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Abstract: Bronze bonded diamond grinding wheel is widely used in grinding
hard and brittle materials. In order to improve the profile accuracy of the
grinding wheel, an ultra-fast laser dressing method with Bessel beam for
diamond grinding wheel is proposed in this study. The coarse grain (100 #)
bronze bonded diamond grinding wheel is tangentially shaped by laser
dressing. By comparing the profile and surface quality of the grinding wheel
dressed with Gaussian laser beam and Bessel laser beam under different
defocusing amounts, it is found that Bessel beam can dress the grinding wheel
in the focal depth of 1.2 mm, which is three times of traditional Gaussian beam.
The ablation thresholds of bronze binder and diamond under Bessel beam are
obtained through experiments and theoretical calculations. The results show
that when the laser power density is 3.75 x 105 W/cm? — 4.75 x 105 W/cm? and
the axial scanning speed of the laser is 0.03 mm/min, the diamond grit has an
enough protrusion height, and the runout of the grinding wheel is reduced to
about 6 pm. When the wheel speed is too low, it will reduce the overlap rate of
axial scanning trajectory and reduce the removal efficiency of material.

Keywords: bronze bond diamond grinding wheel; laser dressing; Bessel beam;
defocusing amount; material removal; abrasive protrusion height; removal
efficiency.
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This paper is a revised and expanded version of a paper entitled ‘Tangential
dressing of diamond grinding wheel by femto-second pulsed laser with Bessel
beam’ presented at The 24th International Symposium on Advances in
Abrasive Technology, Guangzhou, 9-12 December 2022.

1 Introduction

Bronze bonded diamond grinding wheel is sintered with diamond as abrasive and bronze
as bond. Because of its excellent grinding performance and strong wear resistance, it is
widely used in the grinding process of difficult-to-machine materials such as glass fibre
reinforced plastics, engineering ceramics and cemented carbide (Weingaertner et al.,
2010; Guo et al., 2016; Zhao and Guo, 2011; Xie and Dang, 2008). During the
installation and use of the grinding wheel, the circular run-out error of it may be too
large, and the grains may become blunt, which requires further dressing to ensure the
profiling accuracy and the sharpness of the grinding wheel. However, due to the high
hardness of diamond grinding wheels, there are great difficulties in its processing and
dressing (Wegener et al., 2011; Chen et al., 2016; Guo et al., 2014b). Grinding wheel
dressing includes two steps including profiling and sharpening (Deng et al., 2014b;
Drazumeric et al., 2018; Zhou et al., 2019; Zhang et al., 2019). Profiling refers to the
removal of materials (including diamond and binder) on the surface of the grinding wheel
to obtain the required geometric accuracy of the grinding wheel. Sharpening refers to the
removal of the binder on the surface of the grinding wheel to ensure the protrusion of the
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abrasive grains (the best effect is obtained when the protrusion height of the abrasive
grains is about 30%), resulting in enough debris space between the abrasive grains to
achieve the function of grinding wheel (Chen et al., 2015b; Yao et al., 2018; Guo et al.,
2018). When the traditional mechanical dressing technology is used to dress the bronze
bonded diamond grinding wheel, due to the large mechanical force between the dressing
tool and the grinding wheel, some problems such as large loss of the dressing tool, low
accuracy, high cost and serious environmental pollution will be induced. When
electrochemical modification is adopted, it is difficult to remove diamond particles due to
the non-conductivity of diamond particles, resulting in low dressing efficiency and
narrow application range (Deng et al., 2014a; Chen et al., 2005, 2013; Guo et al., 2014a).
As a new type of non-contact machining method, laser dressing avoids mechanical
force and the wear of dressing tools in the dressing process (Yung et al., 2003; Jackson
et al., 2003; Cai et al., 2017; Okamoto et al., 2019). Because abrasive particles and
binders can be selectively removed by laser processing. Laser dressing can be applied to
the dressing of any types of super-hard abrasive grinding wheels such as complex curved
surface forming grinding wheels, ultra-thin grinding wheel cutting, and parallel grinding
wheels. It is an advanced machining technology for precision dressing of diamond
grinding wheels (Chen et al., 2015a; Du et al., 2016). The laser dressing technology uses
the focused laser beam to scan the whole surface of the grinding wheel, and selectively
removes the material on the surface of the grinding wheel to achieve the required size and
profile accuracy of the grinding wheel (Deng et al., 2016; Zhang et al., 2016; Deng and
Zhou, 2019). At present, scholars carried out many researches on the laser tangential
shaping and radial dressing of the grinding wheel. For example, Dold et al. (2011) carried
out the research on the tangential dressing of electroplated nickel-based single-layer
diamond grinding wheel by using a pulse laser with wavelength of 1,030 nm and pulse
duration of 10 ps, which proved the feasibility of the tangential dressing of electroplated
nickel-based single-layer diamond grinding wheel by picosecond pulse laser. Walter et al.
(2012) used a pulsed laser with a wavelength of 1,064 nm, a pulse frequency of 50 kHz
and a pulse duration of less than 200 ns to carry out the laser tangential dressing
experiment of the metal-ceramic composite binder CBN forming grinding wheel, shaping
the complex profile of the corner arc radius of the surface groove less than 20 um; Chen
et al. (2019) and Deng et al. (2019) used nanosecond pulsed fibre laser to conduct
tangential dressing experiment on the profile of 150 # bronze bond diamond grinding
wheel, and optimised the key process parameters to improve the quality, accuracy and
efficiency of pulsed laser dressing. Guo et al. (2022) and Liu et al. (2017) used pulsed
laser to study the tangential shaping of V-shaped CBN grinding wheel, and established a
theoretical model of pulsed laser profiling. By analysing the influence of grinding wheel
speed and dressing time on the dressing effect, the angle of V-shaped grinding wheel can
reach 90.15°, and the bottom fillet radius is 53 um. Compared with mechanical dressing,
the dressing time is greatly reduced. In addition, Hosokawa et al. (2006) from Kanazawa
University carried out the experiment of radial dressing of bronze bond diamond grinding
wheel with Nd: YAG pulsed laser, and the normal and tangential grinding forces during
grinding with pulsed laser dressed diamond grinding wheel and white corundum grinding
wheel were almost equal. Xie et al. (2004) used Nd: YAG laser with pulse duration of
150-500 nm to orthogonally modify the resin-based diamond wheel with particle size of
180 #, and obtained that the combination of laser parameters with low average power,
medium pulse repetition rate and focusing position could obtain better surface
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morphology. Because the laser is continuous in the incident direction and has no cutting
edge like the cutting tools and grinding wheels, it is quite complex to control the depth of
material removal with removal function in laser radial machining. During laser dressing,
the profile of the grinding wheel changes in real time, while the focal depth of the
ordinary Gaussian beam is too small. In the dressing process, the relative position
between the focal point and the grinding wheel needs to be adjusted at all times, and the
dressing efficiency is low (Liu et al., 2020; Bathe et al., 2014; Ackerl et al., 2020).
Compared with Gaussian laser beam, Bessel laser beam can maintain a constant profile in
a longer propagation direction (Meyer et al., 2020; Chu et al., 2019, 2020), which can
reduce the requirement for the relative position between the focal spot and the workpiece
in the machining process. However, there is no report on the grinding wheel dressing
using Bessel beam.

To solve the above problems, this study proposes an ultra-short pulsed femto-second
laser dressing method with Bessel beam. Because the femto-second pulsed lasers possess
short heat affected zones, it is used to process a broad variety of materials such as metals,
semiconductors, biological samples, etc. with very high degree of precision and
reproducibility (Alexeev et al., 2010), and the materials have a high absorptivity at this
wavelength, so we select this laser. The effects of laser power, axial scanning speed,
wheel speed and scanning times on laser dressing are studied. The removal effect of
abrasive particles and binder on diamond grinding wheel is evaluated, and the precision
dressing experiments of grinding wheel are carried out by pulse laser with optimised
parameters. This study provides a new method for increasing the efficiency an accuracy
of laser dressing of grinding wheel.

2 Experimental apparatus and method

2.1 Experimental apparatus

The diamond grinding wheel (diameter D = 10 mm, width # = 20 mm, particle size 100
#, supplied by Kunshan Shuozhan Electronic Technology Co., Ltd) is tangential dressed
by femto-second laser (Spectra Physics Spitfire Ace Ti sapphire laser system, pulse
duration W = 35 fs, wavelength 4 = 800 nm, repetition frequency PRF = 1 kHz, peak
power 12 W). The physical properties of bronze bonded diamond grinding wheel are
shown in Table 1 (Chen et al., 2010; Mei et al., 2009).

Table 1 Physical properties of bronze bond diamond grinding wheels
Property Diamond Bronze bond
Thermal conductivity /(W/(m-k)) 2,000 41.9
Specific heat ¢/(J/(kg-K)) 1,827 352
Thermal diffusivity o/(x10-4 m2-s1) 3.114 0.14
Vaporisation temperature 7,/K 3,550 2,770
Absorptivity 4 0.15 0.38

Density p/(kg-m?) 3,515 8,620




Tangential dressing of diamond grinding wheel by femto-second pulsed laser 217

Figure 1 (a) Schematic diagram of optical path shaping of Bessel beam (b) Geometrical light
path diagram of an axicon for generate a Bessel beam (c) Schematic diagram of a
telescope system for improving Bessel optical power density (d) Schematic diagram of
tangential dressing of grinding wheel (see online version for colours)
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Figure 1(a) is the schematic diagram of tangential dressing of ultra-fast laser grinding
wheel using Bessel laser beam. The laser used in processing has a central wavelength of
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800 nm, a pulse duration of 35 fs, a repetition rate of 1 kHz, and a horizontal polarisation.
In order to realise a long focal depth of laser beam, Gaussian beam was shaped into
Bessel beam (all optical elements used in this experiment are provided by Daheng
Optics). The laser first passes through the optical gate (controlling the on-off of the
optical path system to determine the number of pulses in the processing), and the
attenuator (composed of a quarter wave plate and a polariser to control the laser energy),
then passes through the axicon lens with cone angle of 175° to realise the transformation
of Gaussian beam to Bessel beam. Figure 1(b) shows the geometrical laser path diagram
for transforming Gaussian beam into Bessel beam by using axicon lens. When the
femto-second laser is incident on the horizontal incident plane of axicon lens, the beam in
the upper half will be refracted downward, while the beam in the lower half will be
refracted upward, and Bessel beam will be formed in the overlapping area of the two
beams. Usually, the power density of the transformed Bessel beam is weak, and the
material cannot be removed by it. In order to increase the intensity of Bessel beam, the 4f
system is used to increase the power density of laser, so as to produce high-quality Bessel
beams with significantly enhanced intensity. Specifically, as shown in Figure 1(c), fi and
/> are the focal lengths of lenses L1 and L2, and the distance between the two lens is
equal to f; + fo. Through this optical path adjustment, the equal proportion of zmax (Bessel
region) can be reduced. Finally, the transformed Bessel beam is focused on the surface of
the diamond grinding wheel fixed on the four-dimensional electric motion platform (the
radial jump of the rotary table is 20 pum, and the repeated positioning accuracy of the
electromotion table is 5 um) through the lens (focal length: 25 mm). The composite
motion of the grinding wheel is realised by controlling the four-dimensional
electromotion table. As shown in Figure 1(d), the laser incident direction is opposite to
the rotation direction of the grinding wheel to achieve material removal. A laser range
finder, LK-G10, was used to measure the circular run-out of the rotating grinding wheel,
and the circular run-out of the envelope formed by the highest point of the abrasive
particle on the surface of the protruding binder was measured. The profile accuracy was
determined by the circular run-out error of the grinding wheel surface. The surface
morphology of grinding wheel was examined by a 3D laser confocal microscope
(VK-X200K, Keyence, Japan), we can measure it at room temperature.

2.2 Experimental study on ablation threshold of diamond grinding wheel

2.2.1 Ablation threshold and calculation method of materials

In the process of interaction between laser and material, when the energy density of laser
is greater than the ablation threshold of material, the workpiece can achieve effective
material removal. By adjusting the incident laser energy, the energy density reaches the
ablation threshold of the material. In the ablation centre area, the material is removed by
gasification. In the near centre region of ablation, the energy density of laser reaches the
threshold of material modification, which can realise the processing of periodic structure.
In the peripheral area of laser ablation, the energy density of laser is relatively low, which
fails to reach the ablation and modification threshold of the material, and there is no
material ablation phenomenon. In this paper, the ablation threshold is calculated by
numerical calculation method. By analysing the change of ablation hole diameter on the
surface of the material under different laser power, the ablation threshold of the material
can be obtained conveniently and quickly. The specific calculation process is as follows:
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The femto-second laser after transforming and focusing by the optical path shaping
system is Bessel distribution, and its distribution in space can be approximately Gaussian
distribution, which is determined by the following formula (Meng et al., 2015):

o(r) = poe 218 .1)

r is the distance to the spot centre (um), @o is the energy density of the spot centre
(J/em?), and wo is the waist radius of the spot. The relationship between the energy
2F,

—~ the laser energy can be
T3

density @o of the laser spot and the laser power E, is: ¢y =

. P . .
obtained by the average power of the laser: £, = 7, P is the laser power (W), which can

be measured by power metre, and f is the laser repetition frequency (Hz), so it can be
2P
Sy
Because the ablation threshold of laser is the minimum energy density to achieve
material removal, it can be obtained (Meng et al., 2015),

obtained: ¢, =

o = poe 2% (2.2)

@u is the ablation threshold of the material (J/cm?), and D is the diameter of the spot
(um), which can be obtained,

D? =20 In (wﬂ) =202 (Ingy —In gy, ) 2.3)
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Substitute ¢ = —=- into formula (2.3),
]

=2wi Ingy, (2.4)
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2
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The ¢ and wo in formula (2.4) are the intrinsic properties of the material and remain
unchanged, so formula (2.4) is a linear function with £, as the independent variable.
During the experiment, the ablation of the material is carried out by changing the laser
energy, and the ablation diameters corresponding to different energies are recorded. The
scatter plot of InE, and D? is drawn, and the corresponding relationship between them is
obtained by linear fitting. Then the ablation threshold and waist radius of the material are
obtained by linear calculation. Due to the different materials of bronze binder and
diamond, the removal of materials after laser ablation is different. Therefore, the ablation
thresholds of bronze binder and diamond are calculated in this paper for the subsequent
experiments.

2.2.2 Design of ablation threshold experiment

Using the Bessel femto-second laser processing system shown in Figure 1, the laser
power is adjusted by the power attenuator, and the power is measured in real time by the
power metre. The repetition frequency of the femto-second laser remains unchanged at
1 kHz. The ablation morphology obtained on the material surface under a single pulse is
relatively shallow, and it is difficult to accurately measure the diameter of micropores.
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Therefore, 100 pulses are selected for this experiment, and the specific experimental
parameters are shown in Table 2.

Table 2 Experimental parameters for Bessel beam single point ablation
Experiment parameters Number of pulses Laser power P/mW
Numerical value 100 100, 150, 200, 250, 300

20, 40, 60, 80, 100

Before the experiment, the diamond wafer and bronze bond block are ultrasonically
cleaned for 10 min (using anhydrous ethanol) to reduce the adhesion of other impurities
and dried. The treated diamond and bronze bonded blocks are fixed on a
three-dimensional precision motion platform. The laser focus is realised by controlling
the horizontal movement of the platform, and the material is ablated by selecting the
processing position.

2.3 Experimental design of grinding wheel dressing

Due to the randomness of the protrusion height distribution of the abrasive particles on
the grinding wheel surface, in the laser dressing process, the small focal depth may not
effectively remove the binder and diamond materials. Therefore, we transform Gaussian
beam into Bessel beam to obtain long focal depth.

The spatial intensity distribution of the incident Gaussian beam can be described as
(Luo et al., 2015)

2 ) 2
I6(r, 2) = I (%j exp[—%j 2.5)

Iy is the intensity of incident light at the origin, » is the radial axis in cylindrical
coordinate system, wo and w. are the waist radius and beam radius of incident Gaussian
beam, respectively. Based on the above assumptions, the intensity distribution of the
first-order Bessel beam along the optical axis can be obtained by integrating the energy
field of the incident Gaussian beam and performing differential processing along the
optical axis. The equation is derived as follows (Brzobohaty et al., 2008):

15(0,2) = U.[IO exp (—2r/wy )2 r- d&dr}/dz
= [27[;’10 exp(—2r/my )2 ~dr]/dz (2.6)
—r=ztd (27l tan 6 - z)exp[—2(z -tan 6/ wy )ﬂ

z is the central axis of the cylindrical coordinate system, @ is the inclination angle of the
first-order Bessel beam as shown in the figure. The spatial intensity distribution of the
Bessel beam generated by the axicon lens can be obtained by adding the boundary
constraint, namely equation (2.6), to the ideal Bessel beam (Bessel function of the first
kind) and introducing the wave vector parameter (Duacastella et al., 2012; Alexeev et al.,
2010). Its function expression is shown in equation (2.7), & is the wavenumber (k = 2 7/1),
Jo(x) is the zero-order Bessel function of the first kind, and I'(x) is the gamma function.
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I5(r, z) = 2knl, tan? Oz - e 2 an0/en)” . J2[kr tan 0]

( 1)m X 2m
Jo(x) = Zmomlr(m+l)(_)

In the defocusing amount experiments, the laser power density was set to 3.75 x 10°
W/cm?, the rotation speed of the grinding wheel was 10 r/min, the axial scanning speed
of the laser was 0.03 mm/min, and the scanning period of the laser beam was set to two
times (the width of the axial scanning through a rectangular groove was set to one
scanning period). The grinding wheel was tangentially profiled with different defocusing
amounts.

The fixed number of laser scanning and the rotation speed of the grinding wheel are
ensured, and the laser power is changed. The grinding wheel is subjected to tangential
ablation processing (rectangular groove with width of 400 um) with different axial
scanning speeds as variables. The experimental parameters are listed in Table 3. The
surface morphology of the grinding wheel is observed to evaluate the dressing quality of
the grinding wheel, namely, the protrusion height of the abrasive grain and the round
run-out of the grinding wheel. After changing the laser power and axial scanning speed,
the single factor variable experiment is carried out, and the optimised experimental
parameters are selected. The grinding wheel speed is changed, and the tangential ablation
processing of the grinding wheel is carried out with different laser axial scanning speed
as variables to further evaluate the surface dressing quality of the grinding wheel.

Q@.7)

Table 3 The experimental parameters of laser dressing

Laser dressing parameters

Laser power density/(x10° W/cm?)  3.75-5.75

Defocusing amount/mm (-0.6)—(+0.7)
Axial scan speed/(mm/min) 0.05-0.01
Grinding wheel speed/(r/min) 3-10

Groove width/pm 400

3 Results and discussion

3.1 Ablation threshold analysis of diamond grinding wheel

Different laser energy was used to ablate the material, and the diameter of the ablation
hole was measured and averaged. It can be obtained from formula (2.4) that the logarithm
of the ablation power is linearly related to the square of the diameter of the ablation hole.
Therefore, after measuring the diameter of the ablation hole on the surface of diamond
and bronze binder, the scatter plot is drawn by calculating the square of the diameter of
the hole and the logarithm of the corresponding laser energy, and the logarithm of the
laser power and the square of the diameter of the ablation hole are linearly fitted, as
shown in Figure 2. According to the fitted linear slope &, the beam waist radius with

different materials were obtained by the formula w, =+k/2 as 26.82 pum and 32.83 pm.
Next, we established the scatter diagram between D? and Ingo according to the
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relationship between formula (2.3) E, and ¢o. At the same time, let the independent
variable of the fitting line be zero, b=—2w?2 Ingy, g = >* =% under the action

of laser with wavelength of 800 nm and pulse duration of 35 fs, the ablation thresholds of
diamond and bronze binder under 100 pulses were obtained as follows: 0.091 J/cm? and
0.035 J/cm?.

3.2 Defocusing amount

The results of tangential dressing of grinding wheel by Bessel beam are shown in
Figure 3. When the defocusing amount was —0.6 mm, the binder can only be removed
slightly, and the diamond abrasive particles can hardly be removed, so the dressing
quality is poor, as shown in Figure 3(a). When the defocusing amount was kept between
—0.6 mm and +0.6 mm, the binder was effectively removed and the cutting traces on the
abrasive surface can be observed, as shown in Figures 3(b)-3(f); when the defocusing
amount was +0.7 mm, the removal effect of abrasive particles and binder was poor, and
the surface of diamond abrasive particles loosed the original yellow lustre and was
covered by black material coating (Chen et al., 2015b), as shown in Figure 3(g).

Figure 2 The relationship between the logarithm of the pulse energy and the square of the
diameter, (a) diamond (b) bronze bond (see online version for colours)
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The results of tangential dressing of grinding wheel by Gaussian beam are shown in
Figure 4. When the defocusing amount was more than —0.1 mm, only the trace removal
of binder can be achieved, as shown in Figure 4(a). The common Gaussian beam can
achieve better processing effect when the focal depth was 0.4 mm, as shown in
Figure 4(b)—4(d), and the Gaussian beam spot diameter was large, which caused serious
burns in the actual processing, resulting in low correction accuracy. When +0.3 mm was
above, the diamond abrasive particles were completely prominent, almost impossible to
remove, and the abrasive particles loosed their original lustre, as shown in
Figures 4(e)—4(f). Figure 5 shows that the Bessel beam can be processed in a large focal
depth range, and the overall surface quality is better than the Gaussian beam processing
results.
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Figure 3 (al)~(gl) Laser microscopy (a2)~(g2) 3D topography (a3)~(g3) Sectional profile of
laser irradiated grinding wheel surface under different defocusing amounts of Bessel
beams, (a) —0.6 mm (b) —0.4 mm (¢) —0.2 mm (d) +0.2 mm (e) +0.4 mm (f) +0.6 mm
(g) +0.7 mm (see online version for colours)
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Figure 4 (al)~(f1) Laser microscopy (a2)~(f2) 3D topography (a3)~(f3) Sectional profile of laser
irradiated grinding wheel surface under different defocusing amounts of Gaussian
beams, (a) —0.3 mm (b) —0.1 mm (¢) +0.1 mm (d) +0.3 mm (e) +0.5 mm (f) +0.7 mm
(see online version for colours)
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Transforming Gaussian beam into Bessel beam can effectively solve this problem. Laser
dressing of grinding wheel can be realised in the range of 1.2 mm focal depth, and the
degree of graphitisation of diamond abrasive particles can be reduced. Therefore, laser
dressing with Bessel beam can not only ensure small spot diameter and improve dressing
accuracy, but also avoid frequent adjustment of the relative position of the grinding wheel
in the dressing process by using the characteristics of long focal depth.

3.3 Laser dressing experiments of grinding wheel

Through the calculations in Subsection 3.1, Bessel beam has small spot diameter and
longer focal depth, and it can achieve better processing effect in a large range of
defocusing. Therefore, the single-factor variable experiments were conducted by
changing the laser power, the wheel speed and the wheel axial scanning times.
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Figure 5 Surface roughness obtained under different defocusing amounts, (a) Bessel beam
(b) Gaussian beam (see online version for colours)
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3.3.1 Influence of laser power and axial scanning speed

In the tangential dressing of bronze bonded diamond grinding wheel, the laser power is
one of the most critical processing parameters, which is closely related to the surface
profiling accuracy and grinding performance of the grinding wheel. The observation
results of the laser microscope on the surface of the grinding wheel are shown in
Figure 6. When the laser power density was 5.75 x 10° W/cm?, the axial scanning speed
of 0.04 mm/min was set, as shown in Figure 6(a). Most diamond grains was protruded
from the binder surface by 15-20 um, and the groove depth was about 80 um; when the
axial scanning speed was 0.03—0.01 mm/min, as shown in Figures 6(b)-6(d), the groove
depth reached about 185 pm, and the diamond grains were basically flattened. The
cutting effect of laser can be observed, that is, the purpose of profiling was achieved. The
relationship between axial scanning speed and groove depth under different laser powers
is shown in Figure 7. However, a layer of black material is attached to the surface of the
abrasive particles, and the diamond loses its original lustre. The reason is that the thermal
stability of diamond in the air is poor, and high power density will lead to high
temperature in the laser ablation zone, which aggravates the oxidation and graphitisation
of diamond particles (Chen et al., 2010). When the laser power density was 4.75 x 103
W/cm?, the groove depth was relatively shallow. When the laser axial scanning speed
was controlled at 0.04—0.03 mm/min, as shown in Figures 6(e)—6(f), the protrusion height
of abrasive grains was 20-25 pum; when the axial scanning speed was 0.02—-0.01 mm/min,
as shown in Figures 6(g)—6(h), most of the diamond grains were flattened, and there was
some graphitisation of the grains, which can achieve the purpose of shaping. When the
laser power was 3.75 x 10° W/cm?, as shown in Figures 6(i)-6(1), changing the axial
scanning speed of the laser, the abrasive particles highlighted the surface of the binder by
about 20-30 um, and the removal depth of the binder was basically the same. This is
because the laser power density reaches the threshold of the ablation of bronze binder,
but it is not enough to ablate and destroy the abrasive, so that the diamond particles are
protruding from the surface of the binder, and only a small amount of abrasive particles
are removed. When the axial scanning speed was 0.02-0.01 mm/min, due to the high
overlap rate of laser scanning, the actual groove width is greater than the original 400 pm,
which will affect the profile accuracy of the grinding wheel, and the long dressing time
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will also affect the dressing efficiency of the grinding wheel. The material removal rate
of grinding wheel under different laser power density and axial scanning speed can be
determined by the following formula as shown in Table 4:

0== 3.1)

T

In this formula, Q is material removal rate (mm?/min), ¥ is material removal volume
(mm?), and T is material removal time (min).

Figure 6 (al)~(11) Laser microscope observation (a2)~(12) 3D profile image (a3)~(13) Sectional
profile of laser images under different laser power density and axial scanning speed
experiment conditions, (a)~(d) 5.75 x 10> W/cm?2, 0.04-0.01 mm/min (e)~(h) 4.75 x 105
W/em?, 0.04-0.01 mm/min (i)~(1) 3.75 x 10° W/cm?2, 0.04-0.01 mm/min
(see online version for colours)

Height117.8m Ra:1.568um

! }

. \
BN SN ... ..o.c. 2155

Table 4 Material removal rates at different laser power density and axial scan speeds

Axial scan speed/(mm/min)

Laser power density I,/(W/cm?)

0.01 0.02 0.03 0.04 0.05
3.75 x 105 0.0220 0.0289 0.0359 0.0356 0.0203
4.75 x 103 0.0234 0.0320 0.0397 0.0375 0.0235
5.75 x 10° 0.0299 0.0357 0.0397 0.0437 0.0313

Figure 8 shows the circular runout error of the wheel surface. When the axial scanning
speed of the wheel was 0.03 mm/min and the laser power density was 5.75 x 105 W/cm?,
4.75 x 10° W/em? and 3.75 x 10° W/cm?, respectively, the error is measured by the laser
rangefinder at three different experiment sections before and after dressing. Figure 8(a)
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shows the large wheel circular runout (110.5 pum, 63.4 pm and 65.2 pum), which was
caused by the uneven distribution of abrasive particles and the random distribution of
many pits on the whole wheel surface of the binder. Figure 8(b) shows that after
tangential laser dressing, the circular runouts of three grinding wheels with different cross
sections decreased to 4.9 um, 6.2 um and 5.5 pm, respectively. The profile accuracy of
the grinding wheel after surface dressing was high, and the accuracy was sufficient to
meet the application requirements of coarse-grained grinding wheels. Under the current
experimental conditions, when the average laser power density was 3.75 x 10° W/cm?
—4.75 x 10° W/cm? and the laser axial scanning speed was 0.03 mm/min, it is the best
choice for laser tangential dressing of bronze bonded diamond grinding wheel. At this
time, it can not only ensure high contour accuracy, but also ensure the appropriate
protrusion height of abrasive grains and realise grinding performance.

Figure 7 (a) Axial scanning speed versus groove depth under different laser power density
(b) Axial scanning speed versus abrasive protrusion height under different laser power
density (see online version for colours)
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Figure 8 Circular runout error at different positions on the grinding wheel, (a) before profiling
(b) after profiling (see online version for colours)
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Figure 9 (al)~(ol) Laser microscope observation (a2)~(02) 3D profile image (a3)~(03) Sectional
profile of laser images under different grinding wheel rotational speed and axial
scanning speed experiment conditions, (a)~(e) 3 r/min, 0.05~0.01 mm/min
(H)~() 6 r/min, 0.05~0.01 mm/min (f)~() 10 r/min, 0.05~0.01 mm/min
(see online version for colours)
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Table 5 Material removal rates at different wheel speeds and axial scan speeds

Axial scan speed/(mm/min)

Wheel speed/(r/min)
0.01 0.02 0.03 0.04 0.05
0.0185 0.0225 0.0211 0.0288 0.0211
6 0.0206 0.0225 0.0300 0.0288 0.0266
10 0.0220 0.0289 0.0359 0.0356 0.0203

3.3.2 Influence of grinding wheel speed and axial scanning speed

After changing the laser power density and axial scanning speed for single factor variable
experiments, the optimised experiments parameters are selected. The laser power density
was set to 3.75 x 10 W/cm?. The rotation speed of the grinding wheel was changed, and
the tangential ablation of the grinding wheel was carried out with different laser axial
scanning speeds as variables. The laser microscope observation results of the grinding
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wheel surface are shown in Figure 9. When the grinding wheel speed was 3 r/min and
6 r/min, the removal depth of the binder had little change. When the axial scanning speed
was 0.05-0.03 mm/min, the bronze binder can only be removed slightly. Due to the low
abrasive concentration, diamond abrasive particles can not be observed basically. When
the axial scanning speed was controlled at 0.02—0.01 mm/min, the abrasive particles can
highlight the binder surface by 20-30 um. Due to the low rotational speed, the
overlapping rate of trajectory scanning was too low, and the profile accuracy of the
grinding wheel surface was reduced. When the rotational speed of the grinding wheel was
10 r/min and the axial scanning speed was 0.04—0.02 mm/min, the abrasive particles
highlight the binder surface about 30 um, and at this time, the abrasive particles had a
suitable protrusion height. When the axial scanning speed was 0.01 mm/min, the abrasive
particles were basically flattened, but the abrasive particles loosed their original lustre
and were covered by a layer of black paint, and the dressing efficiency was too low. The
relationship between axial scanning speed and groove depth under different grinding
wheel speeds are shown in Figure 10. Under the condition of constant axial scanning
speed of grinding wheel, the slower the grinding wheel speed is, the smaller the depth of
binder removal is, it will reduce the material removal efficiency. The material removal
efficiency is shown in Table 5. Therefore, too low rotation speed will not only reduce the
overlap rate of axial scanning trajectory, but also reduce the material removal efficiency.

Figure 10 (a) Axial scanning speed versus groove depth under different grinding wheel speed
(b) Axial scanning speed versus abrasive protrusion height under different grinding
wheel speed (see online version for colours)
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4 Conclusions

In this study, the laser tangential dressing experiments of bronze bonded diamond
grinding wheel are carried out by using Bessel beam. The principle of optical path
transforming from Gaussian beam, which is generated by femto-second laser, into Bessel
beam is studied. The tangential dressing quality of grinding wheel under different
defocusing amounts of Gaussian beam and Bessel beam is observed. The removal effect
of grinding wheel binder and diamond abrasive particles under different laser power
density, axial scanning speed and wheel speed is analysed. The main conclusions are as
follows:
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1  Single-point ablation experiments of diamond and bronze binders are carried out
using Bessel beams. The waist radius of diamond and bronze binders are 26.82 um
and 32.83 um, and the ablation thresholds of materials are 0.091 J/cm? and
0.035 J/cm?, respectively.

2 When ordinary Gaussian beam is used for tangential dressing of grinding wheel
under different defocusing amounts, the better processing effect can be achieved
when the focal depth is 0.4 mm. The diameter of Gaussian beam spot is large, and
the burn is serious in the actual processing process, resulting in low profiling
accuracy. The laser dressing of the grinding wheel can be realised by transforming
the Gaussian beam into the Bessel beam in the range of 1.2 mm focal depth, which is
several times of the traditional Gaussian beam. It can not only ensure the smaller
spot diameter, but also take advantage of the long focal depth of the Bessel beam to
avoid frequent adjustment of the relative position of the grinding wheel in the
dressing process and improve the dressing efficiency.

3 Laser confocal microscope is used to measure the micro-morphology of the bronze
bonded diamond grinding wheel after laser tangential dressing under different laser
power density, wheel speed and axial scanning speed. The material removal rates
under different experimental conditions are calculated. When the laser power density
is 3.75 x 10° W/ecm? — 4.75 x 10> W/cm? and the laser axial scanning speed is
0.03 mm/min, the runout of the grinding wheel is reduced from 64.3 um to about
6 pum, which can not only make the diamond grains protrude at an appropriate height,
but also ensure high profile accuracy. Too low wheel speed will reduce the overlap
rates of trajectory scanning and reduce the material removal efficiency.

This study provides a new method and idea for the laser tangential dressing of grinding
wheel. In the future, more experiments of laser dressing of grinding wheel will be carried
out. After optimising the experimental parameters in the early stage, the optical path
transforming and laser dressing system is built on the five-axis linkage ultra-precision
machine tool to carry out the profile dressing of the grinding wheel so as to realise the
integration of grinding and grinding wheel dressing, and avoid the problems of
positioning error and accuracy reduction caused by frequent loading and unloading of the
grinding wheel. Ultra-fast laser grinding wheel dressing will gradually replace the
traditional mechanical dressing, and has broad application prospects in the field of
super-hard grinding wheel and even diamond tool.
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