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Abstract

Silicon nitride ceramics are extremely difficult and time-consuming to be machined with conventional methods, such as turning and
grinding. Laser-assisted machining has been a field of extensive research during the past decade, as it is a promising solution to
enhance the machinability of many difficult-to-cut materials, including silicon nitride ceramics. To enhance the processing precision
of'silicon nitride ceramic grinding, in this work, a method of laser structuring the surface of silicon nitride is proposed. The laser
process allows to precisely control the dimensions of the generated features. Therefore, different patterns with equal silicon nitride
surface area are produced in order to study the influence of the pattern geometry on the grinding behavior of the silicon nitride.
Grinding performance of'the structured silicon nitride is tested. The influences of grinding parameters, such as wheel speed and feed
rate, are analyzed for their effects on the grinding force, surface roughness. It is found that the procedure of laser-structured silicon
nitride has a strong influence on the grinding results. The grooves obtained by laser-structured silicon nitride are favorable for the
flow of coolant, and the cracks generated inside the grooves weak the material locally. The laser-structured silicon nitride generally
allows for a reduction of grinding forces by up to 63%, and it can effectively reduce the wear of the tool.
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1 Introduction

Difficult-to-cut materials, such as ceramics and titanium alloys,
are widely used in various industries because of their good me-
chanical properties. It is known that silicon nitride ceramic is an
excellent high-temperature resistance material which has out-
standing physical properties, such as high elastic modulus, low
density, and low coefficient of friction [ 1]. Regarding these prop-
erties, silicon nitride has been widely used in acrospace, national
defense, and other important industrial areas [2]. Abrasive pro-
cesses and among them grinding process using diamond grinding
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wheels is the most common method for engineering ceramics
machining. However, the great hardness and brittleness associ-
ated with engineering ceramics cause high grinding forces, low
material removal rate, high wheel wear, as well as surface and
subsurface damage. Therefore, investigating effective machin-
ing techniques for improving the grindability of engineering ce-
ramics has become an active research topic [3—5]. Huang etal. [6]
investigated the effect of the grinding wheel speed on the material
removal mechanism and ground surface quality. The results
showed that the effect of the grinding wheel speed on the ground
surface quality was insignificant for a grinding wheel of a large
grain size, but the ground surfaces exhibited a predominantly
ductile flow and were significantly influenced by the grinding
wheel speed when using a wheel with a small grain size. Chen
et al. [7] investigated and analyzed the factors that influence the
surface quality of brittle materials during ultra-precision grind-
ing. The results showed that the average abrasive grain size of the
diamond wheel had the main influence on the surface quality,
while the influence of the wheel speed and feed rate were second-
ary. Li et al. [8] carried out studies to determine the material
removal rate of Si;N, during single-pass grinding. The results
suggested that there was an optimum depth of cut that yielded the
greatest material removal rate. If the grinding depth is larger than
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this optimum depth of cut, premature dulling of the diamond
wheel occurs, and the grinding surface quality of the Si;N, dras-
tically decreases. Agarwal [9] conducted a study for a high re-
moval rate and studied the effects of various parameters on the
surface quality of silicon carbide grinding using a diamond grind-
ing wheel. The results indicated that the material removal was
primarily due to micro-fracture and grain dislodgement. The pa-
rameters of the depth of cut, feed rate, grit size, and grit density
were the primary influencing factors that affect the surface integ-
rity. However, grinding wheel topography changes during grind-
ing. The rapid blunting and wear of diamond abrasives on the
wheel surface may cause frequent redressing and shorten the
service life of the grinding wheel [10]. As a result, the efficiency
of the grinding process and the quality of the workpiece are af-
fected negatively. Wheel wear may induce thermal damage such
as surface burn, thus reducing the surface quality [11].
Laser-assisted machining (LAM) is one of the new process-
ing technologies, which uses a laser beam for the processing
of difficult-to-machine materials [12]. In recent years, LAM
has been shown to be a very promising method to decrease the
cost, improve the efficiency, and reduce the surface/
subsurface defects. LAM offers important advantages over
traditional machining such as reduced power per volume of
machined part, higher material removal rate, decreased cutting
force, reduced chatter, small residual stresses, reduction of
tool wear, avoidance of tool breakage, and crack-free ma-
chined surface [13, 14]. LAM has been regarded as a potential
machining method for a wide range of hard and brittle mate-
rials including ceramics such as alumina, silicon carbide, and
silicon nitride. The machinability can be improved because
the laser beam is used to abate the strength of difficult-to-cut
materials [15, 16]. Shen et al. [17] conducted some fundamen-
tal investigations on laser-assisted milling of silicon nitride
ceramic. The authors examined the workpiece temperature,
the surface integrity, and the tool wear. The effects of laser
parameters (laser power, preheat time, and laser beam diame-
ter) and milling parameters (feed rate and cutting speed) were
investigated. Yang et al. [18] demonstrated the machinability
and feasibility of milling silicon nitride ceramics under laser
assistance. It was shown that material removal had more plas-
tic characteristics when the temperature was higher. The cut-
ting forces and specific cutting energy decreased as workpiece
temperature increased. No brittle damage to the cutting tool
was observed, and surface roughness of the machined surface
was comparable to that of ground surface. However, edge
chipping, a commonly observed phenomenon during the ma-
chining of ceramic material, could not be completely avoided
when the temperature was above 1400 °C [18]. In traditional

laser-assisted grinding (LAG), the workpiece area is heated
directly before the grinding wheel is engaging; thus, the meth-
od permits high stock removal rates [19]. However, if the
thickness of the heating layer is greater than the grinding
depth, thermal cracks may remain in the subsurface which
greatly affects the properties of the machined part.
Additionally, the characteristics of traditional LAG limit the
use of coolant and also cannot fundamentally eliminate
surface/subsurface cracks due to heat accumulation.

From the literature review above, it can be seen that many
studies regarding the LAM have been performed. However,
their technique is different from the weakening mechanism pro-
posed in this paper. The current work is to structure the silicon
nitride surface by laser scanning, and six different structuring
patterns are designed. Experiments on silicon nitride grinding
are carried out by a diamond grinding wheel, and the effects are
studied systematically. The influences of grinding parameters
such as wheel speed and feed rate are analyzed for their effects
on the grinding force and surface roughness.

2 Experimental
2.1 Experimental materials

The materials used for the experiment are gas pressure sintered
and made of Si3Ny. The Siz;N, workpiece has a hardness of
1700 HV, bending strength of 700 MPa, and elasticity modulus
of 320 GPa, as presented in Table 1. The specimens have di-
mensions of 20 mm % 20 mm x 10 mm. Laser structuring and
grinding are performed on the 20 mm % 20 mm surface.

2.2 Experimental setup and method
2.2.1 Step 1: laser structuring

Silicon nitride is structured by using an IPG pulsed fiber laser
(model: YCP-1-120-50-50-HC-RG) in the experiment. This
laser has an average power (P,,) of 1-50 W, a pulse frequen-
cy (f) of 1-200 kHz, a pulse width (7) of 0.2-25 ms, and a
wavelength (A\) of 1064 nm.

In the present work, six different structuring patterns are
designed. Table 2 gives an overview of the produced patterns
and their dimensions. The characteristic dimensions of the pat-
terns are the groove width w, the groove pitch p, the angular
orientation of the grooves 6, the depth ofthe grooves d, and the
radius of the grooves R. In the present study, laser processing
parameters are optimized in order to generate a defined groove

Table 1 The properties of the

Si3N, workpiece used in the Hardness

Density

Bending strength Fracture toughness Elasticity modulus

experiment

3.2 glem® 1700 HV

700 MPa 4.5 MPa m'? 320 GPa
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Table2  Overview of the produced patterns and their dimensions

Pattern A: Pattern B: Pattern C:
A
dyn = 160um ds 160um
wa = 120um wg = 120um
pa = 320pm ps = 320um
0A = 0° 9]3 = 30°
Pattern D: Pattern E: Pattern F:
A
dp = 160um dg 160um dr 160um
wp = 120um wg = 120pum wp = 120um
pp = 320pum pe = 320um pr = 320um
tp 30° 6 = 30° R = 250um
I I d: structure depth
w: structure width
at p: structure pitch
L 4‘ J 0: orientation angle
w . .
- R: structure radius
P

of the desired depth and width in the silicon nitride material,
while taking into consideration a minimization of the heat-
affected zone. The optimized processing parameters applied
to generate the structures are listed in Table 3. The desired
groove depth of d = 160 um is achieved after six repetitions.
Figure 1 shows the three-dimensional schematic of the
laser-scanned specimen for the conditions listed in Table 3.
The depth of the heat-affected region is 4-8 pm. A thin layer
of material (2-5 um) close to the centerline of the laser scan
becomes amorphous and is easily removed mechanically. This
is due to the Gaussian nature of the laser beam, which pro-
duces temperatures above the dissociation temperature of the
ceramic at the center of the laser spot. Materials become gas-
eous in pulse duration under coupling effect of laser energy
and plasma. The ablated surface is covered with silicon and
silica only in the course that the material temperature

gradually returned to room temperature. When the tempera-
ture of Si3N,4 goes up due to laser irradiation, thermo-chemical
reaction appears to be complicated due to its thermal decom-
position and reaction with oxygen. These reactions can be
expressed as follows,

SisNy(s)—>3Si(l) + 2Ny(g) (1)

Table 3  The optimized laser structuring parameters

Focal length f [mm]

Spot size d; [mm]

Average laser power (Py,g) [W]
Pulse frequency f, [kHz]

Scan speed v, [mm/s]

126
0.06

30

20

2000
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Fig. 1 Schematic of laser ablation
of Si3N, based on thermo-

chemical reaction
laser

In one pulse

2Si0 (g) + 02(g)—2Si0; (s) (3)

2.2.2 Step 2: grinding

Surface grinding experiments are carried out on a CNC high
precision surface grinding machine MM9236. The grinding
wheel is a diamond grinding wheel typed SDC150N75B.
The wheel has a diameter of 200 mm and a width of 20 mm.
Before grinding, the grinding wheel is dressed by an
electroplated diamond roller dresser (type: S-DC-C-110 %
12 x 28) in down dressing mode.

The surface grinding process is a reverse alternating of
down-grinding and up-grinding, and the two approaches are
similar in grinding mechanism. Thus, one of the processing
methods is representative. In the current study, the up-grinding
pattern is chosen to investigate the grinding mechanism of the
silicon nitride. Various wheel speeds and feed rates are used to
study their influences on the grinding performance [20].
Detailed grinding conditions are listed in Table 4. A 3% solu-
tion of a soluble water-based Mobil Met 265 HSG Coolant
(Mobil Met) is applied to the grinding zone at a flow rate of
25 l/min (with the flow speed of about 1.76 ml/mm? s).
Figure 2 shows the schematic diagram of the grinding

Table 4  Grinding conditions

Types Contents
Machine tool MM9236
Grinding process Surface grinding

Abrasive wheels Resin bond diamond wheel

Grain mesh size 150#

Coolant 25 1/min, emulsion 3%

Wheel speed 50, 90, 120 m/s

Wheel diameter 200 mm

Feed rate 500, 1000, 1500, 2000 mm/min
Depth of cut 50 pm

@ Springer
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ected zone

ilica layer

t affected zone

After one pulse

experiments. The objective is to grind a feature of dimensions
10 mm (L) x 10 mm (W) x 180 um (D). Grinding forces are
measured by a dynamometer (model: Kistler 9257A), which is
fixed beneath the workpiece and above the worktable of the
surface grinder. Transformed by a charge amplifier and a col-
lection card (including A/D converter), the analog signal is
amplified and converted into digital signal. Eventually, the
grinding signals are stored and displayed on the computer.
In addition, the noise signals are filtered by a self-written
LabVIEW program, and then the grinding forces of the grind-
ing process are obtained. The roughness of ground samples is
measured using a profilometer (model: JB-5C) perpendicular
to the grinding direction. In addition, the surface topography is
tested by a three-dimensional (3D) microscope with an ultra-
large depth-of-field (ULDF) (model: VHX-5000).

3 Results and discussion

3.1 Silicon nitride surface observation after laser
structured

The 3D parameters of the different structured patterns of silicon
nitride surface topographies and their local areas corresponding
possible thermal deterioration results are presented respectively
in Figs. 3, 4, 5, 6, and 7. Figure 3 displays hypsometric topo-
graphic maps of the silicon nitride of six different structured
patterns. In the figure, blue denotes low-lying areas (i.e., laser-
ablated grooves), and red denotes high areas. As the terrain
height gradually increases, the graph color gradually changes
from blue to red, indicating the undulating terrains of the silicon
nitride surface. Figure 4 depicts the 3D topography ofthe silicon
nitride of six different structured patterns.

The internal morphologies of the grooves obtained by
laser-structured silicon nitride surface are shown in Figs. 5,
6, and 7. The sidewall of the groove can be divided into two
areas. One is the micro-crack area (see Fig. Sc) and the other is
a thin and smooth recast layer (see Fig. 5d). The bottom of the
groove can be divided into three areas. The first area is the
micro-crack area (see Fig. 6d), the second area is the silicon
dioxide grain region (see Fig. 6b), and the third area is a rough
recast layer (see Fig. 7a).
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Fig. 2 Schematic diagram of
grinding experimental

Silicon nitride

Dynamomter \

The possible reasons for the formation of internal morphol-
ogies can be explained as follows. First ofall, thermal cracks are
produced in the irradiated region due to tensile stresses gener-
ated by rapid heating and cooling of the silicon nitride. Then,
when SizN, is machined by laser in air, SiO vapor is formed
casily by an oxidation decomposition of SisN4. Meanwhile,
SiO vapor is oxidized immediately and changed to solid phase
SiO, [21]. A thinmolten layer is first formed with the absorption
of laser energy. When the molten material reaches the vapori-
zation temperature, the material vapor evaporates from the sur-
face and the melt will be pushed out. As part of this molten
material re-solidifies on the sidewall of grooves during the laser
machining process, a thin and smooth recast layer is formed.
This can also explain the presence of spattering observed out-
side of the grooves, as shown in Fig. 6¢c.

When the SizNy substrate is machined in air, the silicon
dioxide grain region is readily formed on the bottom of the
grooves. Moreover, there is a noticeable rough recast layer
observed in the two overlapping portions of the structured
pattern C. This may because the area of the overlapping por-
tions of the two grooves is relatively high. The condition is
disadvantageous to the flow of air. As a result, the material in
semi-molten state cannot be carried out by vapor in time and
finally re-solidified at the bottom of groove. In addition, the
external SiO, layer at the wall of the grooves is easy to peel

off. The possible reason is that the thermal stress formed dur-
ing the laser structuring process contributes to the weak inter-
face adhesion between the re-solidified material and the wall
of'the grooves [22]. It is worth to note that the formation of the
melt will affect the thermal conductivity of the silicon nitride
substrates, since SiO, has lower thermal conductivity than that
of the Si3N4.

3.2 Grinding force

Grinding force is important during the grinding process and
has influence on machined surface quality, grinding burning,
etc. By range analysis, the variations of the normal force and
tangential force with the grinding parameters are shown in
Figs. 8 and 9. Force measurements reveal a significant distinc-
tion between the different structured patterns. The variations
of the grinding forces with the wheel speed in the grinding
process are shown in Fig. 8. It can be seen that the normal
grinding force is larger than the tangential grinding force in the
seven patterns. When the wheel speed is 50 m/s, the grinding
force (F),) in the pattern non-structured is approximately 1.5
times of the pattern D. When the wheel speed is 90 m/s, the
grinding force (F),) in the pattern non-structured is approxi-
mately 2.1 times of the pattern D. When grinding the pattern
non-structured, the normal grinding force and the tangential

Fig. 3 Hypsometric topographic

o L . Pattern A
maps of the silicon nitride of six 21281um
different structured patterns 18241

152.01
I 121.60
91.20
| | 60.80
30.40
0.00

Pattern C

206.32um

Pattern B

223.51um

191.58 176.84

159.65 147.37
127.72 117.89
88.42
58.94

29.47

0.00 0.00

Pattern D

227.23ym
194.76
162.30
129.84
97.38
64.92

32.46

0.00

Pattern F

246.44pm

Pattern E

219.36pm

188.02 21123

156.68 176.02
12534 140.82
94.01 105.61
62.67 | 7041

3133 3520

0.00 0.00
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Fig. 4 3D topography of the
silicon nitride of six different
structured patterns

grinding force are the highest in the seven patterns. In addi-
tion, both the normal and the tangential grinding force in dif-
ferent patterns follow this order: non-structured > pattern A >
pattern B > pattern F > pattern E > pattern C > pattern D.
Furthermore, the figure shows that as the wheel speed in-
creases from 50 to 120 m/s, both the normal and the tangential
grinding force decrease obviously.

In essence, the process of grinding structured silicon nitride
with diamond grinding wheel is a comprehensive action of the
abrasive grains on the workpiece. The analysis of grinding
depth of the single grit is conducive to the evaluation of

Fig. 5 The micro-topography of
the silicon nitride of structured
pattern E

@ Springer

grinding force. There are many factors that affect the grinding
depth of the single grit. The following equation is obtained by
analyzing a large number of data and theories:

nd’tany [V a 173
My = 0.69 x | ——L [ 2 ), /2L 5
S ®

Where £, is the maximum undeformed chip thickness, d is
the grain size, 2is the vertex angle of the grain tip, V/, is the
volume fraction of the abrasive grains, V,, is the constant
table speed, V; is the constant peripheral speed of the wheel,

10pm
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Fig. 6 The micro-topography of
the silicon nitride of structured
pattern A

a,, is the effective wheel depth of cut on the structured pat-
tern, and D is the effective wheel diameter. During the grind-
ing process, the grit travels along a parabolic path, the local
chip thickness increases from zero at the origin to the

Fig. 7 The micro-topography of
the silicon nitride of structured
pattern C

Section A

maximum value. The higher wheel speed leads to a thinner
grinding depth of the single grit in the grinding process,
which will cause the decrease of the grinding force on the
grinding wheel.

@ Springer
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Fig. 8 The effect of wheel speed a
on the normal force and tangential 35

force (feed rate 500 mm/min). a
The effect of wheel speed on the
normal force. b The effect of
wheel speed on the tangential
force

Normal force F, (N/mm)

1i

@ wheel speed 50m/s
B wheel speed 90m/s
O wheel speed 120m/s

1

1i

non-sturctured

T

0.9

pattern A pattern B pattern C pattern D pattern E pattern F

Structured pattern

The effect of wheel speed on the normal force

Tangential force F;(N/mm)

1

@ wheel speed 50m/s
M wheel speed 90m/s
O wheel speed 120m/s

my

non-structured pattern A

Figure 9 shows the variations of the grinding forces with
the feed rate during the test. From the diagram, it can be seen
that the non-structured silicon nitride shows the highest force
under all tested conditions. The lowest force is achieved by the
silicon nitride with surface pattern D. Its force drops by 41%
compared to the pattern non-structured. Pattern E and F show
a similar behavior with a force reduction between 27 and 25%,
while pattern A and B decrease by only 16 and 17%.
Therefore, both the normal and the tangential grinding force
in the different structured patterns follow this order: pattern
non-structured > pattern A > pattern B > pattern F > pattern E
> pattern C > pattern D. Furthermore, the figure shows that
both the normal and tangential grinding force increase with
the increasing feed rate, which is corresponding to the result of
Azarhoushang et al. [23]. From Eq. (5), an increase in the feed
rate results in a larger undeformed chip thickness and, thus, a
larger grinding force.

3.3 Surface roughness

Figure 10 shows the surface roughness of the silicon nitride
ceramic grinding in the seven patterns. When the wheel speed

@ Springer

pattern B pattern C pattern D pattern E pattern F

Structured pattern

The effect of wheel speed on the tangential force

is 50 m/s, the surface roughness R, in the pattern non-
structured amount to 0.38 pm, compared to the pattern D
0.25 um. When the wheel speed is 90 m/s, the surface rough-
ness R, in the pattern non-structured amount to 0.37 pum, com-
pared to the pattern D 0.23 pum. When the wheel speed is
120 m/s, the surface roughness R, in the pattern non-
structured amount to 0.36 um, compared to the pattern D
0.21 pm. When grinding the pattern A, the surface roughness
R, is the highest among the seven patterns. In addition, the
surface roughness R, in various patterns follow the order:
pattern A > pattern non-structured > pattern B > pattern F >
pattern E > pattern C > pattern D. Furthermore, the figure
shows that when the wheel speed increases from 50 to
120 m/s, the increasing wheel speed will cause the decrease
of a single grain’s undeformed chip thickness, and the surface
roughness R, decreases to some extent. Moreover, the surface
roughness R, decreases obviously in the structured patterns
compared to the non-structured pattern.

Figure 11 shows the influence of feed rate on surface
roughness R,. The results indicate that the surface roughness
increases with the increasing feed rate. The reason is that the
increased feed rate leads to the increasing of the undeformed
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Fig. 9 The effect of feed rate on the normal force and tangential force
(wheel speed 50 m/s). a The effect of feed rate on the normal force. b The
effect of feed rate on the tangential force

chip thickness. When the feed rate is 500 mm/min, it can be
noted that the pattern A shows the highest R, under all tested
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Fig. 11 The effect of feed rate on the surface roughness (wheel speed
50 m/s)

conditions, which R, raises by 8% compared to the pattern
non-structured. The lowest R, is achieved by the silicon ni-
tride with surface pattern D, and its value drops by 33% com-
pared to the pattern non-structured. Pattern E and F show a
similar behavior with a R, reduction between 16 and 17%,
while pattern B decreases by only 3%.

3.4 Wheel wear

Figure 12 shows the surface morphology of diamond wheel
after grinding the structured and non-structured silicon nitride,
respectively. Figure 12a shows the significant wear of the
diamond wheel after grinding the surface of the non-
structured silicon nitride. Most of the grits and bonding mate-
rial on the bottom face of the grinding wheel have been re-
moved. During a grinding process, when the wear of diamond
wheel reaches a certain degree, the sharpness of diamond grits
will become small. This makes it difficult to sustain a high
grinding force for completing this grinding process. As a re-
sult, material removal rate will be decreased. Figure 12b
shows the surface morphology of diamond wheel after

Fig. 10 The effect of wheel speed 0.45
on the surface roughness (feed 04 |
rate 500 mm/min) 035 F
03 F
0.25 F
02
0.15
0.1F
0.05 |

surface roughness Ra (m)

non-structured  pattern A

[ wheel speed 50m/s
@ wheel speed 90m/s
@ wheel speed 120m/s

pattern F

pattern B pattern C pattern D pattern E

Structured pattern
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Fig. 12 The micro-topography of
the grinding wheel after grinding
the structured and non-structured
silicon nitride

grinding the structured silicon nitride. It can be seen that some
sharp tips of the diamond abrasives have started to wear.
However, the grinding wheel has less wear compared with
the wheel grinding the non-structured nitride silicon. This is
because when grinding non-structured silicon nitride, the
coolant delivery is not very efficient, as the fluid may not
adequately penetrate the wheel-workpiece contact zone. But
when grinding structured silicon nitride, the grooves contrib-
ute to the delivery of coolant. Moreover, the laser-induced
cracks on the sidewall of the silicon nitride grooves weak
the material locally, which results in the reduction of the grind-
ing forces and the wear of diamond wheel.

4 Conclusions

In this study, a new laser-assisted grinding method is proposed
and applied to produce various micro-patterns on the surface
of silicon nitride. Different patterns with equal silicon nitride
surface area are produced in order to study the influence of the
pattern geometry on the grinding behavior of the silicon ni-
tride. Grinding performance of the structured silicon nitride is
tested and compared to a non-structured silicon nitride. The
following specific conclusions are derived from this study:

1. The internal micro-topography of the groove obtained by
laser-structured silicon nitride surface is measured using a
3D ULDF microscope. The laser-structured silicon nitride
yield precise groove depth and satisfactory deterioration
effect.

2. The influences of grinding parameters such as wheel
speed and feed rate are analyzed for their effects on the

@ Springer

grinding force and surface roughness and compared to the
results of a non-structured silicon nitride. The laser-
structured silicon nitride generally allows for a reduction
of grinding forces by up to 63%, a reduction of surface
roughness by up to 35%.

3. The surface morphology of diamond wheel after grinding
the structured and non-structured silicon nitride is mea-
sured using a 3D ULDF microscope. And laser-structured
silicon nitride can effectively reduce the wear of the tool
compared to the results of a non-structured silicon nitride.

Future work on laser-structured silicon nitride will examine
the effect of the shape of the grooves and optimization of the
grinding parameters to obtain even higher material removal rates.
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