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In order to improve the machining accuracy of the cylindrical surface of silicon nitride ceramic spindle, the machining tech-
nology of the cylindrical surface of ceramic spindle was studied by high-speed universal cylindrical grinder in this experi-
ment. Firstly, the primary and secondary order of the influence of various factors on the surface roughness of ceramic spin-
dle is determined by orthogonal experiment, then the influence law of single grinding parameter on the surface roughness of
ceramic spindle is explored by single factor experiment, and the prediction model of the grinding surface roughness value of
ceramic spindle is calculated by numerical analysis software, and finally the optimal processing parameters of the cylindrical
surface of ceramic spindle are obtained. The experimental results show that the grinding surface roughness of silicon nitride
ceramic spindle first decreases and then increases with the increase of grinding wheel linear speed and workpiece linear
speed, and then increases with the increase of transverse feed speed and axial feed speed. The relative error between the pre-
dicted value of the prediction model and the actual measured value is less than 5%, which shows that the prediction model
has a good prediction effect and provides a theoretical basis for actual machining.

Keywords: Silicon nitride ceramic spindle, surface roughness, Roundness and cylindricity, High speed grinding, prediction
model.

Introduction which can greatly improve the working performance of
high-speed motorized spindle and make it have higher
Due to the excellent characteristics of silicon speed and greater torque, and is the best material for
nitride ceramic materials, such as high hardness, low motorized spindle [10].
density, low elastic modulus, low linear expansion In recent years, many scholars at home and abroad
coefficient, wear resistance, corrosion resistance and have conducted in-depth research and analysis on the
high temperature resistance, more and more precision surface grinding technology of hard and brittle materials
silicon nitride ceramic products have been specifically such as silicon nitride. Lu et al. [11, 12] deeply studied
applied in the fields of machinery, electronics, chemical the grinding technology of zirconia ceramic spindle,
industry, military, aerospace and bioengineering [1-3]. focusing on the surface roughness, roundness and
Its density is 41% of steel, elastic modulus is 150% of cylindricity of the spindle, thus improving the surface
steel, hardness is 200% of steel, and thermal expansion quality and shape and position accuracy of zirconia
coefficient is 25% of steel [4-6]. Silicon nitride ceramics ceramic spindle. Liu et al. [13] optimized the grinding
not only have good mechanical properties, but also have process by studying the surface cracks of engineering
good thermal conductivity, acid and alkali corrosion materials, and constructed the fracture model of
resistance and so on, and are recognized as the ceramic ceramic materials. Agarwal et al. [14] studied the
materials with the best comprehensive properties in the factors affecting the grinding surface quality through
21st century [7-9]. The application of silicon nitride the grinding experiment of silicon carbide ceramics,
ceramic spindle in high-speed motorized spindle will and carried out multi-objective optimization of ceramic
greatly improve the comprehensive performance of grinding process through genetic algorithm. Chen et al.
motorized spindle. Compared with traditional steel [15] established a theoretical model of surface formation
materials, ceramic spindle and bearing produce less in high-speed grinding of ceramic materials, analyzed
centrifugal force and heat when rotating at high speed, the influence of grinding parameters on surface quality,
and realized ultra-precision grinding of ceramic materials
*Corresponding author: by optimizing grinding process. Sun et al. [16] studied
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reduced by increasing the speed of grinding wheel or
reducing the grinding depth. Zhang et al. [17, 18] used
laser-assisted machining of Si;N, ceramics. Compared
with conventional grinding methods, the grinding force
and grinding temperature during laser-assisted machining
were significantly reduced, and the tool durability was
improved, but the roughness was less affected. Wu
et al. [19] carried out high-speed grinding of silicon
carbide ceramics, and through the method of combining
simulation and experiment, it was proposed that
selecting a larger grinding wheel speed and appropriate
chip thickness could improve the surface quality of the
workpiece and improve the grinding efficiency. Li [20]
and others put forward multi-step high-speed grinding
technology to improve the surface quality and grinding
efficiency of glass-ceramics after grinding, and obtained
the best combination of grinding process parameters
through experiments. Yan et al. [21] analyzed the
surface roughness, surface morphology and subsurface
damage of Si;Ns ceramics by internal grinding, and
established a prediction model of internal grinding of
Si;N4 ceramics. Choudhary [22] and others have greatly
improved the machining accuracy of the workpiece by
increasing the linear speed of the grinding wheel and
then reducing the chip thickness in order to control the
surface defects of advanced ceramics during high-speed
grinding. Yang et al. [23] used ultra-short pulse laser
to process ZrO, ceramics, revealed the mechanism of
ultra-short pulse laser processing of ZrO, ceramics, and
proposed that with the increase of laser energy density,
the material removal efficiency first increased and then
decreased, and the surface roughness first decreased and
then increased, which provided guidance for ultra-short
pulse laser processing of ZrO, ceramics.

At present, the main reason that restricts the wide
application of silicon nitride ceramic spindle is the high
processing cost, in which the grinding cost accounts for
more than 80% of the total processing cost. On the
other hand, due to the hard and brittle characteristics
of ceramics, it becomes a typical difficult-to-machine
material, so the research on its machining mechanism
and technology is far less extensive and in-depth than
that of metal materials [24, 25]. In order to obtain
high-efficiency and high-quality grinding technology for
the excircle of silicon nitride ceramic spindle, a large
number of grinding process experiments were carried
out by changing the process parameters such as grinding
wheel linear speed, transverse feed speed, axial feed
speed and workpiece linear speed, and the influence
law of the above process parameters on surface quality
was analyzed, which provided certain reference value
for rational selection of grinding parameters.

Experiment

The experimental equipment
MGKS1432-H CNC high-precision ultra-high-speed

diamond grinding whegl " P
i £ ! ' Coolant nozzle
[ 2l

7#

Silicon nitride Top cone

ceramic spindle

Fig. 2. Schematic diagram of grinding process.

universal cylindrical grinder is used in the experiment. In
order to improve the grinding efficiency, the longitudinal
grinding method is adopted in this experiment, and the
experimental process is shown in Fig. 1. The power of
the grinder spindle is 18 kw, the maximum speed is
7160 r/min, the machining accuracy is 1 pm, and SBS
dynamic balance instrument is built in. The clamping
mode of the silicon nitride ceramic spindle is positioned
by the top cone, and the dial drives the spindle to
rotate, and the spindle moves axially in the Y direction
during machining. The feeding mode of the equipment
and the movement relationship between the workpiece
and the grinding wheel are shown in Fig. 2.

The experimental materials

In this experiment, SizN4; ceramic spindle blank is
selected as grinding specimen, and its main material
properties are shown in Table 1. Fig. 3 shows the
machining requirements of the silicon nitride ceramic
spindle designed by the laboratory, and its dimensional
accuracy is shown in the figure. Because the ceramic
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Table 1. Main parameters of silicon nitride ceramic samples.
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Fig. 3. Processing requirements of silicon nitride ceramic spindle.

bonded diamond grinding wheel has high strength and
wear resistance, and it is not easy to heat up and block
during grinding, the ceramic bonded diamond grinding
wheel is used to grind the silicon nitride ceramic spindle
in this experiment. The ceramic bond diamond grinding
wheel selected in the experiment is formed by pressing
and sintering diamond and ceramic bond. The smaller
the grain size of the grinding wheel, the lower its
grinding ability. In this experiment, the machining
allowance of Si;Ns ceramic spindle blank should be
removed, so it is not suitable to use a smaller grain size
grinding wheel, and then the grain size of the grinding
wheel is selected as 140/170. The basic parameters of
the ceramic bond diamond grinding wheel are shown
in Table 2.

The experimental scheme

Under the condition that the grinding wheel model
is determined, the processing parameters that affect the
grinding surface quality of the cylindrical surface of
the ceramic spindle are mainly the linear speed of the
grinding wheel, the axial feed speed, the transverse feed
speed and the linear speed of the workpiece. According
to the statistical simulation method, in order to obtain
the expected value of surface roughness, the numerical
characteristics of surface roughness value are obtained
by controlling variables, and the influence of different
machining parameters on the surface quality of Si;N,
workpiece is deeply discussed. Therefore, the variable
control and level of this experiment are shown in Table
3. As shown in Table 3, three levels of grinding wheel
linear speed, transverse feed speed, axial feed speed

Table 2. Basic parameters of ceramic bonded diamond grinding wheel.

Grinding wheel diameter

Width of grinding wheel

Diamond concentration

Granulari
[mm] [ v [%)
540 20 140/170 150
Table 3. Experimental Design Variables and Levels.
variable

Linear speed of

Transverse feed

Linear velocity

bevel grinding wheel speed Axial [fiii] speed of workpiece
[m/s] [um/min] [r/min]
90 5 100 0.3
110 10 200 0.5
130 15 300 0.7
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Fig. 4. Measuring surface roughness with Taylor Hobson roughness tester.

and workpiece linear speed are respectively subjected
to one-to-one cross experiments, and there are 9 groups
of experiments. In the experiment, the total removal
of SisNs workpiece is 50 pum, and the surface to be
machined will be ground with different machining
parameters in each experiment.

After machining, Taylor Hobson roughness tester is
used to measure the surface roughness. The measuring
method of this equipment is that the probe touches the
measured surface to obtain the signal, and the signal
is processed and analyzed by Ultra software, and its
detection accuracy can reach 0.001 pum at the highest.
As shown in Fig. 4, the movement direction of the
equipment is consistent with the axial direction of the
ceramic spindle during measurement, and the sampling
length for each measurement is 2.5 mm. In order to
increase the number of samples and reduce the random
error, seven measuring positions are selected for each
excircle, and a highest value and a lowest value are
removed, and the remaining five values are averaged.

Results and Discussion

Analysis of orthogonal experiment results
According to the variables and levels listed in Table
3, the linear speed of grinding wheel is set as variable
A, the transverse feed speed is set as variable B, the
axial feed speed is set as ¢, and the workpiece rotation
speed is set as d, and the surface roughness value Ra
is measured, and the corresponding relationship between

Table 4. Visual Analysis of Ra Range of Surface Roughness.

the variables and the roughness is obtained. According
to the experimental arrangement, the nine groups of
experiments can be regarded as orthogonal experiments
with four factors and three levels. According to the
results of orthogonal experiment, the Range intuitive
analysis table of surface roughness value Ra is
established, as shown in Table 4.

As can be seen from Table 4, with the increase
of grinding wheel linear speed and workpiece linear
speed, the surface roughness first decreases and then
increases. With the increase of transverse feed speed
and axial feed speed, the surface roughness shows an
upward trend. The influence degree of each factor on
the surface roughness can be compared by the magnitude
of the extreme difference in Table 4. The greater the
extreme difference, the greater the influence degree.
The experimental results show that in the experiment of
grinding the cylindrical surface of SisN,4 ceramic spindle,
the transverse feed speed has the greatest influence on
the surface roughness, followed by the grinding wheel
linear speed, followed by the axial feed speed, and the
linear speed of the workpiece has no obvious influence
on the surface roughness.

Influence of linear speed of grinding wheel on
surface quality

The essence of grinding is the accumulation of micro-
cutting action between a large number of abrasive
particles distributed on the surface of high-speed rotating
grinding wheel and the surface of workpiece. The relative

Linear speed of

Transverse feed

Axial feed speed Linear velocity

Level grinding wheel A speed B C of workpiece D
1 0.2151 0.2051 0.2092 0.2139
2 0.2071 0.2131 0.2132 0.2104
3 0.2167 0.2208 0.2166 0.2147
Range (R) 0.0096 0.0157 0.0074 0.0043
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speed between grinding wheel and workpiece is one of
the important basic parameters to correctly understand
the grinding process, especially it has an important
influence on grinding temperature and grinding surface
quality [26]. The research of Bifano et al. [27] shows
that the m aterial removal mode of grinding surface
is mainly brittle fracture or plastic removal, which is
determined by the relationship between the maximum
undeformed cutting thickness /... and the critical cutting
depth d. of ductile removal. When /,,.. < d., the silicon
nitride ceramics are mainly removed by plastic, and
the grinding surface texture is relatively smooth, which
realizes the ductile domain grinding of silicon nitride
ceramics; When /,,,. > d., brittle fracture is the main way
to remove grinding surface materials, and the surface
quality is relatively poor. Therefore, in the process of
exploring the influence of grinding wheel linear speed
on the surface roughness of silicon nitride ceramics,
the maximum undeformed cutting thickness /.., and
d. are introduced, and their expressions are as follows:

3 1/2 1/2 a 1/4
e =| ——— | |2 |2 ()
N, tan@ v, d,

E(K,Y
d =p=| 2
cﬂH(Hj

Formula: A, is the effective number of abrasive particles
that the grinding wheel surface participates in grinding;
0 is the wrap angle of abrasive particles, usually 6 =
60; V, is the linear velocity of the workpiece; V is
the linear speed of grinding wheel; d; is the grinding
wheel diameter; g, is grinding depth, a,=v/n,, where
v is feed speed and n, is workpiece rotation speed; S
is the processing condition coefficient, and grinding f =
0.15; E is the elastic modulus of the material; H is the
hardness of the material;, K¢ is the fracture toughness
of the material.

In the single factor experiment of grinding wheel
linear speed, the transverse feed speed is 10 pm/min,
the axial feed speed is 200 mm/min, and the workpiece
linear speed is 0.5 m/s. The variation trend of roughness
Ra with the increase of grinding wheel linear speed
is shown in Fig. 5. As can be seen from Fig. 5, Ra
decreases with the increase of grinding wheel linear
speed, and the roughness value Ra reaches the minimum
when the grinding wheel linear speed is 110 m/s.
However, with the continuous increase of the linear
speed of the grinding wheel, the roughness value Ra
shows a gradual increase trend, and the increase is more
and more obvious.

According to formula (1), with the increase of grinding
wheel linear velocity v, the maximum undeformed
cutting thickness /... of Si;Ns material decreases, the
grinding force of a single diamond particle decreases,

)
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Fig. 5. Influence of linear speed of grinding wheel on surface
roughness.

the specific grinding energy increases, and the proportion
of plastic removal in silicon nitride grinding increases,
so the surface roughness Ra of silicon nitride ceramic
spindle decreases with the increase of grinding wheel
linear velocity [28]. However, when the linear speed of
the grinding wheel exceeds 110 m/s, the rotating speed
of the machine tool spindle approaches its vibration
frequency, which leads to the increase of the vibration
of the grinding wheel, the deepening of the scratches on
the surface of the ceramic spindle and the decline of the
surface quality. On the other hand, the abrasive dust will
increase in the process of high-speed grinding, which
will block the grains of diamond grinding wheel and
passivate the grains, resulting in poor surface quality.
It can be seen that better surface quality of workpiece
can be obtained by properly increasing the linear speed
of grinding wheel.

After machining, the surface morphology of silicon
nitride ceramic spindle was observed by VHX-1000
three-dimensional microscope with super depth of field.
The equipment can observe the surface morphology at
100 times to 1000 times, and its highest resolution
reaches 54 million pixels. It can be observed from Fig.
6 that the machined surface of the ceramic spindle is
striped. When the linear speed of the grinding wheel is
90 m/s, 110 m/s and 130 m/s, the depth-of-field diagram
of the main shaft surface of silicon nitride ceramics is
shown in Fig. 7. It can be observed in Fig. 7(a) that
when the linear speed of the grinding wheel is 90 m/s,
the wear marks on the surface of silicon nitride ceramics
are shallow. Comparing Fig. 7(b) with Fig. 7(a), it can
be seen that when the linear speed of grinding wheel
is increased from 90 m/s to 110 m/s, the scratches
on the surface of ceramic spindle are reduced and the
surface becomes smooth. However, with the increase of
the linear speed of the grinding wheel, the proportion
of plastic removal gradually decreases, and the brittle
fracture area of silicon nitride ceramics increases, which



1030 Songhua Li, Chuang Li, Minghe Liu, Yonghua Wang, Chuang Zuo, Hao Zhang and Yifeng Gao

Shallow scratch J8S

(a) Linear speed of grinding wheel
v,=90m/s

Fig. 7. Depth-of-field map at different lateral feed speeds.

leads to the deterioration of the surface quality of the
ceramic spindle and the deep scratches on the surface
of the ceramic spindle, as shown in Fig. 7(c).

Influence of transverse feed speed on surface quality

In the precision grinding technology, there are countless
factors affecting the surface roughness Ra of the
workpiece. Abrasive properties, grinding wheel models,
grinding parameters, cooling conditions and surface
material removal methods all have certain influences

Grinding fluid

Fig. 8. Geometric contact arc length model.

(b) Linear speed of grinding wheel
v=110m/s

100 00y

(c¢) Linear speed of grinding wheel
v=130m/s

on the surface roughness Ra of the workpiece. As
shown in Fig. 8, the grinding wheel and the workpiece
are assumed to be two absolute rigid bodies in this
model, that is, the influence of the elastic deformation
of the workpiece or the grinding wheel on the contact
arc length is ignored, and then the expression of the
geometric contact arc length g between the grinding
wheel and the workpiece is derived by geometric
method, namely:

lg =1/ap-ds 3)

Formula: g, is grinding depth; d; is the grinding wheel
diameter.

In the single factor experiment of transverse feed
speed, the linear speed of grinding wheel is 110 m/s,
the axial feed speed is 200 mm/min, and the linear
speed of workpiece is 0.5 m/s. The variation trend of
surface roughness Ra with the increase of transverse
feed speed is shown in Fig. 9. As can be seen from
Fig. 9, the surface roughness Ra shows an upward trend
with the increase of the transverse feed speed.

According to Formula (3), with the increase of the
transverse feed speed v,, the contact arc length between
the grinding wheel and the workpiece increases in unit
time, and the grinding contact area increases, which
makes it difficult to discharge the abrasive chips in
time, which makes the grinding and the surface of the
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Fig. 9. Effect of transverse feed speed on surface roughness.

ceramic spindle of the workpiece scratch each other, thus
causing the surface quality of the ceramic spindle to
deteriorate; With the increase of transverse feed speed,
the maximum undeformed chip thickness of abrasive
particle removal increases, and the proportion of brittle
removal of silicon nitride ceramics increases, which
increases the surface roughness of ceramic spindle [29].

Influence of axial feed on surface quality

When grinding the surface of ceramic materials,
there are many factors that affect its surface quality,
such as different grinding methods, different types,
particle sizes and concentrations of grinding wheels,
different types and flow rates of grinding fluids, and
different grinding process parameters selected during
grinding. The changes of these factors will change the
temperature of ceramic materials during grinding, thus
affecting the surface quality of ceramic materials after
grinding. Therefore, in the process of exploring the
influence of axial feed speed on the surface roughness
of silicon nitride ceramics, Rowe temperature rise model
[30] is introduced, and the expression of its maximum
temperature rise A7 is:

c /l
—g .. = 4
AT =gq, 5\ “4)

Formula: ¢, is the heat flowing into the workpiece; c is
the heat transfer coefficient, and most shallow grinding
takes ¢ = 1; f, is the thermal contact coefficient of
ceramic materials; /, is the grinding contact arc length.

In the single-factor experiment of axial feed speed,
the linear speed of grinding wheel is 110 m/s, the
transverse feed speed is 10 pum/min, and the linear
speed of workpiece is 0.5 m/s. The variation trend of
roughness Ra with the increase of axial feed speed is
shown in Fig. 10. As can be seen from Fig. 10, with
the increase of axial feed speed, the surface roughness
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Fig. 10. Effect of axial feed speed on surface roughness.

Ra gradually increases, especially in the low feed speed
range, the surface roughness changes obviously.

According to formula (4), as the axial feed speed v,
increases, the contact arc length between the grinding
wheel and the grinding area of the ceramic spindle
increases, thus increasing the maximum temperature rise
AT on the surface of the ceramic spindle. However,
excessive temperature will deteriorate the surface quality
of the silicon nitride ceramic spindle, accompanied
by surface cracks, resulting in an increase in surface
roughness Ra [31].

Influence of linear velocity of workpiece on surface
quality

Because the fracture strength of ceramic materials
is influenced by grinding parameters, grinding force,
grinding surface texture and residual stress, the variation
law of ceramic materials in grinding process is
complicated. When discussing the influence of linear
velocity of workpiece on the surface quality of silicon
nitride ceramic spindle, a single abrasive particle is
introduced to remove the volume of material. Assuming
that the abrasive head is conical, the chip shape can
be approximately regarded as a quadrangular pyramid,
and the cutting depth of a single abrasive particle is 4,
then the maximum chip cross-sectional area is /#*tand),
and the volume expression of the material removed by
a single abrasive particle is:

V:CF%(Hh

\%

1

J-(apds)é -h*- tan@ 5)
Formula: Cr is the compensation coefficient of cutting
path; d; is the grinding wheel diameter; 6 is the top half
angle of the effective abrasive cone; / is the cutting
depth of a single abrasive particle; v, is the workpiece
feed speed; v, is the grinding wheel linear speed; a, is
the grinding depth.
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Fig. 11. Influence of linear velocity of workpiece on surface
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In the single factor experiment of workpiece linear
speed, the variation trend of surface roughness Ra with
the increase of workpiece linear speed is shown in Fig.
11, when the grinding wheel linear speed is 110 m/s,
the transverse feed speed is 10 pm/min and the axial
feed speed is 200 mm/min. As can be seen from Fig.
11, Ra decreases with the increase of the linear speed
of the workpiece, and the roughness value Ra reaches
the minimum when the linear speed of the workpiece
is 0.5 m/s. However, with the continuous increase of
the linear speed of the workpiece, the roughness value
Ra shows a gradual increase trend, and the increase is
more obvious.

This is because when the linear velocity v, of the
workpiece is small, the tangential grinding force of
the grinding wheel is small, the friction heat between
the grinding wheel and the workpiece is less, and
the temperature in the grinding zone is lower. With
the increase of workpiece feed speed and tangential
grinding force, the temperature rise increases, the
proportion of plastic removal increases and the surface

- ——
host machine = operating
j & system

4 Sample table
Vacuum

chamber

controller

roughness decreases. However, when the linear speed
of the workpiece exceeds 0.5 m/s, it can be seen from
Formula (5) that too high linear speed of the workpiece
will lead to the increase of the volume of the material
removed by a single abrasive particle, which will lead
to the increase of the tangential grinding force of the
grinding wheel, and the greater grinding force will lead
to cracks on the surface of the ceramic spindle, which
will lead to the deterioration of the surface quality of
the ceramic spindle [32]. It can be seen that better
surface quality can be obtained by properly increasing
the linear speed of the workpiece.

After the machining, Hitachi S-4800 scanning electron
microscope was used to observe the surface morphology
of the cylindrical surface of the main shaft of silicon
nitride ceramics. The equipment can observe the surface
morphology of the workpiece between 20 times and
800,000 times. Because of the insulating properties of
silicon nitride ceramics, it is necessary to spray gold
on silicon nitride ceramics in advance. As can be seen
from Fig. 12, the surface after machining will have
bumps and gullies as shown in the figure. When the
linear velocity of the workpiece is 0.3, 0.5 and 0.7 m/s,
the scanning electron microscope image of the spindle
surface of silicon nitride ceramics is shown in Fig. 13.
From Fig. 13, it can be seen that in the process of
removing silicon nitride ceramics, plastic bumps, gullies
and brittle fractures will appear on the machined surface,
and the surface quality will be better when the plastic
removal ratio is large. When the linear velocity of the
workpiece is 0.3 m/s, there are more brittle fractures
and less plastic bulges on the surface of silicon nitride
ceramics, as shown in Fig. 13(a). When the linear speed
of the workpiece increases to 0.5 m/s, the proportion
of plastic removal increases gradually, and the plastic
raised area of silicon nitride ceramics increases, which
leads to the improvement of the surface quality of the
ceramic spindle, as shown in Fig. 13(b); Continuing to
increase the linear speed of the workpiece to 0.7 m/s
leads to an obvious increase in brittle fracture and a

4 3 L
] o W
54800 10.0kV 15.0mm x2.50k SE(M) <, 4 atom  2008m

Fig. 12. The surface morphology was observed by Hitachi S-4800 scanning electron microscope.
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(a) Linear velocity of workpiece v,=0.3m/s (b) Linear velocity of workpiece v,=0.5m/s (c) Linear velocity of workpiece v,=0.Tm/s

Fig. 13. Scanning electron microscope images of different workpiece linear velocities.

deterioration in the surface quality of the workpiece,
as shown in Fig. 13(c).

Experimental results and analysis of roundness and
cylindricity

The design goal of high-speed precision motorized
spindle requires high rigidity, high precision, good
vibration resistance and high reliability of ceramic
spindle. Judging from the precision manufacturing of the
whole high-speed all-ceramic motorized spindle, there
are not only requirements for the accuracy of surface
quality, but also higher requirements for roundness
and cylindricity. Accurately detecting the accuracy of
these shapes and positions and meeting the accuracy
requirements of ceramic spindles will greatly improve
the working performance and service life of the whole
high-speed motorized spindle [33, 34].

Three-dimensional

scanning probe
ey ¢

Silicon nitride
ceramic spindle

The roundness and cylindricity of the cylindrical
surface of the ceramic spindle are detected by the
MICRO PLUS three-coordinate measuring instrument,
and the detection accuracy is less than 1 um. The
performance parameters of the MICRO PLUS three-
coordinate measuring instrument are shown in Table 5, as
shown in Fig. 14, which shows the method of detecting
the shape and position accuracy of the cylindrical surface
of the ceramic spindle by the MICRO PLUS three-
coordinate measuring instrument, and calculating the
distance and position tolerance between points, lines
and surfaces with QUINDOS measuring software. The
probe system is a three-dimensional scanning probe of
LSP-X5, and the detection rate is 40 points per minute.

The measuring instrument adopts a closed frame
design, a fixed gantry design machine, a movable
workbench made of granite, and an integral dovetail

Fig. 14. Measuring the external circular position accuracy of ceramic spindle with MICRO PLUS three-coordinate measuring instrument.

Table 5. Performance parameters of MICRO PLUS three-coordinate measuring instrument.

Type E P

MF MS ML

MICRO PLUS 0.4+/1000 0.5

1.4/68S 2.8 0.4 1.7
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Table 6. Test results of roundness and cylindricity of different sections of ceramic spindle.

Section number 1 2 3 4 5
Roundness error/um 1.432 1.625 1.486 1.465 1.676
Cylindricity error/pm 1.853 2.035 2.268 1.823 2.284

guide rail design for the base. Pre-loaded air bearing
is added between the workbench and the guide rail,
equipped with ceramic Z-axis precision guidance
system. This structure can effectively ensure the overall
rigidity, stability and accuracy of the machine. The
measuring system is insensitive to the change of ambient
temperature. The motion of each axis is relatively
independent, which ensures the motion accuracy of the
coordinate axis. Even in the case of using an ultra-long
rod, the deflection and bending of any probe can be
automatically compensated.

Through orthogonal and single factor experiments, it
can be concluded that the surface quality of ceramic
spindle is better when the linear speed of grinding wheel
is 110 m/s, the transverse feed speed is 5 pm/min, the
axial feed speed is 100 mm/min, and the linear speed
of workpiece is 0.5 m/s. Therefore, the above grinding
parameters are used to grind the ceramic spindle, and
the roundness and cylindricity of different sections of
the ceramic spindle are detected after machining. Based
on the test results in Table 6 and the analysis of the
measured data of roundness and cylindricity errors, it is
found that the roundness error can be controlled within
1.7 um and the cylindricity error can be controlled within
2.3 um. Within this error range, the design requirements
of silicon nitride ceramic spindle can be fully met, and
the roundness and cylindricity accuracy are high, which
can meet the requirements of high-speed stability and
dynamic balance performance of all-ceramic electric
spindle. This result also shows the feasibility of this
processing technology.

Optimization of Grinding Process for
Ceramic Spindle Excircle

Selection of optimal machining parameters

In this experiment, a high-precision ultra-high-speed
universal cylindrical grinder is used for grinding
experiments, and the main optimization parameters are
surface roughness value Ra, roundness and cylindricity.
The goal of this experiment is to obtain as high surface
quality and form and position accuracy as possible in a
short processing time, so the best grinding parameters
are selected as follows: grinding wheel linear speed 105-
115 m/s, transverse feed speed 5-7 pwm/min, axial feed
speed 100-120 mm/min and workpiece linear speed 0.4-
0.6 m/s. Under the processing parameters, the surface
quality is good and the processing efficiency is high.
It can reduce the processing time and save the cost
when used in production.

Build a prediction model of surface roughness

The research shows that there is a complex exponential
relationship between various factors affecting surface
roughness and surface roughness. Considering the
grinding conditions in this paper, a simplified roughness
expression is proposed:

Ra=CViVEvpyk ©)

Formula: C is the comprehensive influence coefficient
related to grinding wheel, grinding temperature, grinding
conditions and other factors; ki, k>, k; and k; are the
undetermined indexes of each grinding parameter.

Because the formula is a nonlinear expression, in
order to simplify the calculation, the logarithm of both
ends of the above expression is converted into a linear
expression, that is /nRa = InC + kinV,+ klnV.+ kinV;
+ kynV,,, remember to y = ko + kix) + kox, + ksxs, that
18 ko= InC, x,= InV;, x,= InV,, x3= IV, x4= InV,. In
order to calculate ko, ki, k2, ks, ks. The following linear
regression matrix equations can be established by using
the experimental data in orthogonal and single factor
experiments:

Y=XK+¢ (7
N 1 X X X3 Xy
Formula, Y = JTZ , X = 1 X1 x‘22 Xy3 Xy
y9 _1 xgl x92 x93 x94
(k0] _
gl
k1
82 .
K=|k2| e=|. g is error
k3
&
_k4_ 79

Calculate by using the principle of least square method
ko, ki, k», ks, Then the least squares estimator of K is
K=(X"X)'X"Y, Using numerical analysis software for
calculation, figure out: k=0.1466, k,=0.0149, k,=0.0654,
k5=0.0306, k,=0.0010.

After calculation, the simplified roughness prediction
model can be obtained as follows:

Ra = O.14661/30'0149I/IZ;O'O6S4I/_;)‘O306VWO'OOIO (8)

In order to verify whether the roughness expression
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Table 7. Comparison between predicted values and actual measured values.

Linear speed of Transverse Axial feed Linear velocity Measured Predicted Relative
Number  grinding wheel feed speed speed of workpiece value value error
[ms"] [um-min"'] [mm-min"'] [ms] [um] (um] [7]
1 90 5 100 0.3 0.2043 0.2003 -1.97%
2 90 10 200 0.5 0.2128 0.2142 0.64%
3 90 15 300 0.7 0.2282 0.2227 -2.39%
4 110 5 200 0.7 0.2011 0.2054 2.12%
5 110 10 300 0.3 0.2117 0.2174 2.68%
6 110 15 100 0.5 0.2085 0.2160 3.58%
7 130 5 300 0.5 0.2098 0.2084 -0.68%
8 130 10 100 0.7 0.2147 0.2109 -1.77%
9 130 15 200 0.3 0.2256 0.2210 -2.03%

is correct, the grinding parameters of each group of
experiments are brought into equation (8) to obtain
the corresponding predicted values. The comparison
between the measured values and the predicted values
is shown in Table 7.

By comparison, the minimum relative error between
the predicted value and the measured value is 0.64%,
and the maximum relative error is 3.58%. Therefore,
the surface roughness prediction model has a good
prediction effect on the grinding of silicon nitride ceramic
spindle, and the purpose of predicting the grinding
surface roughness is achieved. In actual production
and processing, as long as the grinding parameters
are reasonable, the grinding surface roughness can
be controlled within a certain range, which provides
some theoretical guidance for actual production and
processing.

Conclusion

Through lorthogonal and single factor experimental
research on silicon nitride ceramic spindle, the influence
of different grinding parameters on the surface quality
and shape and position accuracy of ceramic spindle is
explored, and the conclusions are as follows:

(1) In the process of grinding the excircle surface of
silicon nitride ceramic spindle, it generally decreases first
and then increases with the increase of grinding wheel
linear speed and workpiece linear speed, and increases
with the increase of transverse feed speed and axial feed
speed. The order of influence of grinding parameters
on workpiece surface roughness value Ra is transverse
feed speed > grinding wheel linear speed > axial feed
speed > workpiece linear speed.

(2) Under the current experimental conditions, the
recommended optimal parameters for grinding the
excircle surface of silicon nitride ceramic spindle are:
grinding wheel linear speed 105-115 m/s, transverse
feed speed 5-7 wm/min, axial feed speed 100-120 mm/
min, workpiece linear speed 0.4-0.6 m/s, and surface

roughness Ra can be controlled within 0.21 um.

(3) Grinding the excircle surface of silicon nitride
ceramic spindle with grinding wheel linear speed of
110 m/s, transverse feed speed of 5 um/min, axial feed
speed of 100 mm/min and workpiece linear speed of
0.5 m/s, the roundness error of the excircle surface of
the machined ceramic spindle can be controlled within
1.7 um, cylindricity error can be controlled within 2.3
um, and the accuracy of roundness and cylindricity is
high, which can fully meet the design requirements of
silicon nitride ceramic spindle within such error range.

(4) Compared with the actual measured surface
roughness Ra, the minimum relative error of the
prediction model is 0.64%, the maximum relative error is
3.58%, and the maximum relative error of the predicted
value is less than 5%, which shows that the prediction
model has a good prediction effect. Reasonable selection
of grinding parameters can predict and control the
surface roughness of the excircle of silicon nitride ceramic
spindle, which is of great significance to production
and processing.
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