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Abstract Considering the relatively poor surface and subsur-
face quality of workpieces that are ground by coarse-grained
grinding wheels, the nanosecond ultraviolet laser micro-
structuring of coarse-grained diamond grinding wheels and
the grinding performance of micro-structured grinding wheels
were investigated in this study. In addition, the effect of two
processing sequences on the topographical characteristics of
the grooves and the effect of the groove angle (a) on the
surface roughness (R,) of the ground workpiece were ex-
plored. Furthermore, the surface quality of workpieces that
were ground by micro-structured (V-shaped and W-shaped
patterns) and non-structured diamond grinding wheels and
the grinding ratio (G) of the grinding wheels were compara-
tively analyzed. The results demonstrate the following:
Compared with the grinding wheel that was subjected to
micro-structuring followed by sharpening, the surface of the
grinding wheel that was subjected to sharpening followed by
micro-structuring had a more integral groove structure.
Neither an overly large o nor an overly small o was favorable
for improving the surface quality of the workpiece that was
ground by a micro-structured grinding wheel. When « = 60°,
the minimum R, of the workpiece was attained. The R, of the
workpieces that were ground by the grinding wheel with a V-
shaped pattern (grinding wheel A) was 17-31% less than the
R, of the workpieces that were ground by the non-structured
grinding wheel (grinding wheel C). The R, of the workpieces
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that were ground by the grinding wheel with a W-shaped
pattern (grinding wheel B) was 32-41% less than the R, of
the workpieces that were ground by grinding wheel C. The
grinding performance of the micro-structured grinding wheels
was related not only to the geometric parameters of the
grooves but also to the micro-structure pattern. The W-
shaped pattern was superior to the V-shaped pattern in terms
of cooling and chip removal. Grinding wheel A and grinding
wheel B had similar abrasion resistance, which were 26% less
and 23% less than the abrasion resistance of grinding wheel C,
respectively.

Keywords Coarse-grained diamond grinding wheel - Laser
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1 Introduction

For cemented carbides, engineering ceramics, optical glasses,
and other hard and brittle materials that are widely used in
machinery, national defense, acrospace, and other fields, a fine
or powder diamond wheel with grain sizes of microns or even
submicrons is still the most effective and practical processing
tool for precision and ultra-precision machining [1]. However,
this type of grinding wheel has some troublesome drawbacks:
a small chip space and a low bond-to-abrasive retaining
strength. Clogging of the wheel surface, grains falling off
easily, and needing frequent time-consuming dressing during
grinding all result from these drawbacks [2]. Therefore, the
processing cost for hard brittle materials is high, and the
superabrasive is greatly wasted; thus, the precision machining
of hard and brittle materials is neither economic nor green.
However, coarse-grained grinding wheels have advantages
such as a large chip space and a strong bond-holding force [3].

@ Springer


mailto:denghnu@163.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-017-0639-9&domain=pdf

1990

Int J Adv Manuf Technol (2017) 93:1989-1997

Therefore, in recent years, feasibility studies have been conduct-
ed using coarse-grained diamond wheel for precision and ultra-
precision machining of hard and brittle materials. For example,
Zhao [4, 5] et al. developed a monolayer electroplated diamond
grinding wheel after precisely dressing with grain sizes of 46, 91,
and 151 pm (with a peak height difference for the grains of less
than 2.5 pm); in this way, precision machining of BK7 and SF6
optical glass was achieved. The R, of the ground workpiece can
reach the nanometer level. However, the subsurface damage
depth (SSD) of ground optical glass has been found to have the
following relationship with the grain diameter d: 0.3d"%% <
SSD(um) < 24°% [6]. That is, with increasing grain size, the
SSD of the workpiece after grinding increases. The reasons for
this are described as follows: A grain has a truncated octahedral
shape (Fig. 1a). After dressing, its top is cut to a facet (Fig. 1b),
and the area of the facet increases with increasing grain size,
which increases the contact area between the grain and work-
piece during grinding. Therefore, the cooling liquid cannot easily
reach the grinding area. This increases the normal grinding force
and the grinding temperature, eventually resulting in increased
SSD of the workpiece after grinding.

To solve this problem, a nanosecond ultraviolet laser beam
will be used to cut micron-sized grooves on the surfaces of
diamond grains (i.e., laser structuring grinding wheel), as
shown in Fig. 1c. This process sought to reduce the contact
area of the grain-workpiece and to increase the number of
effective cutting edges on the wheel surface. The goal is to
improve the surface quality of the workpiece after grinding.
Laser structuring is one of the methods used to make a struc-
tured wheel. A laser beam is used to produce a regular ar-
rangement of grooves or holes on the grinding wheel’s surface
[7, 8], as shown in Fig. 2. Depending on the groove width (or
hole diameter), laser structuring can be subdivided into macro-
structuring (>100 wm) and micro-structuring (<100 pm) [9].
Laser macro-structuring is primarily used to machine fine-
grained grinding wheels with a groove width that is
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substantially greater than the grain diameter (The number of
effective grains on the surface of a grinding wheel is consid-
erably decreased after the grinding wheel is subjected to mac-
ro-structuring). This process aims to reduce the contact areca
between the grinding wheel and the workpiece and increase
the chip space of the grinding wheel surface. Laser micro-
structuring is primarily used to machine coarse-grained grind-
ing wheels with a groove width that is less than the grain
diameter. This process aims to reduce the contact area between
the grains and the workpiece and increase the number of ef-
fective cutting edges on the grinding wheel surface without
reducing the number of effective grains. Thus, the surface and
subsurface qualities of the ground workpiece are improved.

Currently, the laser micro-structuring of coarse-grained
grinding wheels has been studied by only a few researchers.
A pulsed laser beam was used by Guo et al. [10, 11] to pro-
duce linear grooves with a width (w) of 10-15 pm; a spacing
(s) 0f 30, 70, 90, and 150 wm; and an angle between the axis of
the grinding wheel and groove direction () of 90° on the
surface of a single-layer electroplated diamond wheel with a
grain diameter (d) of 150 um. BK7 optical glass was then
ground at a wheel speed of 3000 r/min, a feed speed of
2 mm/min, and a grinding depth of 2 um. Compared with a
non-structured wheel, the micro-structured wheel reduced the
SSD of ground optical glass by 2—3 pum, and the damage depth
decreased with decreasing groove spacing. However, because
the groove direction of each of the previously mentioned
structured grinding wheels is vertical to its axis, the cross-
sectional shape of the grooves can be easily copied onto the
optical glass surface. As a result, the R, of a workpiece that is
ground by each of the previously mentioned structured grind-
ing wheels is greater than the R, of a workpiece that was
ground by a non-structured grinding wheel. In addition, the
R, of a workpiece that was ground by each of the previously
mentioned structured grinding wheels significantly increases
with increasing groove spacing.

Therefore, the effect of the processing sequence on the
topographical characteristics of the grooves and the effect of
the groove angle on the surface roughness of the ground work-
piece will be investigated in this study. Based on this study,
two types of micro-structured diamond grinding wheels with
different patterns (V-shaped and W-shaped patterns) will be
fabricated. Finally, YGS8 cemented carbide workpieces will be
ground using the fabricated micro-structured grinding wheels
and a non-structured grinding wheel, and the surface quality
of the ground workpieces and the grinding ratio of the grind-
ing wheels will be comparatively analyzed.

2 Experimental conditions

The bronze-bonded diamond grinding wheels that were used
in the experiment had a diameter (D) of 100 mm, a width (W)
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Fig. 2 Laser structured grinding
wheel with different patterns. a
helix. b cross-helix. ¢ V-large. d
hole

of 10 mm, and a grain size (d) of 250 um, as shown in Fig. 3a,
b. Tungsten—cobalt cemented carbide blocks that consist of
tungsten carbide (content: 92%) and cobalt (content: 8%)
(YGS) were selected as the workpieces for grinding, as shown
in Fig. 3c.

After each set of experiments, the surface topography of the
grinding wheel and the workpiece as well as the surface
roughness of the workpiece were observed using a video mi-
croscope (HG-918C), a 3D optical microscope with an ultra-
deep depth of field (VHX-S1000) and a roughness tester (JB-
4C) (sample length was 0.8 mm, evaluation length was 4 mm;
the measurement direction was perpendicular to the grinding
direction; the value of the roughness of the grinded surface
was taken as the average roughness of three different positions
on the surface).

3 Micro-structured grinding wheels
3.1 Devices and parameters

The experimental device that was used for the nanosecond
ultraviolet laser (pulse width 18 ns, wavelength 355 nm)
micro-structuring of the grinding wheels is shown in Fig. 4a.
The working principle of the galvanometer scanning system
with a front objective lens that was used in the experiment is
shown in Fig. 4b. The laser beam (average power Py, = 4.5~
7.5 W, pulse frequency f = 30 kHz, scanning speed
v =800 mm/s) was successively passed through the expander,
the X and Y galvanometer and the focus lens before finally
impinging on the surface of the grinding wheel installed at the
main axis of the surface grinder (MGS-250AH) with a
defocus (A) of 0 mm and a focal spot diameter (dy) of

Fig. 3 Bronze-bonded diamond
grinding wheel and cemented
carbide workpiece

(a) Grinding
wheel

Blind hole

Abrasive

35 um. To ensure that the diameter of the laser beam irradiat-
ing on the cylindrical surface of the wheel is consistent (i.e.,
defocus invariant), the wheel’s central angle was divided
equally. When the arc surface corresponding to an angle 6
was completed, the wheel was rotated by 6 along a fixed
direction for continued processing until the micro-structuring
of the entire wheel surface was complete (groove width
w = 75.3 um, groove depth 4 = 38.2 um, groove spacing
s = 174.7 um). Accurate grinding wheel angle control can
be achieved by the main axis of the grinder spindle with a
precision up to 0.1°.

3.2 Processing sequences

The surface topography of the grinding wheel that was sub-
jected to laser profiling followed by laser sharpening is shown
in Fig. 5a. The surface topography of the grinding wheel that
was subjected to laser profiling followed by laser micro-
structuring and sharpening is shown in Fig. 5b. The surface
topography of the grinding wheel that was subjected to laser
profiling followed by laser sharpening and micro-structuring
is shown in Fig. Sc.

The groove structure on the surface of the grinding wheel
that was subjected to micro-structuring followed by sharpen-
ing was lost. This occurred because the grooves on the surface
of'the bond had a depth of approximately 100 pm after micro-
structuring. In addition, to enable the protrusion height of the
grains to reach 1/3 of their diameter (), the bond surrounding
the grains was removed to a depth of approximately 83 um
during the sharpening process. Consequently, the groove
structure was significantly damaged. The integrity of the
groove structure on the surface of the grinding wheel that
was subjected to sharpening followed by micro-structuring

Unit: mm
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Fig. 4 Experimental apparatus
used for laser micro-structuring. a
laser micro-structuring device. b
working principle of
galvanometer

was maintained. Therefore, the grinding wheel processing se-
quence, in which the grinding wheel was subjected to profil-
ing followed by sharpening and micro-structuring, was subse-
quently followed.

3.3 Groove angle

The groove angle («) can affect both the cutting angle of a
grain cutting edge and the distribution of coolant in the grind-
ing area, thus influencing the surface quality of the workpiece.
Laser micro-structuring experiments were conducted on the
surfaces of four grinding wheels with different groove angles.
The surface topographies of the micro-structured grinding
wheels are shown in Fig. 6.

The micro-structured grinding wheels were used to up-
grind the YGS8 cemented carbide workpiece without cooling
liquid; the observed results of the surface roughness R, and
surface topography of the post-grinding workpieces are
shown in Fig. 7. As shown in this figure, when « is 0°, the
groove direction is perpendicular to the direction of the work-
piece feeding. The contact between the workpiece and the
grinding wheel during grinding is intermittent, thereby in-
creasing the impact and vibration between the wheel and
workpiece and resulting in poor workpiece surface quality
(R, = 2.53 um). When « is 90°, the groove direction is the
same as the workpiece feed direction. In this case, the groove

(b) _ Wheel surface
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oller

Laser

X-axis
controller

=

shape is easily reflected onto the surface of the workpiece
during grinding, and the workpiece surface quality is also
not ideal (R, = 2.82 um). These results suggest that a groove
angle that is too small or too large is not helpful for improving
the workpiece surface roughness after grinding by micro-
structured wheel. When « is 30° or 60°, a continuous grinding
process is ensured, and the groove shape is not easily reflected
onto the surface of the workpiece, thus achieving better work-
piece surface quality. Under these conditions, R, reaches a
minimum value of 1.56 um when « is 60°.

3.4 Grinding wheel fabrication

A processing sequence in which the grinding wheel was sub-
jected to sharpening followed by micro-structuring was
employed. When the groove angle (o) was set to 60°, the
surfaces of the two grinding wheels were subjected to laser
micro-structuring to introduce different patterns. The surface
topography of the two micro-structured grinding wheels—A
and B—that were fabricated in this study are shown in Fig. 8.
Grinding wheel A was given a V-shaped pattern, whereas
grinding B was given a W-shaped pattern. As shown in this
figure, one and only one groove is found on the surface of
most of the grains, i.e., the majority of the grains on the grind-
ing wheel surface had two cutting edges.

Fig. 5 Surface topography of the
grinding wheels subjected to
different processing sequences
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Fig. 6 Surface topographies of micro-structured grinding wheels with different groove angles. a &« = 0°. b a =30°. ¢ v = 60° d o = 90°

4 Workpiece surface quality
4.1 Devices and parameters

Cemented carbide workpieces were subjected to reciprocating
flat surface grinding on a surface grinder with a horizontal
spindle and a rectangular table (SL800A/1-HZ) (Fig. 9a) using
grinding wheels A, grinding wheel B, or a non-structured
grinding wheel (grinding wheel C) (Fig. 5a). The experimen-
tal scheme and experimental parameters are shown in Fig. 9b,
¢, respectively.

4.2 Micro-topography

Fig. 10 shows the surface topography of each ground
cemented carbide workpiece. A large number of micro-
scratches on the ground surface were generated by the
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Fig. 7 Surface topography and roughness of the workpieces

gliding of the grains. For the same parameter conditions,
the scratches on the surface of the workpiece that was
ground by grinding wheels A and B were narrower,
shallower, and more evenly distributed than the scratches
on the surface of the workpiece that was ground by grind-
ing wheel C. The reasons are as follows: Compared with
the non-structured grinding wheel, most of the grains on
the surface of each of the micro-structured grinding
wheels had two cutting edges. The non-structured grind-
ing wheel and the two micro-structured grinding wheels
had the same number of grains, but the number of cutting
edges on the surface of each micro-structured grinding
wheel was almost twice the number of cutting edges on
the surface of the non-structured grinding wheel. In addi-
tion, the ground surface was formed with innumerable
micro-scratches, which were produced by the cutting
edges of the grains. Consequently, a greater number of
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(b) Micro-structured grinding wheel B

Fig. 8 Surface topography of the micro-structured grinding wheels with different patterns

grains participated in machining the grinding wheel (i.e., a
greater number of scratches per unit area of the work-
piece) and a more consistent grain protrusion height
(i.e., a more consistent height of the scratches) resulted
in narrower, shallower, and more even scratches made by
the grains when they passed the grinding region.

4.3 Surface roughness

The surface roughness measurements of the workpieces
that were ground at different parameter conditions are

(a) Surface grinder

Fig. 9 Experimental scheme and parameters
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(b) Test schemes

shown in Fig. 11. The surface roughness (R,) of the work-
piece decreased with increasing linear speed of the grind-
ing wheel (v5) and increased with increasing workpiece
feed speed (vy,). When vy = 21 m/s and vy, = 1 m/min,
the minimum R, of the workpiece that was ground by
grinding wheels A, B, and C was attained (1.002, 0.703,
and 0.623 pm, respectively). The surface topography of
the workpieces is shown in Fig. 10b. A decrease in v, or
an increase in v, increased the maximum undeformed
chip thickness of a single grain (/,,,). In Eq. (1) [12],
C, represents the number of cutting edges of the effective

Linear 9-21 m/s

speed, v

Feed 1-4 m/min

speed, v,

Grinding

depth, q, S

Grindin :
Grinding fluil d g 40 L/min

surface
Workpiece | 42x12.5
dimension %22 mm

(C) Test parameters
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Fig. 10 Surface micro-topography of the ground workpieces

grains within the unit surface area of the grinding wheel,
and 3 represents half of the cone apex angle of a grain. In
addition, a decrease in v, or an increase in v,, increased
the arc length of the contact line between the grinding
wheel and the workpiece when they were in motion (/).
In Eq. (2) [12], “+” signifies up-grinding and “—” signifies
down-grinding. An increased maximum undeformed chip
thickness or an increased arc length increases the grinding

Fig. 11 Surface roughness of the
ground workpiece

Surface roughness R (um)

force, the grinding zone temperature during the grinding
process and the R, of the ground workpiece.
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Fig. 12 Experimental scheme
and parameters

T2e

(a) Test schemes

In equivalent parameter conditions, the surface roughness (R,)
of the workpiece that was ground by grinding wheel C was the
highest, followed by the R, of the workpiece ground by grinding
wheel A, which was 17-31% less than the R, of the workpiece
that was ground by grinding wheel C, and the R,, of the workpiece
that was ground by grinding wheel B, which was 32-41% less
than the R, of the workpiece that was ground by grinding wheel C.
The reasons are as follows: compared with the non-structured
grinding wheel, the grooves on the surface of each micro-
structured grinding wheel were more favorable to the cooling
and chip removal effect of the grinding fluid. In addition, the
majority of the grains on the surface of each micro-structured
grinding wheel had two cutting edges (i.c., a larger C, and a
smaller /. in Eq. (2)). As a result, the surface quality of the
workpiece that was ground by either grinding wheel A or B was
better than the surface quality of the workpiece that was ground by
grinding wheel C. The grooves on the surfaces of grinding wheels
A and B had the same geometric parameters (width, depth, spacing
and angle). However, the R,, of the workpiece that was ground by
grinding wheel B was less than the R, of the workpiece that was
ground by grinding wheel A, which indicated that the grinding
performance of the micro-structured grinding wheels was related
not only to the geometric parameters of the grooves but also to the
micro-structure pattern, and the W-shaped pattern was superior to
the V-shaped pattern in cooling and chip removal.

5 Grinding ratio of the grinding wheels
5.1 Devices and parameters

Three cemented carbide workpieces were subjected to recip-
rocating flat surface grinding on a surface grinder with a
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Linear speed, v, 21 m/s
Feed speed, v,, 1 m/min
Grinding depth, a, 3 pm
Grinding
surface Accumulated grinding
depth, Ad 20
[ 322
Grinding fluid 40 L/min
Workpiece dimension 42x12.5%22 mm

(b) Test parameters

horizontal spindle and a rectangular table using grinding
wheels A, B, and C. The experimental scheme and parameters
are shown in Fig. 12. In each set of experiments, only 7.5 mm
(widthwise) of the grinding wheel surface was used to grind
the workpiece, and the experiment was terminated when a
cumulative grinding depth (Ad) of 20 mm was attained. The
remaining 2.5 mm (widthwise) of the grinding wheel surface
was used as the reference region to determine the change in
the surface topography of the grinding wheel after the grind-
ing process.

5.2 Grinding ratio

In the practical production process, the grinding ratio (G) is
often used as an important index to characterize the abrasion
resistance of a grinding wheel. A greater value of G increases
the volume of the workpiece material removed by grinding
per unit volume of the grinding wheel worn and also increases
the abrasion resistance of the grinding wheel. G is the ratio of
the volume of the workpiece per unit width that was removed
by grinding (V4,) to the volume of the grinding wheel worn per
unit width (V). For flat surface grinding, G is expressed as

Vi LAd LAd
G=_""—

Vs 7T<R2—(R—Ar)2> " 1(2RAAR)

(3)

where L represents the length of the cemented carbide work-
piece (L =42 mm in this study), Ad represents the cumulative
grinding depth (Ad = 20 mm in this study), R represents the
initial radius of the grinding wheel (R = 75 mm in this study),
and Ar represents the decrease in the radius of the grinding
wheel. A grinding wheel has a complex surface topography,
and the Ar after the grinding process is substantially smaller
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than R. Therefore, relatively large errors will be introduced if
Ar is directly measured using tools such as a micrometer
caliper and a vernier caliper. In this study, the decrease in the
protrusion height of the grains after the grinding process was
used to characterize Ar.

In all three sets of experiments, Ad = 20 mm. The V,, in
each set of experiments was obtained via calculations; Vi, is
840 mm®/mm in all three sets of experiments. The grain height
on the grinding wheel surface that had participated in the
grinding process and had not participated in the grinding pro-
cess in each set of experiments was measured using a 3D
optical microscopy with an ultra-deep depth of field. The re-
sults indicated that Ar was approximately 4.35, 4.21, and
3.24 um for grinding wheels A, B, and C, respectively. The
Vs in each set of experiment was obtained via calculations; Vj
is 1.37, 1.32, and 1.02 mm3/mm) for grinding wheels A, B,
and C, respectively. By substituting the value of V., and V;
into Eq. (3), the values of G of grinding wheel A, B, and C
were obtained: G = 614.7, 635.1, and 825.3, respectively.
Grinding wheels A and B had similar abrasion resistance.
Compared with the non-structured grinding wheel, the edges
of the grooves that pass through the grains on the surface of
each micro-structured grinding wheel were relatively more
susceptible to wear. As a result, the abrasion resistance of
grinding wheel A and grinding wheel B were 26% less and
23% less than the abrasion resistance of grinding wheel C,
respectively.

6 Conclusions

The effect of two processing sequences on the topographical
characteristics of the grooves and the effect of the groove
angle on the surface roughness of the ground workpiece were
investigated in this study. In addition, the surface quality of the
workpieces that were ground by micro-structured (V-shaped
and W-shaped patterns) and non-structured diamond grinding
wheels and the grinding ratio of the grinding wheels were
comparatively analyzed. The main conclusions are presented
as follows: Compared with the grinding wheel that was sub-
jected to micro-structuring followed by sharpening, the sur-
face of the grinding wheel that was subjected to sharpening
followed by micro-structuring had a more integral groove
structure. Neither an overly large groove angle (a) nor an
overly small groove angle was favorable for improving the
surface roughness (R,) of the workpiece that was ground by
each micro-structured grinding wheel. When o = 60°, the
maximum R, was attained (1.56 wm). The R, of the workpiece
that was ground by the micro-structured grinding wheel with a
V-shaped pattern (grinding wheel A) was 17-31% less than
the R, of the workpiece that was ground by the non-structured
grinding wheel (grinding wheel C). The R, of the workpiece
that was ground by the micro-structured grinding wheel with a

W-shaped pattern (grinding wheel B) was 32—41% less than
the R, of the workpiece that was ground by grinding wheel C.
The grinding performance of the micro-structured grinding
wheels was related not only to the geometric parameters of
the grooves but also to the micro-structure pattern. The W-
shaped pattern was superior to the V-shaped pattern in terms
of cooling and chip removal. Grinding wheels A and B had
similar abrasion resistances, which were 26% and 23% less
than the abrasion resistance of grinding wheel C, respectively.
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