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Abstract

Grinding of brittle materials is always a removal process of coexisting ductile and brittle removal modes. Ductility-oriented
grinding has been regarded as a precision machining pursuit for grinding quality and efficiency. This paper is devoted to
investigating ductility-oriented grinding mechanism and process design for quality promotion with a higher efficiency in high--
speed grinding of silicon carbide ceramics. The Rayleigh chip thickness model and critical chip thickness model are given to
quantitatively calculate the ductile removal proportion. Moreover, the grinding forces and specific removal energy are discussed
to reflect the high-speed grinding removal mode. The results show that the increase of wheel speed or decrease of maximum chip
thickness could enhance the percentage to a more ductile-oriented removal mode, which will cause a smaller surface roughness
with fewer fracture cracks and more plastic removal stripes. Finally, the grinding process conditions for surface roughness below
0.2 um and ductile removal area higher than 50% are suggested to obtain better surface quality at higher ductile removal and

material removal rates.
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1 Introduction

As a typical brittle material, silicon carbide (SiC) ceramics are
commonly used in aerospace, medical, and semiconductor
engineering applications for its superior performance of wear,
heat, and chemical resistance and fantastic hardness [1-3].
However, the precision machining of ceramics is generally
affected by inevitable crack generation, which will deteriorate
the machining quality and efficiency. Grinding with diamond
abrasive wheel, especially in the high-speed grinding (HSG)
process, is widely used to diminish machining damages and
improve surface finish for ceramics machining [4-7].
Therefore, the understanding of grinding material removal
mechanism is crucial for better grinding quality with good
efficiency [8].
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High-speed grinding is generally characterized by an ele-
vated wheel speed above 60 m/s. In the HSG process, the
abrasive grit will interact with the workpiece material at a
higher frequency than conventional speed, which will sub-
stantially reduce the grinding chip thickness and thus reduce
grinding forces and wheel wear [9]. In the past, the HSG
process has been used as a finishing process which is benefi-
cial to the transition of brittle grinding to ductile grinding for
brittle materials. This is the effect of a high strain rate brought
by high-grinding wheel speed, which may cause the material
to produce a high strain rate of up to 10°~10""/s [10-11]. It is
believed that the materials will get toughened at a high strain
rate, and thus the ability to prevent crack generation will get
enhanced [10]. That is how the HSG process helps control
grinding damages and facilitates the ductile grinding process.

In grinding ceramics, the material is generally removed by
a coexisting mechanism of ductile and brittle modes. In ductile
grinding, it is believed that the material could be removed
mainly by plastic deformation when the chip thickness is less
than critical chip thickness [12—13]. This chip thickness model
was determined by a critical energy model proposed by
Bifano et al. [13], which is independent of process parameters,
only connected with the material properties. Later on, the crit-
ical chip thickness model for ductile grinding was remodeled
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by considering the effect of process parameters [14].
Therefore, the determination of ductile grinding cannot be
merely obtained by full ductile grinding or brittle grinding, it
is a combined process of the two removal modes. The method
to quantitatively calculate the percentage of ductile removal
could be more efficient and applicable for quality control.

In order to model the grinding kinematics, the grinding
chip thickness for a single grit is generally assumed as a sta-
tistical distribution model [15], which could well match the
stochastic feature of the grit-workpiece interaction. Gaussian
[16-17] and Rayleigh [18—19] distributions are commonly
used distributions. The Rayleigh chip thickness model was
validated experimentally by measuring the grinding chip size
for metals [18], also validated through the determination of
surface topography in ceramics [20]. Therefore, the determi-
nation of ductile-oriented grinding proportion could be calcu-
lated through the chip thickness of all the active grits. This
could help avoid the complicated traditional process design by
multiple optimization objectives, the ductile-oriented removal
could be the only optimized parameters for both the quality
and efficiency.

Based on the above literature review, it could be found
that the grinding of brittle materials is a complicated com-
bined process of ductile and brittle removal modes. This
paper is devoted to investigate ductility-oriented grinding
mechanism and process design for quality and efficiency
in high-speed grinding of silicon carbide ceramics. The
Rayleigh chip thickness and critical chip thickness models
are used to calculate the ductile removal proportion with
integral solution. The grinding SEM topography, forces,
damages, and specific energy are discussed in detail to
reveal the high-speed grinding mechanism. Finally, the
process designs for better surface finish and ductility-
oriented surface are conducted to achieve a better grinding
efficiency with good quality.

2 Rayleigh-based ductile removal calculation
2.1 Chip thickness model

The grinding wheel is always composed of numerous irregular
abrasive grits, which will interact with the workpiece material
at different chip thicknesses. For the whole grinding wheel,
the chip thickness / for a single grit is generally assumed as a
stochastic distribution. The Rayleigh chip thickness model is a
recognized model, which could be given as [21]:

f(h) _ { (/’l/gzz)ehz/zaz 122(()) (1)

where o is a parameter that defines the probability function.
From Fig. 1, 4 is the random interacted chip thickness, which
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varies with different grits and interaction stages. In the above
Rayleigh chip thickness model, it will be valid when [f{)dh =
1. The chip thickness distribution function is depicted in Fig.
2. Then, the expected value E(/4) and standard deviation SD(%)
could be integrally calculated as:

E(h) =[50 2)
SD(h) = v0.4290 (3)

Then, solving the function parameter o is crucial for the
model setup. It is generally solved by the motion basics such
that the removed material volume by the wheel and the lost
material volume of the workpiece are equal [20], which could
be expressed as:

E(AW)VS = V,a.b, (4)

where A,, is the chip cross-section thickness of all grits, V; and
V., are the wheel and workpiece rotational linear speeds, b, is
the width of the wheel-workpiece interaction in plunge grind-
ing, and a, is the depth of cut. Therefore, the whole chip cross-
section thickness (A,,) could be calculated as:

A, = A..Ng = Ny.h? tanh (5)

where N, is the active grits density (numbers in unit area).
A, is the cross section area for a random single grit, which
could be calculated by A. = h?-tan 0 - 0, the semi-included
angle of the chip thickness. The active grits density (N,)
can be calculated by static grain density (C,); it can be
expressed as:

Ny = Cqlg.b, (6)
Cy= 4x/{d§,(47r/3w)—>2/3} (7)

where d, represents the equivalent spherical diameter of the
abrasive grain. /, is the contact arc length. w and x are, respec-
tively, the volume fracture of diamond grain and the propor-
tion of diamond grains that are actively engaged in the cutting
process. The grinding wheel has a concentration density of
150; thus, the volume fraction w is 0.375 [22]. Moreover, it
is assumed that one-half of the diamond particles are actively
engaged in the grinding process [23].

Thus, through the calculation of the expected value of Eq.
(4), the function parameter o could be solved to be:

ae.VW 1
_ ./ 8
7=\ 2v,.Cy 1, tand ®

Therefore, it could be found that the function parameter is
fully defined by the grinding process parameters and wheel
specification.
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Fig. 1 Theoretical chip thickness

2.2 Ductility-oriented model

Figure 2 is the depicted Rayleigh chip thickness model; the
dotted line is the critical chip thickness value. When the theoret-
ical maximum chip thickness (%,,) is smaller than the critical chip
thickness, the material will be removed by the ductile mode;
otherwise, it would be the brittle mode. The theoretical maxi-
mum chip thickness for a single grit in Fig. 1 is given as [24]:

3 Ve Jae 7
b= (vl ) Y

where d, is the equivalent diameter, d, =d. d,,/(d; + d,,) and d,
and d,, are the diameters of the wheel and workpiece. Based on
the material removal energy, Bifano et al. [13] modeled a critical
ductile removal value which is independent of the process pa-
rameters and only correlated with the materials’ mechanical
properties. Later on, Chen et al. [25] and Wu et al. [14] modeled
a new chip thickness model on the basis of the energy model
proposed by Bifano. It was given as [14]:

R 1

where (3 is a material constant and it is given as 0.15 [13]. a and b
are material constants after considering the dynamic effect
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Fig. 2 Rayleigh chip thickness model
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brought by process parameters. For SiC, the constants a and b
were given as — 1.64 and 0.675 [14]. K¢, E,,, and Hy respec-
tively, are the fracture toughness, elastic modulus, and hardness
of the material.

Thus, the value of Eq. (10) could be depicted as the dotted
line in Fig. 2, which is the determination of the ductile or
brittle grinding mode. Based on Egs. (1), (8), and (10), the
stochastic percentage for ductile-oriented grinding d,, could be
calculated as:

2
her gy

60 =1y f(h)dh = 1-¢ 2" (11)

3 Experimental setup

The grinding experiments’ layout is depicted in Fig. 3. In this
work, the grinding tests are conducted on a high-speed cylin-
drical CNC grinder MGKS1332/H, which could reach a
wheel speed of up to 150 m/s. The detailed configuration for
the grinding experiments is listed in Table 1. In this paper, a
vitrified diamond grinding wheel, with diamond concentration
of 150%, diameter 400 mm, and width 22 mm, was used. The
wheel was balanced below 0.02 pm with a dynamic balancing
instrument (model SB-4500) before grinding tests. A series of
plunge grinding experiments are conducted in this paper. The
grinding forces are measured by a 3-direction force transducer
(Kistler 9347C) mounted in the tailstock which transfers the
force signal to a charge amplifier, then to the data acquisition
system LMS.

The workpiece is designed as a column sample in Fig. 4a,
which has a width of 20 mm and a diameter of 60 mm. The
workpiece materials used in this paper are reaction-sintered
SiC; the mechanical properties can be found in Table 2. In
order to observe the surface and subsurface topographies,
the workpiece is divided into two parts in Fig. 4a. From Fig.
4D, it can be seen that the SiC specimen is pasted and polished
to the final mirror surface in Fig. 4c. In this paper, the envi-
ronment scanning electron microscope (ESEM) QUANTA
250 from Czech was used to observe the ground surface and
subsurface topographies. The surface roughness is measured
by a nanosurface white light interferometer (Bruker Npflex),

@ Springer



2774

Int J Adv Manuf Technol (2019) 105:2771-2784

Fig. 3 Experimental layout
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which has a sub-nanometer resolution for high-precision mea-
surement of both 2D and 3D surface roughness.

4 Results and Discussions
4.1 Ductility-oriented grinding topography

In order to reveal the effect of process parameters on ductility-
oriented percentage (DOP) in Eq. (11) and the related surface
topography, Table 3 gives the detailed process parameters and
calculated critical chip thickness with Eq. (10). From Table 3,
it could be found that when the maximum chip thickness is
close to or less than the critical chip thickness, the DOP value
is much higher, such as that in test nos. 4 and 7. Thus, the
higher percentage for ductile grinding area could happen and
more abrasive grits interact and remove material in ductile
mode. In Table 3, nos. 1-3 and 46 are used to reflect the

3-direction force
transducer

tailstock

| Charge amplifier

variation of wheel speed under different chip thicknesses.
Nos. 3 and 6-9 are trying to explore the chip thickness effect
on grinding surface integrity under a high-grinding speed (140
m/s). Moreover, nos. 10-19 are trying to reflect the effect of
process parameters on grinding quality in Figs. 7 and 8.
Figure 5 is the variation of ground surface topography un-
der different process parameters. In this figure, the grinding
wheel speed increases from 20 to 140 m/s at different maxi-
mum chip thicknesses of 0.52 um and 1.04 um. From Fig. 5
(nos. 1, 2, and 3), it could be found that when the DOP in-
creases from 62% at 20 m/s to 65% at 80 m/s and 74% at 140
m/s, the ground surface fracture cracks diminish and more
ductile plastic stripes were produced, which means that the
increase of wheel speed helps improve the DOP and reduce
the surface cracks with more ductile-removed surface. While
for the corresponding surface roughness in Fig. 6 (nos. 1, 2,
and 3), the surface roughness drops down from 0.457 um at
20 m/s to 0.187 wm at 140 m/s with a smoother surface. When

Table 1 Experimental conditions
Title

Specification

Wheel

Grinding mode

Wheel speed

Workpiece speed

Depth of cut

Cooling

Wheel spindle balancing
Workpiece material

Vitrified Diamond Wheel D91 V+ 2046 J1SC-23 C150 E
Upgrinding

20-140 m/s

50-1000 mm/s

2-20 pm

Water-based emulsion 5% (10 L/min)

SBS Model SB-4500 below 0.02 pm

SiC
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Fig. 4 The workpiece design for (a)
SEM tests

Grinding Surface

1

the 4, keeps constant at 1.04 um (Fig. 5 (nos. 4, 5, and 6)), the
DOP also increases from 48 to 68% with the increase of wheel
speed from 20 to 140 m/s, accompanied by surface roughness
(Ra) dropping down from 0.571 to 0.255 pm in Fig. 6 (nos. 4,
5, and 6). In Figs. 5 and 6, it could also be found that the
variation of the maximum chip thickness (%,,) could affect
the ground surface topography and surface roughness.

Figure 7 shows the effect of wheel speed (V;), depth of cut
(a.), and workpiece speed (V,,) on the DOP. It could be found
that the DOP increases with the increase of wheel speed (V),
while decreasing with the increase of depth of cut (a.) and
workpiece speed (V,,). This could be explained by Eq. (11),
which has a negative correlation with the critical chip thick-
ness (A.,) in Eq. (10). In Fig. 8, the effect of wheel speed (Vy),
depth of cut (a.), and workpiece speed (V,,) on the surface
roughness is depicted, which reflects a reverse trend with the
DOP. It could be further proved that the increase of DOP could
decrease the surface roughness value with more ductile
removal.

In Fig. 9, the effect of /,, on the DOP has been given with
SEM figures and surface roughness at a constant wheel speed
of 140 m/s. From Fig. 9 (nos. 1, 2, 3), it can be seen that the
DOP increases from 37% at 4, of 1.8 um to 91% of 0.31 um
and finally 96% of 0.16 um, which shows that the reduction of
h,, helps substantially improve the surface ductile grinding
percentage and more grits remove the material at a ductile
mode. Likewise, the surface roughness in Fig. 9 (nos. 4, 5,
6) decreases from 0.615 to 0.165 wm and 0.155 pum. This
could be well explained by Egs. (9) and (11) that the increase
of i, at a constant wheel speed could be caused by an increase
of either workpiece speed or depth of cut, which will inevita-
bly bring the increase of material removal rate (Q',,). Thus,
less fracture cracks on the ground surface will be produced
with better surface roughness at a lower /4,

From the above analysis, it can be concluded that the in-
crease of wheel speed or decrease of maximum chip thickness
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could enhance the percentage to a more ductile-oriented re-
moval mode, which will cause a better surface roughness with
fewer fracture cracks and more plastic removal stripes.

4.2 Grinding forces and specific energy

In the grinding process, the grinding force is an important
indicator to evaluate the grinding kinetics and removal mech-
anism. The typical grinding force signal was given in Fig. 10;
the right curve is the filtered signal. In order to analyze the
grinding force characteristics, a set of 30 different process
conditions are given in Table 4. In this table, test nos. 1-12
is the variation of process parameters under a constant mate-
rial removal rate or speed ratio under multiple factors’ varia-
tion, while test nos. 13-30 reflect a single wheel speed varia-
tion under different depths of cut (a,) or workpiece speed (V).

In Table 4, the specific tangential and normal forces in unit
contact length are calculated. In order to analyze the effect of
wheel speed (V;), workpiece speed (V,,), and depth of cut (a,)
on the grinding forces, the multiple linear regression equation
is described as:

F = mpVEVsia? (12)

where my is the comprehensive factor, xo, yo, and z, are the
corresponding sensitivity factors. Then through logarithmic
calculation and the regression analysis of the equations, the
empirical model could be given as:

/ 13
F, =236V.yo0? (13)

e

{F; = 2,760,016, 4016

From the empirical model (Eq. 13), it could be found that
both the tangential and normal forces decrease with the in-
crease of the wheel speed and the tangential force decreases
slower than the tangential force. However, the increase of
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Table 2 Mechanical properties

for SiC Density, psic Hardness, H, Fracture toughness, K¢ Elastic modulus, E,, Poisson rate, fig;c
(g/em’) (GPa) (MPa m'?) (GPa) @)
3.05 23 3.0 350 0.16

workpiece speed and depth of cut has a direct ratio with the ,

grinding forces. From the sensitivity factors, the normal force 0, =aeVy (15)

has a close effect with the workpiece speed and depth of cut.
While for the tangential force, it is more affected by the depth
of cut than workpiece speed.

The specific grinding energy is the consumed energy for
unit removal material volume, which is used to indicate the
consumed energy and the related removal mode. For brittle
materials, the material removal coexists with ductile and brit-
tle modes, which is highly related with the specific grinding
energy. The ductile plastic deformation energy is always the
dominant grinding energy, which could indicate the change of
material removal mode. The specific grinding energy could be
calculated as [26]:

. FyVs _ FVs
Q,w ae'VW

(14)

where Q',, is the material removal rate (mm’/(mm s)); it is
generally given as:

Figure 11 reflects the variation of specific energy under
different process parameters. It can be found from Fig. 9a that
when the material removal rate (Q',) is kept constant, the
increase of wheel speed (V) causes an increase of specific
energy. From Egs. (13) and (14), although the increase of
wheel speed could reduce the specific tangential force F,
the increase of wheel speed is much higher than the decrease
of /. Moreover, from section 4.1, the increase of wheel speed
could help increase the ductile-oriented grinding, which will
enhance the plastic deformation energy and thus increase the
specific grinding energy E.

Figure 11b, ¢, and d show the increases of workpiece speed
(V,,), depth of cut (a.), and maximum chip thickness (%,,,) will
lead to a reduction of specific grinding energy at a constant
wheel speed of 140 m/s. This could be well understood from
Eq. (14) that the material removal rate (Q',,) substantially in-
creases with the increase of workpiece speed (V,,) and depth

Table 3 Process parameters for high-speed ductile-oriented percentage (DOP)
No. Wheel speed, Workpiece speed, Depth of cut, Maximum chip Critical chip Ductile-oriented
Vs (m/s) Vi (mm/s) a, (um) thickness, 4, (Lm) thickness, A, (Lm) percentage (DOP)
0a (%)
1 20 25 3 0.52 0.04 62
2 80 100 3 0.52 0.16 65
3 140 100 9.2 0.52 0.24 74
4 20 75 52 1.04 0.007 48
5 80 300 52 1.04 0.09 54
6 140 300 15.9 1.04 0.15 68
7 140 16 3 0.16 0.47 96
8 140 100 1 0.31 0.32 91
9 140 900 15.9 1.8 0.09 37
10 20 100 8 1.34 0.18 25
11 60 100 8 1.05 0.39 32
12 100 100 8 0.82 0.55 71
13 140 100 8 0.69 0.68 89
14 100 100 5 0.73 0.58 81
15 100 100 12 0.90 0.53 61
16 100 100 16 0.97 0.52 54
17 100 160 0.92 0.53 6
18 100 240 1.12 0.48 40
19 100 300 1.25 0.46 32
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DOP=62% , e \s.“ Dop:65% & : DOP=74%

-~y
- ,

Vs=20m/s,k,,=1.04um Vs=80m/s,k,,=1.04um Vs=140m/s,h,,=1.04pm
Fig. 5 SEM topography under different wheel speeds and maximum chip thicknesses

of cut (a.), while the grinding forces just slightly enhance from  the increase of 4,,. Thus, the increase of %, could cause a
Eq. (13). Moreover, the maximum chip thickness (%,,) in Eq.  higher reduction of the specific grinding energy, from 455
(9), respectively, has quadratic and quartic relations with V,,  J/mm?® at 4,, of 0.16 pum to 31 J/mm’ at 4, of 1.8 pum, com-
and a,, which could lead to a much higher Q',, elevation with ~ pared with the 0’,, increment from 0.047 to 14.3 mm>/(mms).

Ra=0.457um @ Ra=0.243pm Ra=0.187pm

Vs=20m/s,h,,=0.52um Vs=80m/s,h,,=0.52um Vs=140m/s,h,,=0.52um

Ra=0.571um © Ra=0.326pum Ra=0.255pm

Vs=20m/s,h,,=1.04pm Vs=80m/s,h,,=1.04pm Vs=140m/s,h,,=1.04pm

Fig. 6 3D surface roughness under different wheel speeds and maximum chip thicknesses
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Fig. 7 DOP variation under
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From Egs. (9) and (13) and Fig. 11, it can also be found that
the increase of workpiece speed (V,,) could better help to
reduce grinding force and facilitate the ductile removal at a
higher specific grinding energy with higher Q',, than the in-
crease of depth of cut (a,).

4.3 Grinding damage control with efficiency

Grinding damages are the key factors that affect ceramics
grinding quality and efficiency. There are generally two kinds
of damages that could be induced in the grinding process:
Surface damage (SD) is produced by lateral cracks and sub-
surface damage (SSD) by median cracks [20]. In order to
quantitatively analyze the grinding damages, the surface
and subsurface damage crack sizes are measured as Fig.
12. In Fig. 12, the surface crack size is determined by the
average size of the five largest crack sizes, while the sub-
surface size is measured by the general depth size. From
Fig. 12, it can be found that the variation of wheel speed
Vs, and maximum chip thickness (%,,) could affect the
grinding damages and /,, has a more intense impact on
the grinding damages than the wheel speed (V).

Fig. 8 Surface roughness value

.. . = &= Surface Roughness
variation under different process

<
o

150

parameters

SO
R -

Surface Roughness Value (um)

o

o
o

50 100
Wheel Speed Vs (m/s)
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By considering the grinding process, the grinding damages
are always be modeled as [27]:

C, = 0.43(sind) "/ (cotd) > (Ew /Hy)"(P/Hy)"?

o (16)
Co = 2P (Ew/Hy) ™3 (coth)*° (P/K 1)

where C; and C,, are the lateral and median crack lengths,
which could be related to SD and SSD. m and «;, are the model
coefficients. In this model, the indentation load P is highly
related to the grinding force in Eq. (13) [27, 28]. From Egs.
(9) and (13), it could be found that the effect of process pa-
rameters on grinding damages could be highly reflected on the
variation of V and #,,,.

Figure 13 shows the wheel speed effect on the grinding
forces and damages. From Fig. 13a, it could be found that
the tangential force is kept stable at a low rangeability with a
reduction of surface crack size when the wheel speed in-
creases from 20 to 140 m/s, while the material removal rate
(Q',,) increases from 0.075 to 0.525 mm’/(mms). Similar re-
sults could be found in Fig. 13b with normal force and sub-
surface crack size variations. In Fig. 13b, when the wheel
speed increases from 20 to 140 m/s, the normal force increases
10% with increase of material removal rate (Q',,) from 0.075

0.6 0.7
0.5 a=5um }
V=100m/s 0.6 -
051 V,=100mm/s Vi=100mss g
0.4 / 0.5 /}/
0.4 / /
£ 0.4 /

0.3 ¥ ’ X
0.3 ’ 0.3 ,'
0.2 ¥ P

’ 0.2
0.2
0.1 0.1

0 10 20 0 200 400

Depth of Cut a,(um) Workpiece Speed Vw (mnv/s)
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Ra=0.615um

Vs=140m/s,A,,=1.8um

Vs=140m/s,A,,=0.31um

Ra=0.165pum

Ra=0.155pm

Vs=140m/s,k,,=0.16um

Fig. 9 Surface topography and roughness under different maximum chip thicknesses

to 0.525 mm>/(mms), while the subsurface crack size drops
50%. Therefore, it could be found that the increase of wheel
speed could help reduce the grinding damages at a relative
high material removal rate and stable grinding forces.

Figure 14 is the maximum chip thickness #,, effect on
grinding forces and damages at a wheel speed of 140 m/s. In
this figure, the maximum chip thickness #4,, increases from
0.31 to 1.04 um, and the material removal rate (Q',,) increases
from 0.1 to 2.73 mm®/(mms). From Fig. 14aand b, it could be
found that the increases of maximum chip thickness (4,,)
could cause a sharp increase of grinding forces and crack size.
The value of the grinding forces and crack size at 4,, of
1.04 um is 610 times of 0.3 1 wm, compared with the increase
of about 27 times of 0',, increase. That is to say, although the

Original data

Fig. 10 Force signal and filtered curve

Grinding Foggé F[N]

increase of maximum chip thickness %,, will inevitably dete-
riorate the grinding quality and increase grinding forces, the
grinding efficiency could be improved with higher Q',,.
Therefore, under the premise of the quality requirements, a
moderate increase of maximum chip thickness #,, with a
higher grinding speed could be beneficial for a higher material
removal rate, which could be fully explained from model (16).

4.4 Process design for surface roughness and ductile
removal

In the grinding process, quality and efficiency are the main
requirements for the process design. In this section, the high-
speed grinding process for surface roughness below 0.2 um

[ [
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Table 4 Process parameters for
grinding force analysis

and ductility-oriented grinding for more than 50% DOP are
designed for a better surface finish and efficiency in the semi-

Fig. 11 The variation of specific

energy under different process
parameters

@ Springer

No. Wheel speed, Workpiece speed, Depth of cut, Specific normal Specific tangential
Vs (m/s) V., (mm/s) a, (um) force, £, (N/mm) force, F', (N/mm)
1 80 400 2.5 2.67 1.07
2 80 600 1.7 2.33 0.80
3 80 800 13 222 0.60
4 80 1000 1.0 1.87 0.40
5 20 67 15.0 2.18 1.20
6 40 133 7.5 1.42 0.54
7 60 200 5.0 1.12 0.27
8 80 267 3.8 0.85 0.13
9 20 80 17.0 222 0.66
10 40 160 17.0 2.38 1.01
11 60 240 17.0 2.59 1.27
12 80 320 17.0 2.67 1.50
13 20 100 5.0 3.14 1.09
14 40 100 5.0 2.52 0.82
15 60 100 5.0 2.05 0.61
16 80 100 5.0 1.57 0.47
17 100 100 5.0 1.30 0.39
18 120 100 5.0 1.02 0.34
19 20 200 5.0 3.55 1.57
20 40 200 5.0 2.93 1.16
21 60 200 5.0 2.59 0.95
22 80 200 5.0 1.98 0.89
23 100 200 5.0 1.70 0.75
24 120 200 5.0 1.43 0.67
25 20 100 10.0 4.57 1.77
26 40 100 10.0 3.95 1.50
27 60 100 10.0 3.27 1.23
28 80 100 10.0 2.73 1.22
29 100 100 10.0 2.59 1.17
30 120 100 10.0 232 1.09
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Fig. 12 Surface/subsurface damage SEM topology for SiC at V, = 80 m/s, /,, = 0.52 um (a, d); V= 140 m/s, 4, = 0.52 um (b, e); V, = 140 m/s, h,, =
1.04 um (¢, f); x 5000 (a, b, ¢); x 500 (d, e, )

Fig. 13 Wheel speed effect on (a) (b)
s - 12 6 _ 45 100 =
grinding forces and damages = [ £
11 = 40 . =
Z L5 A — ~ - 80 O
= 10 »n Z, < 0
F n [} 35 Sa «
o 9 S “ N o ~m N - 60 Y
2 LI 4 < g 30 Tem_ @
= 8 em_.g 8 s L T
g 5 . S =25 # Normal Force 54
S # Tangential Force -3 o s : o
15} . o E 20 B Subsurface Crack Size - 20 o
e 6 ® Surface Crack Size @ 5 2
g , 2 2o 0 S
0 50 100 150 0 50 100 150 3
wn
Wheel Speed Vs [m/s] Wheel Speed Vs [m/s]
0 0.2 0.4 0.6 0 0.2 0.4 0.6
Material Removal Rate Q'w [mm?/(mms)] Material Removal Rate Q'w [mm?/(mms)]
(@) 25 ®)15 110
— -9 g e
Z 20 | = 100 90 8
. T o
B [o)
§ 15 % o 70 5)
= s L | 8 60
o A
5 10 g 8 50 8
= = =~ i =
= . o || = 40 @)
g,) 5 | ® Tangential Force | 3 § g 20 | 30 §
£ 0 ¥ Surface Crack Size 1 E 2 B Subsurface Crack Size E
wnn 172}
0 0.4 0.8 12 i s o8 L0z
Maximum Chip Thickness #,, [um] L . e ’
m Maximum Chip Thickness #,, [um]
0 1 2 3 0 1 2 3
Material Removal Rate Q'w [mm?/(mms)] Material Removal Rate Q'w [mm?/(mms)]

Fig. 14 Maximum chip thickness (%,,) effect on grinding forces and damages
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Table 5 Optimization

target Optimization target Data
Surface roughness Ra<0.2 pm
DOP Higher than 50%

Table 1. Table 5 is the optimization target for the precision
grinding of silicon carbide ceramics.

Figure 15 shows the process suggestion for a surface
roughness below Ra 0.2 um. Figure 15a and b respective-
ly give the effect of wheel speed and chip thickness on
ground surface roughness Ra and ductility-oriented re-
moval percentage DOP. For Fig. 15a at a constant maxi-
mum chip thickness (4,,), it could be found that the in-
crease of wheel speed could help reduce the surface
roughness value with a higher DOP. In the meanwhile,
the material removal rate (Q',) increases from 0.075 to
0.525 mm®/(mms). In Fig. 15b, the increase of maximum
chip thickness (4,,) shows an opposite result compared
with the wheel speed increase, leading a huge increase
of the material removal rate (Q',) from 0.1 to 2.73
mm?>/(mms).

In Fig. 15a, for the surface roughness process target under
0.2 um, the color column shows the process region of the
wheel speed higher than 137 m/s with a minimum material
removal rate (Q",) 0.55 mm?>/(mms) and 87% DOP. While for
Fig. 15b, the process region for 0.2 um surface roughness
target, it is suggested to conduct under a maximum chip thick-
ness 4, of 0.56 um with a maximum material removal rate (O
') of 1.1 mm®/(mms) and minimum 83% DOP. Under these
circumstances, the ductile grinding could be achieved with
minimum 83% DOP, which shows a dominant ductile-
oriented removal process.

Therefore, for surface roughness value under 0.2 pm,
it is suggested to conduct the grinding process at a
wheel speed (V,) higher than 137 m/s and maximum
chip thickness (4,,) below 0.56 um, which could help
achieve a material removal rate between 0.55 and 1.1
mm>/(mms) with minimum 83% DOP.

Figure 16 shows the ductility-oriented grinding process for
a DOP higher than 50%. It could be found from Fig. 16a that
when the grinding wheel speed is higher than 53 m/s, the
ductile grinding region DOP could be higher than 50% and
the surface roughness value will remain below 0.325 um with
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Fig. 16 Ductility-oriented process optimization for efficiency
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a minimum material removal rate (Q',,) 0.2 mm?>/ (mms). From
Fig. 16b, when the maximum chip thickness (%,,) is lower than
0.78 pum, the maximum material removal rate (Q',) could
reach up to 1.5 mm?*/(mms) with a maximum surface rough-
ness value of 0.44 pum.

Thus, for DOP higher than 50%, it is suggested to conduct
the grinding process at a wheel speed (V) higher than 53 m/s
and maximum chip thickness (%,,) below 0.78 pum. Under this
process condition, the material removal rate (Q',) could be
varied between 0.2 and 1.5 mm®/(mms) with a maximum
surface roughness of 0.44 pum.

5 Conclusions

In this paper, the ductile-oriented grinding mechanism and
process design are investigated to promote grinding quality
with a higher efficiency in high-speed grinding of silicon car-
bide ceramics. The Rayleigh chip thickness model and critical
chip thickness model are given to quantitatively calculate the
ductile removal proportion, which fully considers the effect of
the grinding process condition. Through the grinding experi-
ments and analysis, the following conclusions could be
drawn:

1. From the SEM analysis, it can be found that the increase
of wheel speed or decrease of maximum chip thickness
will be more helpful for higher ductile-oriented removal
with smaller surface roughness value, fewer fracture
cracks, and more plastic removal stripes.

2. From the empirical force model, the grinding forces de-
crease with the increase of the wheel speed, while the
increase of workpiece speed and depth of cut has a direct
ratio with the grinding forces. From the sensitivity factors,
the normal force has a close effect with the workpiece
speed and depth of cut. The tangential force is more af-
fected by the depth of cut than the workpiece speed.

3. Although the increase of maximum chip thickness (%,,)
will inevitably deteriorate the grinding quality and in-
crease grinding forces, moderate increase of maximum
chip thickness (4,,) at a higher grinding speed could be
beneficial for higher material removal rate (Q',,).

4. For surface roughness value under 0.2 pum, it is suggested
to conduct the grinding process at a wheel speed (V)
higher than 137 m/s and maximum chip thickness (%,,)
below 0.56 um, which could help to achieve a material
removal rate between 0.55 and to 1.1 mm®/(mms) with
minimum 83% DOP. While for DOP higher than 50%, it
is suggested to conducted the grinding process at a wheel
speed (V) higher than 53 m/s and maximum chip thick-
ness (%,,) below 0.78 um, which could achieve a material
removal rate (Q’,) between 0.2 and 1.5 mm?>/(mms) with
a maximum surface roughness of 0.44 um.
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