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Abstract: With respect to the truing and sharpening of diamond abrasive grinding tools, traditional
machining methods are briefly described, and new dressing methods, such as the laser dressing
method, are described in detail. It is pointed out that laser dressing of diamond abrasive tools is a
green processing method with high efficiency and no environmental pollution. Numerical simula-
tion research on pulse laser dressing of a bronze diamond abrasive grinding wheel was carried out,
and a cumulative heat transfer model of laser dressing energy was developed. The temperature
evolution law of the bronze bond and diamond abrasive grains dressed by pulsed fiber laser was
determined by numerical analysis of the model. An experiment on the laser dressing grinding wheel
was carried out; it was found that when the laser power density was 2.52 x 108 W/cm?~3.36 x 108
W/cm?, the bronze bond materials could be properly removed, and the diamond abrasive grains
could be better sharpened. The laser dressing method can achieve the combination of diamond
abrasive grinding tool sharpening and truing. The experiment not only demonstrated the correct-
ness and feasibility of the theoretical model but also provided process optimization for research into
pulse laser dressing of diamond abrasive grinding tools.

Keywords: diamond abrasive grinding tools; truing and sharpening; data analysis;
dressing technology

1. Introduction

With the continuous development of science and technology, super-hard abrasive
grinding tools have gradually replaced ordinary abrasive grinding tools and become the
main means of high-quality, efficient, and precise machining of difficult-to-machine ma-
terials. Super-hard abrasive grinding wheels often employ synthetic diamond and cubic
boron nitride (CBN) as abrasives and use ceramics, metals, and resins as the bonds, which
have high processing durability and can improve the surface quality of workpieces, mak-
ing them more suitable for automated production. Super-hard abrasive grinding wheels
are the basis for high-speed and ultra-high-speed grinding, and high-efficiency, ultra-pre-
cision grinding [1].

Diamond abrasive grinding tools are the most widely used super-hard abrasive
grinding tools. During the grinding process, the abrasive grains will be gradually
rounded and blunted under the action of friction and extrusion force. During grinding,
the grains will slip with the workpiece and may cause vibration and noise, which will
affect the shape accuracy and roughness of the workpiece surface and reduce grinding
efficiency and grinding performance. The dressing technology of diamond abrasive
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grinding tools, which is often restricted by a series of factors, such as dressing efficiency,
dressing accuracy, dressing tools, and complex surface dressing, is presently an urgent
problem to be solved.

2. Dressing Status of Diamond Abrasive Grinding Tools

The development of grinding technology has experienced three stages: ordinary
grinding, precision grinding, and ultra-precision grinding [2]. With the development of
various new materials, the ordinary grinding wheel cannot meet their increasing pro-
cessing requirements. The role of the diamond abrasive grinding wheel is prominent and
its application is increasing rapidly. In addition, the shaping accuracy and topography are
important indicators for the quality evaluation of diamond abrasive grinding tools, be-
cause the shaping accuracy determines the dimensional accuracy and surface quality of
the grinding workpiece, and the topography determines the holding force of abrasive
grains and the chip holding space around them.

The dressing of diamond abrasive tools mainly includes two steps: truing and sharp-
ening. Truing refers to cutting blunt diamond abrasive grains to make their tips finely
broken and obtain appropriate shape accuracy to form a sharp grinding edge. Sharpening
refers to removing the excess bond materials between diamond abrasive grains, making
them possess appropriate chip holding space, and making the grinding edge higher than
the bond to obtain the ideal abrasive grain height and form the cutting edge [3]. The dress-
ing technology of diamond abrasive grinding tools has developed step-by-step from the
traditional single “hard touch” dressing [4], and a series of effective dressing methods
have been obtained, as shown in Figure 1. It can be seen from Figure 1 that improvements
in traditional machining technologies, such as the diamond pen truing method, grinding
method, rolling method, free abrasive grain sharpening method, consolidated dressing
tool sharpening method, and the innovation of new processing technologies, such as the
electric discharge machining (EDM) dressing method and laser dressing method, can pro-
vide feasible schemes for the development of diamond abrasive grinding tools dressing
technology.

Dressing technology of
diamond abrasive grinding tools

| |

Diamond grinding tools Diamond grinding tools
truing method sharpening method

Diamond pen truing method Free abrasive grain

sharpening method
Rolling method
Consolidated dressing tool
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Figure 1. Diamond abrasive grinding tools dressing technology.
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3. Dressing Method of Diamond Abrasive Grinding Tools
3.1. Truing Technology of Diamond Abrasive Grinding Tools

Truing technology of diamond abrasive grinding tools refers to the process of micro-
dressing diamond abrasive grains to make their tips finely broken and obtain appropriate
shape accuracy to obtain the grinding edge. At present, the truing technology of diamond
abrasive grinding tools mainly includes the diamond pen truing method, rolling method,
grinding method, EDM truing method, and the laser truing method.

3.1.1. Diamond Pen Truing Method

The diamond pen truing method is a traditional mechanical truing method; a sche-
matic diagram is shown in Figure 2. The diamond abrasive grinding wheel rotates clock-
wise. The diamond pen is installed on the fixed frame and forms a 90° angle with the
diamond abrasive grinding wheel. The tip of the diamond pen aims at the high point of
the abrasive grains on the diamond abrasive grinding wheel. The abrasive grains are
slightly broken. The abrasive grains fall off due to the removal of the bond material.

Diamond
wheel
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Rotation Abrasive . .
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pen Fixed frame

Figure 2. Schematic diagram of diamond pen dressing diamond abrasive grinding wheel.

LEI et al. [5] set the diamond pen to grind each high point on the surface of the dia-
mond abrasive grinding wheel to meet the grinding requirements of the diamond abra-
sive grinding wheel. When using the diamond pen truing method to dress the diamond
abrasive grinding wheel, the grinding wheel speed should be maintained at a low speed,
otherwise, it is difficult to achieve the expected dressing effect.

Due to its simple structure and low investment cost, the diamond pen truing method
is widely used in the field of grinding, but the wear of the diamond pen is quite serious,
and the shape accuracy and dimensional accuracy are not high, which affects the surface
integrity of diamond abrasive grinding tools. The grinding surface roughness (expressed
as Ra) gradually decreases with increase in dressing times (Figure 3). When the dressing
times reaches about 500 times, Ra tends to be stable [6], and the dressing efficiency is ap-
proximately 30% ~ 40%. Therefore, scholars have sought to improve and develop the tra-
ditional diamond pen truing method which is organically integrated with other dressing
methods. For example, based on the principle of vibration cutting, Zhao et al. [7,8] em-
ployed an ultrasonic vibration dressing method together with a diamond pen. This tech-
nology could eliminate the shortcomings of the traditional turning dressing of diamond
pens and obtain good morphology, to achieve the purpose of improving the shape accu-
racy and grinding performance of the grinding wheel, and greatly improve efficiency.
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Figure 3. Variation law of grinding surface roughness Ra with the dressing times [6].

3.1.2. Rolling Method

With a view to addressing the problems of the serious wear and tear of tools in the
diamond pen truing method, the rolling method came into being. The diamond pen truing
method achieves the purpose of dressing according to the action of shearing force, and
the rolling method mainly breaks and lets fall the abrasive grains through the action of
pressure. Figure 4 shows a schematic diagram of the rolling method, in which a green
silicon carbide (5iC) or white corundum grinding wheel is generally selected as the dress-
ing grinding wheel, and the bottom is a diamond abrasive grinding wheel. The diamond
abrasive grinding wheel is fixed and rotated clockwise. The dressing grinding wheel ro-
tates and reciprocates back and forth through the grinding machine for grinding. After
grinding by the rolling method, the diamond abrasive grains are sharper. It can be seen
from the dressing principle that the rolling method has high requirements on the rigidity
of the grinding machine.
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Figure 4. Schematic diagram of the rolling method.

Drazumeric Radovan et al. [9] studied the lateral dressing of diamond abrasive grind-
ing wheels, which employed an Al:Os or SiC dressing wheel to break and drop off the
diamond abrasive grains and shortened the dressing time under the condition of con-
straining the dressing force through the basic relationship between geometry, kinematics,
and the removal mechanism. Liang et al. [10] studied the tangential grinding of V-shaped
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tips of resin-bonded and metal-bonded diamond abrasive grinding wheels with SiC dress-
ing grinding wheels and found that both kinds of diamond abrasive grinding wheels after
dressing could meet the requirements of microstructure processing. Figure 5 shows the
topography of the diamond abrasive grinding wheel surface after dressing by the rolling
method [11]. It was found that the diamond abrasive grains protruded from the bond ma-
terial and had appropriate shape accuracy, and the dressing efficiency was approximately
45% ~ 55%.
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Figure 5. The micro-morphology of the surface of the diamond abrasive grinding wheel after dress-
ing [11].

Some researchers have integrated the ultrasonic vibration dressing method into the
rolling method to achieve higher quality grinding. Wada et al. [12] designed a dressing
device for truing and sharpening the grinding surface of the diamond abrasive grinding
wheel by using an ultrasonic vibration device. Chen et al. [13] developed a method of
using “mid-frequency vibration-assisted grinding with self-induced grinding forces” to
produce micro-groove arrays on single crystal diamond (MCD) for super-hard material
removal; the experimental results showed that there were no obvious burrs and cracks on
the single crystal diamond, which could ensure high-quality grinding.

Although the rolling method has the above dressing characteristics, the residual
bond materials easily block the surface of the grinding wheel and reduce its grinding abil-
ity, which is the key to restricting the development of the rolling method.

3.1.3. Grinding Method

To realize precision grinding and obtain a minimal amount of dressing removal, the
grinding method is applied to the dressing of diamond abrasive grinding tools. The grind-
ing method refers to the dressing of diamond abrasive grinding wheels with ordinary
abrasive grinding wheels. Grinding methods include the cup-shaped grinding wheel tru-
ing method (this method solves the problems of flat abrasive surfaces and increased grind-
ing force during the dressing process), the low carbon steel or mild steel grinding truing
method (due to a large number of abrasive grains falling off in the truing process, it is not
suitable for high-precision surface truing), and diamond roller truing. Figure 6 shows a
schematic diagram of the grinding method dressing; the left side of Figure 6a is a diamond
abrasive grinding wheel and the right side is a dressing grinding wheel, both of which
rotate counterclockwise. Due to the difference in hardness between the two, when the
dressing grinding wheel and the diamond abrasive grinding tool are ground at the mesh-
ing position, the ordinary abrasive grains will cut the bond material to make the abrasive
grains fall off and meet the dressing requirements of the diamond abrasive grinding
wheel, as shown in Figure 6b.
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Figure 6. Schematic diagram of grinding method dressing. (a) Grinding dressing device; (b) Dress-
ing mechanism.

Lin [14] employed the high-speed rotating diamond roller to dress the diamond abra-
sive grinding wheel installed on the grinding machine. This method was simple to operate
and could improve the service life of the diamond abrasive grinding wheel. Zhang et al.
[15] conducted dressing experiments on coarse-grained and fine-grained bronze-bonded
diamond abrasive grinding wheels on a surface grinding machine with an abrasive water-
jet system and combined abrasive water-jet (AW]) and contact dressing technology. It was
found that the dressing wheel could achieve less grinding force and better surface rough-
ness. Zheng et al. [16] found that, compared with the conventional scratch test, the scratch
force of the ultrasonic vibration-assisted method decreased significantly and the volume
of removed materials increased significantly. As shown in Figure 7 [17], after dressing by
the grinding method, the surface of diamond abrasive grains was relatively smooth, the
edge angle was sharp, the grinding edge was protruding, and the dressing efficiency of
the grinding method was approximately 55% ~ 65%.

The dressing process of truing a diamond abrasive grinding wheel by the grinding
method is cumbersome and inefficient and high-precision surface truing cannot be carried
out. Given the above problems, researchers have proposed a series of new processing
methods, such as the EDM truing method and laser truing method, hoping to obtain a
better dressing effect with higher efficiency.

Figure 7. Surface condition before and after diamond abrasive grinding [17].

3.1.4. Electric Discharge Machining (EDM) Truing Method

EDM truing methods, including the electrolysis method and the electric spark
method, are suitable for dressing a grinding wheel with a conductive material as a bond.
Among them, the electrolytic method refers to the dissolution and etching of metal bonds
through an electrolyte anode with the assistance of a formed cathode and mechanical fric-
tion. The electric spark method refers to the use of electric corrosion to remove the bond
materials and diamond abrasive grains by use of a pulsed electric spark. Wu et al. [18]
carried out electrochemical machining dressing on a multi-layer brazed coarse-grained
diamond abrasive grinding wheel containing a CMS electrolyte. This method could
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effectively improve the machining surface quality. CMSs could increase the electrolytic
capacity of the electrolyte, enabling the wear abrasive particles to fall off smoothly, and
reducing the occurrence of processing defects, such as grinding surface breakage and
cracks of the diamond abrasive grinding wheel. Wang et al. [19] proposed a novel active
gap capacitance electric discharge machining (AGC-EDM) method for efficient machining
of polycrystalline diamond. Borisov et al. [20] discussed the electrochemical dressing
method of diamond abrasive grinding wheels and found that this method would not re-
duce the surface grinding quality in the hybrid technology of electrochemical treatment.
He et al. [21] studied the electric-contact discharge after dressing to ensure the uniformity
of the height of the abrasive grain protrusion. Zhou et al. [22] found that the electric spark
discharge current affected the height of diamond abrasive grains protruding from the
metal bond and the size of the chip holding space and that the pulse width affected the
surface roughness of the diamond abrasive grinding wheel. Wang et al. [23] carried out
EDM truing experiments on the small ball-end fine diamond abrasive grinding wheel and
analyzed the relationship between the electrical parameters and contour accuracy; a re-
duction in the graphitization of the diamond abrasive grinding wheels, and ideal dressing
quality was achieved.

The surface effect of electric machining truing aluminum-based diamonds is shown
in Figure 8 [24]. It was found that the surface of the diamond abrasive grains was smooth
and bright, and the grinding edges were sharp. The EDM truing method had a high dress-
ing efficiency of approximately 60% ~ 70% and had certain advantages in machining
workpieces that could not be machined by conventional machine tools, but it had disad-
vantages in machining non-conductive materials. Moreover, the power supply of the elec-
trolytic machining method was expensive and the EDM truing method was difficult to
process due to the existence of a discharge gap. Especially for large abrasive grains, it was
difficult to process. Therefore, lasers began to be applied to truing diamond abrasive
grinding tools.

Figure 8. Surface renderings of the aluminum-based diamond before and after Electrolytic in-pro-
cess dressing technology (ELID) processing [24].

3.1.5. Laser Truing Method

The laser truing method refers to adjusting the parameters of the focused laser and
controlling the position movement of the grinding wheel relative to the laser beam in the
three-dimensional mobile platform to make the laser directly irradiate the diamond abra-
sive grinding tools. Through this non-contact processing method, the ideal geometric ac-
curacy can be obtained, and the grinding edges can be formed. Laser dressing of diamond
abrasive tools has attracted the attention and recognition of researchers at home and
abroad due to its high processing efficiency, high degree of automation, and reduced pol-
lution [25]. Therefore, the application of laser technology in diamond abrasive grinding
tools dressing has become a hot topic in recent years.
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Liu and others [26,27] found that the average power of fiber lasers and the overlap
rate of the light spot was roughly proportional to the dressing efficiency and determined
the key laser process parameters to achieve better dressing effects. Chen et al. [28] estab-
lished a set of high-precision laser inspection and tangential dressing V-shaped concave
diamond abrasive grinding wheel systems, took the fiber laser as the detection and dress-
ing equipment, adopted the digital image processing technology, and controlled the av-
erage error of the geometric parameters of the V-shaped concave contour to within 3%
with the optimization of process parameters.

With the development of laser technology, Cai et al. [29] employed the blowing as-
sisted dual laser (nanosecond and femtosecond laser) method to dress the diamond abra-
sive grinding tools, which could reduce the return of plasma particles generated after the
removal of bond gasification to the surface of the grinding tool, achieve the height of the
abrasive grains protruding from the bond and improve the grinding performance. This
method could also avoid the phase explosion effect, form the surface of diamond abrasive
grinding tools, quickly reduce the heat around the abrasive grains, and reduce the thermal
damage defects of thermal cracks and graphitization on the surface of abrasive grains, to
improve the dressing effect and the quality and accuracy of fine-machining. This study
also had certain limitations. For example, the dual-laser device was more expensive than
the single-beam laser and belonged to a process method of rough dressing diamond abra-
sive grinding tools.

As shown in Figure 9 [30], compared with blunt diamond abrasive grains, the dia-
mond abrasive grains after laser dressing had sharp grinding edges and ideal shape accu-
racy, while the dressing efficiency was approximately 70% ~ 80%.

unit; . unit: grains
"mcraters grains 129.7 "

0 500 1000 1500 1737.3 0 500 1000 1500 1737.3

Figure 9. The micro-topography of the grinding wheel surface before and after laser dressing [30].

Although laser truing of diamond abrasive grinding tools has the advantages of high
precision and high efficiency, the diffusion of plasma after laser dressing, environmental
pollution, and the establishment of a heat transfer model in the dressing process are still
difficult problems to be considered and solved in subsequent development.

3.2. Sharpening Technology of Diamond Abrasive Grinding Tools

Sharpening technology of diamond abrasive grinding tools refers to the process of
cutting the excess bond material between the diamond abrasive grains, making them pos-
sess appropriate chip holding space, making the grinding edge higher than the bond, ob-
taining the ideal abrasive grain height, and forming the cutting edge. With the rapid de-
velopment of science and technology, the sharpening technology of diamond abrasive
grinding tools has generated the free abrasive grain sharpening method, the consolidated
dressing tool sharpening method, the EDM sharpening method, and the laser sharpening
method.
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3.2.1. Free Abrasive Grain Sharpening Method

The free abrasive grain sharpening method mainly includes ultrasonic vibration
sharpening, free abrasive jet sharpening, and free abrasive extrusion sharpening. Among
these, the free abrasive jet sharpening method is a high-efficiency sharpening method,
which can obtain an ideal sharpening effect in a short time. Cui et al. [31] proposed a
dressing method combining grinding grains extrusion and dressing under the constraint
of a diamond surface and found that this method could enable rapid forming and preci-
sion dressing of super-hard abrasive grinding wheels. When selecting appropriate param-
eters, such as the grinding force and grinding ratio, the dressing efficiency was approxi-
mately 23% ~ 30%.

To improve the surface topography characteristics of abrasive tools and achieve the
purpose of dressing, numerous researchers have used the ultrasonic vibration sharpening
method in combination with other methods. Soleimanimehr et al. [32] studied the ultra-
sonic vibration dressing method and analyzed the influence of the cutting ratio on the
diameter error in ultrasonic vibration-assisted turning. Yang et al. [33] carried out a laser
ultrasonic vibration collaborative dressing experiment on diamond abrasive grinding
wheels and studied the removal behavior of laser-assisted ultrasonic dressing of diamond
abrasive grinding wheel material through simulation and experimental methods. The ex-
periments showed that the simulation results could be used effectively for the selection of
process parameters. The abrasive grains had an ideal shape and protrusion in this dress-
ing mode, and the grinding wheel had a large chip holding space.

The efficiency of dressing diamond abrasive grinding tools by the free abrasive grain
sharpening method is low, so it has not been popularized and applied in industrial pro-
duction. However, the integration of the ultrasonic vibration sharpening method and
other dressing methods is still a worthwhile research direction for future dressing tech-
nology.

3.2.2. Consolidated Dressing Tool Sharpening Method

Consolidation dressing tool sharpening methods include the oilstone sharpening
method, the ordinary grinding wheel grinding sharpening method, and the silicon carbide
(5iC), or corundum block cutting sharpening method. These methods mainly utilize the
difference in hardness between the sharpening tool and the diamond abrasive grains to
make the abrasive grains fall off by cutting the bond material between the abrasive grains.
The dressing effect is shown in Figure 10 [34]. Klink et al. [35] employed internal cooling
grinding tools and an electric corrosion process to dress the abrasive grains, which could
achieve the ideal sharpening effect. Zhou et al. [36] dressed the diamond abrasive grind-
ing wheel through three-axis linkage circular arc interpolation movement, which had a
simple structure, high dressing accuracy, and high processing efficiency. Chen et al. [37]
used three-axis linkage machine tools and sharpening tools, such as carbide grinding rods,
to dress resin-bonded V-shaped diamond abrasive grinding wheels to achieve accurate in
situ dressing. Xue [38] designed a twist drilling device for dressing diamond abrasive
grinding wheels with a large dressing area, high efficiency, and high accuracy. Liu et al.
[39] employed oilstone as a grinding tool to remove the bond material of the diamond
abrasive grinding wheel and drove the oilstone to dress the end face of the grinding wheel
by rotating the dressing shaft. This design was effective, low cost, and showed an ideal
dressing effect.
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Figure 10. Comparison of grinding wheel surface morphology before and after grinding wheel
dressing [34].

Through the above research at home and abroad, it was found that, compared with the
free abrasive grain sharpening method, the dressing efficiency of the consolidated dressing
tool sharpening method was improved to a certain extent, by approximately 35% ~ 45%. The
surface roughness of the grinding wheel after sharpening was reduced and a large number of
new abrasive grains were exposed. Although some progress has been made in the consolida-
tion dressing tool sharpening method, it cannot be used for large cutting quantities and the
sharpening efficiency is low. This is still an aspect that needs to be improved in the develop-
ment of the consolidation dressing tool sharpening method in the future.

3.2.3. Electric Discharge Machining (EDM) Sharpening Method

EDM sharpening methods mainly include the EDM dressing method and the elec-
trolytic online dressing method. EDM grinding wheel dressing technology was first pro-
posed by Suziki et al. [40]. Figure 11 shows a schematic diagram of the EDM dressing
technology. The diamond abrasive grinding tool rotates clockwise and is connected to the
positive pole of the power supply, while the tool electrode is connected to the negative
pole of the power supply. The discharge medium, such as working fluid, is introduced
between the diamond abrasive grinding wheel and the tool electrode to make the pulse
voltage pass through, thereby generating a pulsed spark and forming a discharge channel.
The phenomenon of electric corrosion eliminates the bond material and achieves the pur-
pose of sharpening the diamond abrasive grinding wheel. Yu et al. [41] conducted exper-
imental research on EDM dressing of the bronze-bonded diamond abrasive grinding
wheel using an internal impact arc copper tungsten electrode and found that the surface
abrasive grains were prominent, large in number, and high in density.

Rotation Diamond abrasive

direction

Diamond wheel
positive electrode)

; Erosion +
Dr:lsg(llli?;xg]e products —— — Power supply
. A |
R et IV *---5 -
/ Tool electrode
Discharge channel (negative electrode)

Figure 11. Schematic diagram of electric spark dressing technology.
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Electrolytic in-process dressing technology (ELID) was developed in Japan in the
early 1990s for precision mirror grinding of dressing grinding wheels. Figure 12 shows a
schematic diagram of the electrolytic in-process dressing technology. The working prin-
ciple of ELID is to use tool electrodes and diamond abrasive grinding wheels as cathode
and anode, while the nozzle sprays special electrolytic grinding fluid between the two
poles. Under the action of the power supply, the diamond abrasive grinding wheel is
dressed online through the anode dissolution effect. When the bond material is eroded, a
layer of dense oxide film is formed on the surface of the grinding wheel, which can slow
down the electrolysis speed, prevent excessive electrolysis and avoid excessive wear of
the grinding wheel. However, as the oxide film becomes thinner and the conductivity in-
creases, the electrolysis speed of the bond materials is accelerated to realize the cycle of
online electrolytic sharpening. During the sharpening process, the surface of the grinding
wheel can maintain the most ideal morphology and achieve ultra-precision mirror grind-
ing. Chen et al. [42] proposed an ultrasonic-assisted electrolytic process sharpening
method, which combined the high-frequency ultrasonic vibration method with the elec-
trolytic method in parallel and carried out comparative experiments on this. It was found
that the method could improve the removal rate and machining surface quality and over-
come the difficulty of continuous dressing of the fine diamond abrasive grinding wheel
in the machining process. Kundrak et al. [43] found that electrochemical machining could
remove the metal bond to make abrasive grains protrude and maintain their cutting abil-

ity.
Electric brush
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direction

¥
— — Pulse power
\

Oxide film

Electrolytic

removal of Oxide film Diamond
bi .

formation i abrasive
& @ -' !
e
Cycle of ELID 2

Falling off the oxide film

Figure 12. Schematic diagram of electrolytic in-process dressing technology.

Figure 13 shows a comparison of the grinding wheel surface before and after EDM
dressing [44]. It can be seen from the figure that the grinding wheel surface after the dress-
ing is smooth and flat, the outer contour is clear and has a sharp cutting edge. The research
showed that the dressing efficiency of the EDM sharpening method was high—approxi-
mately 50% ~ 60%. After dressing, the surface of the abrasive grinding tool had chip space,
and the abrasive protruding bond height was ideal.
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Figure 13. The surface condition of the grinding wheel after electric machining [44].

Although the EDM dressing method, the electrolytic in-process dressing method, or
other compound EDM dressing methods can better achieve the precision dressing of dia-
mond abrasive grinding tools, their disadvantages, such as high cost, insufficient environ-
mental protection, and easy to form thermal damage, restrict the development of their
technology.

3.2.4. Laser Sharpening Method

Figure 14 shows a schematic diagram of the laser sharpening diamond abrasive
grinding tool. Its working principle is that the laser beam, with a certain power density, is
directly irradiated on the diamond abrasive grinding tool as a “processing tool”, and the
surface temperature of the grinding tool rises rapidly. Using the difference between the
melting point of the bond material and the diamond abrasive grains, the bond material is
heated, melted, and gasified, then separated from the diamond abrasive grinding wheel
in a gaseous or plasma state to achieve the purpose of sharpening.

Diamond wheel

The fiber
Rotation laser device

direction | | gl
K - N Optical

fiber

uoneoyidme
renaed

Two-dimensional
mobhile platform

%} Laser removal of bonding materials

beam

Diamond abrasive

Figure 14. Schematic diagram of laser dressing diamond abrasive grinding wheel.
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At the end of the 20th century, Westkdmper [45] of the University of Brunswick in
Germany, first proposed the application of laser technology to the dressing of super-hard
abrasive grinding tools. Deng et al. [46] carried out laser ablation experiments on resin-
bonded diamond abrasive grinding wheels based on the nanosecond laser dressing pro-
cess parameters to realize low-damage and ultra-precision dressing of the resin-bonded
diamond abrasive grinding wheels and proposed a new laser dressing method based on
layered scanning to solve the problem of the degradation of abrasive performance caused
by ablation heat. Witt T [47] irradiated the pulsed laser on the surface of diamond abrasive
grinding tools, which could obtain ideal abrasive grain protrusion height and cutting of
the abrasive grain binding force. Our team [48-50] studied the theory and numerical mod-
eling of plasma isothermal expansion produced by nanosecond laser ablation of bronze-
bonded diamond abrasive grinding wheels and deduced the dynamic equation of plasma
expansion, which could provide a reference for future research on plasma characteristics.
A new method of dressing bronze-bonded diamond abrasive grinding wheels with water-
column-flow-assisted pulsed fiber laser was proposed. The ideal dressing effect was ob-
tained through the dressing test, as shown in Figure 15, which was of significance for
optimization of the dressing process.

Figure 15. Topography and landform of bronze diamond abrasive grinding wheel after multi-pulse
fiber laser dressing.

Through the above-mentioned domestic and foreign research, it was found that the
diamond abrasive grains, after laser sharpening, protruded by one-third of the height of
the bond, there was chip holding space around the abrasive grains, and the dressing effi-
ciency was approximately 80% ~ 88%.

4. Numerical Simulation and Experimental Research on Laser Dressing Bronze Dia-
mond Abrasive Grinding Wheels

Dressing diamond abrasive grinding tools is mainly divided into two steps: truing
and sharpening. Among the truing methods, the laser truing method has the highest effi-
ciency —approximately 70% ~ 80%. Similarly, the dressing efficiency of the laser sharpen-
ing method ranks first among all sharpening methods at approximately 80% ~ 88%. Laser
processing is a comprehensive, efficient, and green dressing method. Therefore, numeri-
cal simulation analysis and related experimental research have been carried out for the
method of laser dressing of diamond abrasive grinding tools.

When a pulsed fiber laser is vertically incident on the surface of a bronze-bonded
diamond abrasive grinding wheel, a variety of complex physical phenomena are in-
volved, such as serial energy superposition and the accumulation effect. Different from
the continuous laser, the working mode of the pulsed laser is to produce a laser output at
a certain interval. After the end of the previous pulse, except for a small part of the heat
transferred to the air, most of the heat is deposited in the bronze-bonded diamond abra-
sive grinding wheel and provides energy for the next laser pulse to reach the surface of
the grinding wheel. With the superposition of laser pulses, the laser energy accumulates
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in the bronze-bonded diamond abrasive grinding wheel layer by layer, which affects its
ablation threshold. When considering the effect Q of the optical fiber laser pulse energy
accumulation on the bronze-bonded diamond abrasive grinding wheel in the literature
[3], it is only regarded as a simple superposition of 0 times of pulse energy, and the cal-
culation expression is:

(M

where S is the energy accumulation coefficient of bronze material, 0 is the number of laser
pulses, and the numerical value is 12. Equation (1) shows that S % of each laser pulse
energy is accumulated in the bronze diamond grinding wheel, and when the grinding
wheel is irradiated for the last time (the 0 time), the -1 pulse energy previously stored
on the surface of the bronze-bonded diamond abrasive grinding wheel will all be con-
verted to the last (the O time) incident laser pulse energy. However, since the laser energy
decay process follows an exponentially decreasing law [51,52], when establishing the heat
transfer model, the serial energy superposition and accumulation effect Qc is regarded as
the exponential form. Compared with the simple superposition, it is more in line with the
objective law and easy to calculate; its calculation expression is:

562
Qc=¢e V3 @

In summary, considering the superposition accumulation effect of the serial energy
Qc in the process of dressing the bronze-bonded diamond abrasive grinding wheels by a
pulsed fiber laser, the relevant heat transfer model is established based on the Fourier heat
transfer model as follows:

Y.
2
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where subscript [ indicates that the material is in the liquid phase, k is the thermal con-
ductivity, b is the absorption rate of bronze material, § is the absorption speed of bronze
material, x is the depth of the laser dressing bronze diamond abrasive grinding wheel,
and Io(t) is the laser energy density of the Gaussian incident laser; its calculation expres-
sion is:

_Iy2
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where Io is the peak value of the pulsed laser energy density, 7 is the laser pulse width,
and ¢ is a parameter that can change the time shape of the laser pulse.

Set the initial condition as approximately 300 K at room temperature, and establish
the boundary conditions as follows:
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The finite difference equations for Equation (3) and boundary conditions (Equations
(5)-(7)) are established as follows:
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T/=0 T°’=300K (10)
After finishing, we can obtain:
; kAt i 2kAt i kAt i
T-J +1 — T_] (1 _ ) J T-]
. pc(Ax)? i+t + pc(Ax)?) 7t + pc(Ax)2
e T)? (11)
At (JAt - 7) 561/
+ Ebﬁe Iyexp (— 52 Yexp ( NG )
Establish the grid Fourier number F0; = Ltz, and convert Equation (9) into:
pc(Ax)
. 7)\2
; . . . At . (JAt - —) 561/?
+1 _ - 2 12
T/ = FO, T}, + (1 - 2FO)T/ + FO,T/ , + Sebpe % fpexp (— 5= )exp ( ) (12)

The thermophysical parameters of the bronze and diamond and the calculation pa-
rameters are shown in Tables 1 and 2.

Table 1. Thermophysical parameters of the bronze and diamond.

Material Name Symbol Unit Numerical Value
Atomic mass m kg 1.038 x 10
Density ps kg-m-3 8620
Melting temperature T K 1173
Bronze Gasification temperature Ti K 2770
Thermal diffusivity k cm?s! 0.14
Thermal conductivity ks W-m1-K1 419
Specific heat capacity Cs J-kg 1K+ 352
Absorption rate B — 0.38
Density Ps kg-m 3.52
Melting temperature T K 3550
Gasification temperature T K 4830
Diamond Refractive index n — 242
Thermal diffusivity k cm?s7! 3.11
Thermal conductivity ks W-m-K-! 2000
Specific heat capacity Cs kg 1K1 1827
Absorption rate B — 0.25

Table 2. Calculation parameters .

Name Symbol Unit Numerical Value
Laser wavelength A nm 1064
Electron mass Me kg 9.1 x10-%
Average ionization energy u eV 7.63
Pulse repetition rate f kHz 50
Energy accumulation coefficient s — 0.85
Spot diameter D pum 38
Pulse width T ns 210
Absorption coefficient b m-! 4.76 x 10°
Boltzmann constant ko J- K1 1.38 x 1023
Grinding machine speed 1o r-min’! 300

Set the laser power density to be 1.68 x 108 W/cm?, 2.52 x 108 W/cm? and 3.36 x 108
W/cm?. Calculation parameters combining the thermophysical parameters (Table 1) and
the calculated parameters (Table 2) for bronze and diamond are shown in Table 3.
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Table 3. Combined calculation parameters.

N ical Val
Name Unit umerical Value

Bronze Diamond
Laser ablation time min 6 6
Number of cycles times 3 3
Pulse width ns 210 210
Distance in the X-direction um 16 4.8
Time step ns 0.21 0.021
Spatial step um 1 0.12
kAt/(pc(Ax)?) — 0.0029 0.4541

Since kAt/(pc(Ax)?) is less than 0.5 for both the bronze and diamond cases, the numer-
ical solution is stable and convergent. The temperature evolution law of the bronze bond
and diamond abrasive grains dressed by pulsed fiber laser was obtained by computer
programming through MATLAB, as shown in Figure 16.

The temperature change of pulsed fiber laser dressing bronze material is shown in
Figure 16a. When the laser power density reached 1.68 x 108 W/cm?, the maximum tem-
perature of the bronze material was approximately 4400 K, which was higher than the
gasification temperature of bronze (2770 K). The solid-phase bronze material can be di-
rectly gasified in one laser pulse to remove the excess bronze bond and realize the purpose
of sharpening the bronze-bonded diamond abrasive grinding wheel.

Figure 16b—d shows the temperature change of pulsed fiber laser dressing diamond.
When the laser power density was 1.68 x 108 W/cm?, as shown in Figure 16b, the maximum
temperature of the diamond surface after the dressing was approximately 3800 K, which
was slightly higher than the melting point temperature of diamond (3550 K). Due to the
short dressing time of the pulsed laser, the laser energy had little effect on the diamond
abrasive grains and they maintained their original shape. When the laser power density
increased to 2.52 x 108 W/cm?, as shown in Figure 16c, the maximum temperature of the
diamond surface reached 5900 K, which was higher than the gasification temperature of
the diamond (4830 K). At this point, the laser energy can gasify the diamond in a short
time, therefore the diamond abrasive grains were obviously deformed, and the truing ef-
fect of the diamond abrasive grinding tools was achieved. With gradual increase in the
laser power density to 3.36 x 108 W/cm?, as shown in Figure 16d, the maximum tempera-
ture of the diamond surface was as high as 7850 K. Excessive laser energy can lead to a
large amount of diamond removal. However, due to the short time of pulsed fiber laser
dressing of the bronze-bonded diamond abrasive grinding wheel, only part of the dia-
mond will be removed, leaving large or small pits on its surface.
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Figure 16. Temperature changes in the pulsed fiber laser dressing bronze material and diamond. (a)
Bronze material, laser power density: 1.68 x 108 W/cm?; (b) Diamond, laser power density: 1.68 x 108
W/em? (c) Diamond, laser power density: 2.52 x 108 W/cm?; (d) Diamond, laser power density: 3.36
x 108 W/cm?2.

Figure 17 shows the experimental equipment for laser dressing the bronze-bonded
diamond abrasive grinding wheels. In the experiment, the wavelength of the fiber laser
was 1064 nm, the pulse frequency was 50 kHz, the pulse width was 210 ns, and three laser
power densities of 1.68 x 108 W/cm?, 2.52 x 108 W/cm?, and 3.36 x 108 W/cm? were selected
for the dressing experiment. As can be seen from Figure 17, the single-mode optical fiber
was focused by a lenticular lens with a focal length of 180 mm inside the pulsed laser
ablation head, and then the surface on the bronze-bonded diamond abrasive grinding
wheel was vertically irradiated; the defocus amount was 0. During the laser dressing pro-
cess, the bronze-bonded diamond abrasive grinding wheel (model is 100D x 10T x 5X x
31.75H x 80#) was fixed on the surface grinding machine and was driven by the main shaft
to rotate counterclockwise at a speed of 300 r/min.

Laser beam Diamond abrasive

Fiber laser Lightly trimmed

- 5 2
I=1.68x 105W/cm e almost no effect

Rotation

wection

Diamond abrasive is
obviously deformed

1=2.52 X 103W/cm wm

Surface graphitization
partially sunken

1=3.36 X 103W/cmwm

Bronze diamond
grinding wheel

Figure 17. Laser dressing the bronze-bonded diamond abrasive grinding wheel experimental equip-
ment.
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The surface topography of the bronze-bonded diamond abrasive grinding wheel ab-
lated by pulsed fiber laser was photographed with a three-dimensional ultra-depth-of-
field microscope under magnification (200 times). Through observation, it was found that
the topography of the bronze-bonded diamond abrasive grinding wheel dressed by dif-
ferent laser power density was different.

Figure 18a shows the surface topography of the bronze-bonded diamond abrasive
grinding wheel when the laser power density was 1.68 x 108 W/cm?2. At this time, the ab-
lation threshold of the bronze bond material had been reached and the removal of the
bronze material had been realized. There was almost no change in the diamond abrasive
grains and the dressing effect was slight. Figure 18b shows the surface topography of the
bronze-bonded diamond abrasive grinding wheel when the laser power density was 2.52
x 108 W/cm2 The morphology of the diamond abrasive grains changed significantly,
showing a sharp grinding edge. The removal rate of the bronze material was high, the
height of the diamond abrasive grains protruding from the bronze bond was ideal, and a
certain chip-holding space was reserved. When the laser power was increased to 3.36 x
108 W/cm?, as shown in Figure 18¢, graphitization occurred on the surface of the diamond
abrasive grains after dressing, and part of the surface had deep or shallow depressions
and cracks.

Laser power
density 1.68x108 2.52x108 3.36x10%
(Wiem?)

Laser scanning
direction

100pm 100pm 100pm

Figure 18. Topography of the bronze-bonded diamond abrasive grinding wheel after pulsed fiber
laser dressing. (a) Laser power density: 1.68 x 108 W/cm?; (b) Laser power density: 2.52 x 108 W/cm?;
(c) Laser power density: 3.36 x 108 W/cm?.

In the process of increasing the power density of the pulsed fiber laser from 1.68 x 108
W/cm? to 3.36 x 108 W/cm?, the removal rate of the bronze material gradually increased.
When the laser power density was 1.68 x 108 W/cm?, the bronze material could be re-
moved; thus there was a suitable chip holding space between the diamond abrasive
grains, and the ideal abrasive grain height could be obtained, and the sharpening of the
bronze-bonded diamond abrasive grinding wheel could be realized. When the power
density of the pulsed fiber laser was 2.52 x 108 W/cm?, the diamond abrasive tip was finely
broken with appropriate shape accuracy, which could achieve the micro-shaping of the
diamond abrasive grains and achieve the purpose of combining the truing and sharpening
of the diamond abrasive grinding tools. However, when the power density of the pulsed
fiber laser continued to increase to 3.36 x 108 W/cm?, the diamond abrasive grains were
greatly deformed, the surface was graphitized, and some depressions appeared, which
needs to be avoided as much as possible to obtain an ideal dressing effect. Therefore, for
laser truing and sharpening diamond abrasive grinding tools, ideal laser process param-
eters should be selected. Among them, a pulsed fiber laser with a power density of 2.52 x
108 W/cm?2~3.36 x 108 W/cm? is the most suitable for dressing the diamond abrasive grind-
ing tools. It can not only properly remove the bronze bond materials, but also enable
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truing of the diamond abrasive grains in a small amount, and achieve truing and sharp-
ening of the diamond abrasive grinding tools at the same time.

5. Conclusions

(1) From the perspective of the truing and sharpening of diamond abrasive grinding
tools, traditional processing methods, such as the diamond pen dressing method,
grinding method, and rolling method, and new dressing methods, such as the EDM
dressing method and laser dressing method, were described in detail. In comparison,
it was pointed out that the laser dressing of diamond abrasive grinding tools was a
green processing method with high efficiency and no environmental pollution.

(2) Considering the superposition accumulation effect of the serial energy Qc and cou-
pling of the Fourier heat transfer model, the energy accumulation heat transfer model
for laser dressing was established, and numerical simulation of pulsed fiber laser
dressing of the bronze-bonded diamond abrasive grinding wheel was carried out.
The temperature evolution law of the bronze bond and diamond abrasive grains
dressed by pulsed fiber laser was obtained by using the numerical analysis of the
model. The numerical analysis showed that, when the laser power density was
greater than 1.68 x 108 W/cm?, the bronze-bonded diamond abrasive grinding wheel
could be sharpened. When the laser power density was greater than 2.52 x 108 W/cm?,
the truing effect of the diamond abrasive grinding tools was achieved.

(3) An experiment on the laser dressing of a bronze-bonded diamond abrasive grinding
wheel was carried out. The surface topography of the bronze-bonded diamond abra-
sive grinding wheel was photographed by a three-dimensional ultra-depth-of-field
microscope. The results showed that, when the laser power density was 2.52 x 108
W/cm?~3.36 x 108 W/cm?, it could not only properly remove the bronze bond, but also
better sharpen the diamond abrasive grains. It was confirmed that the laser dressing
method could achieve the combination of truing and sharpening of the diamond
abrasive grinding tools. The experiment not only demonstrated the correctness and
feasibility of the theoretical model but also provided process optimization for re-
search into the pulsed laser dressing of diamond abrasive grinding tools.

Author Contributions: Conceptualization, S.C. and Y.T.; methodology, S.C.; software, S.C. and
W.L,; validation, 5.C. and W.L.; formal analysis, W.L.; investigation, W.L.; resources, ].S.; data cura-
tion, K.D.; writing —original draft preparation, W.L.; writing—review and editing, W.L.; visualiza-
tion, S5.C.; supervision, Y.T.; project administration, Y.T.; funding acquisition, S.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation for Young Scien-
tists of China (Grant No. 51705141); the Research Foundation of Education Bureau of Hunan Prov-
ince, China (Grant No. 21B0523); the China Postdoctoral Science Foundation (No. 20197120650,
2018M632835); and the Excellent Young and Middle-aged Scientific and Technological Innovation
Team of Colleges and Universities in Hubei Province (Grant No. T2020042).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Cui, ZM, He, Q.S; Feng, C.J; Wang, X. Study on dressing technology of super abrasive products. Diam. Abras. Eng. 2016, 36,
43-49. https://doi.org/10.13394/j.cnki.jgszz.2016.1.0010.

2. Zhou, ZX.; Deng, Z.H.; Chen, G.Y.; Fu, H.Q. Development and Key Technology of Grinding. China Mech. Eng. 2000, 11, 195-
198. doi: 1004-132X(2000)11:1/2<186:MXJSDF>2.0.TX;2-#.

3. Cai S; Xiong, B.; Chen, G.Y.; Wu, J.P. Laser truing and sharpening of bronze-bond diamond grinding wheel. Infrared Laser Eng.
2017, 46, 66-75. https://doi.org/10.3788/IRLA201746.0406008.



Appl. Sci. 2022, 12, 4683 20 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

Chen, G.Y. The Research on Mechanism and Technology for Laser Truing and Dressing of Bronze-Bonded Diamond Grinding Wheels by
Acoustic-Optic Q-Switched Nd: YAG Pulsed Laser; Hunan University: Changsha, China, 2006; pp. 55-58.

Lei, G.; Duan, W.; Li, H.,; Wu, Z,; Jia, J.; Wen, K.; Bai, Q.; Zhao, S. Method for Dressing Diamond Grinding Wheels before Roll
Grinding, Involves Changing Grinding Sound from Sharp to Thick, Meeting Roll Surface Grinding Requirements after Waste
Roll Is Trimmed, and Completing Trimming. CN111716252-A, 29 September 2020.

Zhao, ].Z.; Feng, K.M.; Xing, B. Present situation analysis and development trend of single-point diamond dresser. Manuf. Tech-
nol. Mach. Tool 2018, 10, 39-42. https://doi.org/10.19287/j.cnki.1005-2402.2018.10.006.

Zhao, J.; Gao, G.F. Progress in ultrasonic dressing technologies of superabrasives grinding wheels. Diam. Abras. Eng. 2010, 30,
79-82. https://doi.org/10.3969/j.issn.1006-852X.2010.02.018.

Liu, R.Y. The Technology Research on Ultrasonic Dressing Diamond Grinding Wheel; Shenyang University of Technology: Shenyang,
China, 2020; pp. 23-35.

Radovan, D,; Jeffrey, B.; Uta, K,; Krajnik, P. Truing of diamond wheels —Geometry, kinematics and removal mechanisms. CIRP
Ann. 2018, 67, 345-348. https://doi.org/10.1016/.cirp.2018.04.091.

Liang, Z.Q.; Wu, L.F.; Zhou, T.F,; Zhang, S.Y.; Wang, Q.Y; Jiao, L.; Wang, X.B. Experimental Study on Diamond Wheel V-tip
Truing Using a Tangential Grinding Truing Method. ]. Mech. Eng. 2018, 54, 196-202. https://doi.org/10.3901/JME.2018.03.196.
Zhou, L.; Wei, Q.C.; Zheng, N.; Chen, X.H.; Zhang, Q.H.; Wang, J. Dressing technology of arc diamond wheel by roll abrading
in aspheric parallel grinding. Int. ]. Adv. Manuf. Technol. 2019, 105, 2699-2706. https://doi.org/10.1007/s00170-019-04446-y.
Wada, Y.; Cai, J.Q. Dressing Device for Performing Planarization and Dressing of Grinding Surface, Which Comprises Ultra-
sonic Vibrating Device that Vibrates Ultrasonic Waves, and Dressing Device Has Dresser Assembly for Dressing Surface of
Polishing Pad. JP2020168677-A, 15 October 2020.

Chen, S.T.; Chen, Y.Y. Microgroove grinding of monocrystalline diamond using medium-frequency vibration-assisted grinding
with self-sensing grinding force technique. J. Mater. Process. Technol. 2020, 282, 116686. https://doi.org/10.1016/j.jmatpro-
tec.2020.116686.

Lin, J. Dressing Method of Diamond Grinding Wheel, Involves Driving High-Speed Rotating Diamond Grinding WHEEL
Dressing Grinding Wheel, and Moving Dressing Wheel Back and Forth until Outer Circle of Diamond Wheel Is Rounded.
CN111168572-A, 19 May 2020.

Zhang, Z.Z.; Yao, P.; Zhang, Z.Y.; Xue, D.L.; Wang, C.; Huang, C.Z. A novel technique for dressing metal-bonded diamond
grinding wheel with abrasive waterjet and touch truing. Int. | Adv. Manuf. Technol. 2017, 93, 3063-3073.
https://doi.org/10.1007/s00170-017-0738-7.

Zheng, F.F.; Dong, Z.G.; Zhang, ].T.; Liu, ]J.T.; Kang, R.K. Influence of Ultrasonic Vibration on Material Removal of Scratching
on RB-5iC with Single Diamond Tool. ]. Mech. Eng. 2019, 55, 225-232. https://doi.org/10.3901/JME.2019.01.225.

Cui, ZM.; Feng, C.C.; Zhuang, Z.P.; Wang, X.; He, Q.S. Precision grinding technology of diamond abrasive tools based on
grinding method. Diam. Abras. Eng. 2021, 41, 5-11. https://doi.org/10.13394/j.cnki.jgszz.2021.3.0001.

Wu, Q.P.; Ouyang, Z.Y.; Wang, Y.; Yang, H.; Song, K. Precision grinding of engineering ceramic based on the electrolytic dress-
ing of a multi-layer brazed diamond wheel. Diam. Relat. Mater. 2019, 100, 107552. https://doi.org/10.1016/j.diamond.2019.107552.
Wang, X.Z.; Yi, S.; Easton, M.; Ding, S.L. Active gap capacitance electrical discharge machining of polycrystalline diamond. J.
Mater. Process. Technol. 2020, 280, 116598. https://doi.org/10.1016/j.jmatprotec.2020.116598.

Borisov, M.L.; Yanyushkin, A. Investigation of the Process of Automatic Control of Current Polarity Reversal in the Conditions
of Hybrid Technology of Electrochemical Processing of Corrosion-Resistant Steels. Metall. Metall. Eng. 2020, 22, 6-15.
https://doi.org/10.17212/1994-6309-2020-22.1-6-15.

He, Q.P.; Xie, J.; Lu, K.; Yang, H. Study on in-air electro-contact discharge (ECD) truncating of coarse diamond grinding wheel
for the dry smooth grinding of hardened steel. . Mater. Process. Technol. 2020, 276, 116402. https://doi.org/10.1016/j.jmatpro-
tec.2019.116402.

Zhou, D.D.; Qiu, Z.J. Metal-Bonded Diamond Grinding Wheel Topography Generated with Electrical Discharge Dressing
(EDD). Nanotechnol. Precis. Eng. 2017, 15, 254-260. https://doi.org/10.13494/j.npe.20160081.

Wang, T.Z.; Wu, C.Y,; Liu, H.N.; Chen, M.].; Cheng, J.; Su, D.N. On-machine electric discharge truing of small ball-end fine
diamond grinding wheels. ]. Mater. Process. Technol. 2020, 277, 116472. https://doi.org/10.1016/j.jmatprotec.2019.116472.

Guan, J.L,; Pan, Y.J.; Dai, Z.P.; Zhang, Z.G.; Wang, J.J. Experimental study on precision grinding technology of aluminum—
Based diamond. Manuf. Technol. Mach. Tool 2021, 09, 75-79. https://doi.org/10.19287/j.cnki.1005-2402.2021.09.015.

Cao, F.G. Laser Beam Machining; Chemical Industry Press: Beijing, China, 2014; pp. 75-92.

Liu, J.P.; Chen, G.Y.; Zhou, C.; Wang, Y.Y; Peng, Y.B.; Xiong, B. Experimental Study on Pulsed Laser Dressing Bronze Diamond
Wheel V-shaped Concave Surfaces. Appl. Laser 2017, 37, 557-562. https://doi.org/10.14128/j.cnki.al.20173704.557.

Zhou, X.; Chen, G.Y.; Zhou, C.; He, J.; Liu, J.P.; Xiong, B. An Experimental Study of Dressing Electroplated Diamond Wheels
with Pulsed Ultraviolet Laser. Appl. Laser 2016, 36, 521-526. https://doi.org/10.14128/j.cnki.al.20163605.521.

Chen, G.Y.; Wei, Y.; Peng, Y.B.; Wang, Y.Y. Fiber laser CNC tangential truing V-shaped concave diamond grinding wheel sys-
tem based on machine vision technology. Int. J. Adv. Manuf. Technol. 2019, 104, 4077-4099. https://doi.org/10.1007/s00170-019-
04112-3.



Appl. Sci. 2022, 12, 4683 21 of 22

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Cai, S.; Xiong, W.; Zeng, X.; Yao, Y.; Wang, F.; Duan, ].; Guo, L.; Li, X,; Tao, Y. Grinding Wheel Double Laser Trimming Device
Comprises e.g., Nanosecond Pulse Laser, Femtosecond Pulse Laser, Laser Beam Expander, First Focusing Lens, Second Focus-
ing LENS and Pulse Liquid Column Generator. CN108032222-A, 15 May 2018.

Deng, H.; Chen, G.Y.; Zhou, C.; Zhou, X.C. Pulsed Laser Tangential Profiling and Radial Sharpening of Bronze—Bonded Dia-
mond Grinding Wheels. Chin. |. Lasers 2014, 41, 66-74. https://doi.org/10.3788/CJL201441.1103003.

Cui, ZM.; Wang, X.; He, Q.S.; Zhou, B.C. A Method for Extruding Grinding Dressing Super-abrasive Grinding Wheels Using
Free Grains under Constraint of Diamond Abrasive Surface. China Mech. Eng. 2020, 31, 2959-2965.
https://doi.org/10.3969/j.issn.1004-132X.2020.24.009.

Soleimanimehr, H. Analysis of the cutting ratio and investigating its influence on the workpiece’s diametrical error in ultra-
sonic-vibration assisted turning. Proc. Inst. Mech. Eng. 2021, 235, 640-649. https://doi.org/10.1177/0954405420968174.

Yang, Z.B.; Zhang, S.Y.; Hu, J.C; Zhang, Z; Li, K.Q.; Zhao, B. Study of Material Removal Behavior During Laser-Assisted
Ultrasonic Dressing of Diamond Wheel. Int. ]. Precis. Eng. Manuf. —Green Technol. 2020, 7, 173-184.
https://doi.org/10.1007/s40684-019-00049-w.

Li, S.H,; Han, T.; Wang, W.D.; Sun, ]J.; Han, G.T. Design and Grinding Wheel Dressing of Vertical Super-hard Grinding Wheel
Arc Dressers. China Mech. Eng. 2020, 31, 513-518+526. https://doi.org/10.3969/;.issn.1004-132X.2020.05.002.

Klink, U.; Sihling, B. Method for Dressing Honing Stone by Using Internally Cooled Honing Tool for Mechanical Finishing of
Inner Surfaces of Cylinders of Internal Combustion Engines, Involves Dressing Honing Stone by Using Electro-Erosive Process.
Germany Patent DE102018122682-A1, 19 March 2020.

Zhou, L.; Wei, Q.; Li, J.; Chen, X.; Zhang, Q.; Wang, J.; Liu, M.; Xu, Q. Circular Arc-Shaped Diamond Grinding Wheel Off-Line
Repairing Device, Has X Axis Ball Screw Connected with X Axial Numerical Control Servo Motor, Where X Axial Numerical
Control Servo Motor Drives Coupling End of X Axial Shaft. CN108908124-A, 15 August 2018.

Chen, B.; Jiao, H.; Luo, L.; Zhao, Q. Device for Precise Dressing of Resin-Based V-Shaped Diamond Grinding Wheels, Has
Diamond Grinding Wheel that Is Arranged at Lower End of Vertical Grinding Spindle, and Carbide Grinding Rod Whose End
Is in Contact with Grinding Wheel. CN111571445-A, 25 August 2020.

Xue, M. Dressing Diamond Roller Grinding Wheel Twist Drilling Device, Has Axial Straight Angle Edge Formed with Circular
Groove And Provided with Arc Main Body, Where Outer Circumferential Surface of Arc Main Body Is Fixed with Ring Roller.
CN207387444-U, 22 May 2018.

Liu, Q.; Wang, H.; Gong, Q. Trimming Device for Diamond Grinding Wheel Structure, Has Trimming Arm Whose Lower End
Is Equipped with Oilstone, And Oilstone Seat Installed on Outer Ring of Oilstone, Where Oilstone Seat Is Provided with Screw
for Fixing Whetstone to Prevent Oil Stone Base. CN110802517-A, 1 August 2020.

Suzuki, K.; Uematsu, T.; Nakagawa, T. On-machine truing/dressing of metal bond diamond grinding wheels by electro-dis-
charge machining. Ann. CIRP 1987, 36, 115-118.

Yu, JW.; He, L.H.; Shang, Z.T; Luo, H.; Liang, Q.H. Experimental Investigation on Precision Electrical Discharge Dressing of
Small-diameter Bronze-bonded Fine Grain Grinding Wheel. J. Mech. Eng. 2019, 55, 199-207. https://doi.org/10.4028/www .scien-
tific.net/KEM.455.165.

Chen, F.; Mei, G.J.; Zhao, B.; Bie, W.B.; Li, G.X. Mechanism of online dressing for micro-diamond grinding wheel during the
ultrasound-aided electrolytic in-process dressing grinding. Proc. Inst. Mech. Eng. Part E |. Process Mech. Eng. 2020, 234, 263-274.
https://doi.org/10.1177/0954408920915129.

Kundrak, J.; Fedorovich, V.; Pyzhov, I; Markopoulos, A.P. Improving the effectiveness of combined grinding processes for
processing superhard materials. J. Manuf. Process. 2019, 43, 270-275. https://doi.org/10.1016/j.jmapro.2019.05.004.

Wang, X.L.; Zhu, K. Influence of Discharge Parameters on Efficiency of EDM Dressing Diamond Grinding Wheel. Mach. Tool
Hydraul. 2018, 46, 98-101. https://doi.org/10.3969/j.issn.1001-3881.2018.23.020.

Westkamper, E. Grinding Assisted by Nd:YAG Lasers. CIRP Ann.-Manuf. Technol. 1995, 44, 317-320.
https://doi.org/10.1016/S0007-8506(07)62333-6.

Deng, H.; Xu, Z. Laser dressing of arc shaped resin-bonded diamond grinding wheels. J. Mater. Process. Technol. 2021, 288,
116884. https://doi.org/10.1016/j.jmatprotec.2020.116884.

Witt, T. Method for Preparing Fine Machining Tool for Machining Workpiece Surfaces, Involves Resetting Bond Relative to
Cutting Grains through Selective Laser Ablation by Irradiating Working Surface with Pulsed Laser Radiation. DE102019202533-
Al, 27 August 2020.

Cai, S.; Xiong, W.; Wang, F.; Tao, Y.F.; Ming, X.Z.; Sun, X.; Zeng, X.Y. Expansion property of plasma plume for laser ablation of
materials. ]. Alloys Compd. 2019, 773, 1075-1088. https://doi.org/10.1016/j.jallcom.2018.09.251.

Cai, S.; Chen, G.Y.; Zhou, C.; Ming, X.Z. Multi-Pulsed Laser Truing and Dressing of Deterioration Layer on Bronze-Bonded
Diamond Grinding Wheel Surface. China J. Lasers 2017, 44, 51-61. https://doi.org/10.3788/cjl1201744.1202001.

Cai, S.; Liu, W.H.; Long, S.Q.; Zhang, Y.; Ming, R.; Ming, X.Z.; Xu, ].F. Research on the mechanism of particle deposit effects
and process optimization of nanosecond pulsed laser truing and dressing of materials. RSC Adv. 2021, 11, 28295-28312.
https://doi.org/10.1039/d1ra04634a.



Appl. Sci. 2022, 12, 4683 22 of 22

51. Liu, W.P,; Lv, YW, Wu, L.X; Wei, CH.; Wang, ].W.; Han, Y.C.; Zhang, S. Numerical simulation of ablation and carbonization
of GFRP irradiated by laser induced microwave transmission decay. Infrared Laser Eng. 2021, 50, 279-285.
https://doi.org/10.3788/IRLA20210137.

52. Yuan, H,; Hao, M.L.; Li, F.X;; Shi, Q.Y. Attenuation properties of 1.06 um laser radiation in water fog. Infrared Laser Eng. 2018,
47, 181-187. https://doi.org/10.3788/IRLA201847.1006003.



