circular-cutting method can effectively
improve the efficiency of micro-structuring. By increas-
ing pass spacing /, w increased and / decreased. When
k=3, =24 um, and N=140, w and & were 75.3 and
38.2 um, respectively, which were the closest to the
desired values.

(3). The qualification rate n of micro-structured grains was
related to the groove spacing, the distribution of the
grains on the surface of the grinding wheel, the grain
diameter, and the groove width. Under the assumption
that the grains were uniformly spread over the surface of
the grinding wheel, 7 first increased and then decreased
when the groove spacing s was increased in the range of
[0, 0.5tD]. When s was 174.7 um, n reached a maxi-
mum value of 69.7%.
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