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Abstract

Fluorophlogopite ceramics is widely used in the fields of acrospace and biomedicine, and the machining of deep-small hole for
fluorophlogopite ceramics is a focus in the field of precision and ultra-precision machining. In this work, the trajectory and brittle-
to-ductile transition depth of single abrasive during rotary ultrasonic grinding process were analyzed. The rotary ultrasonic
grinding and common grinding tests of deep-small holes for fluorophlogopite ceramics were performed on an ultrasonic vibration
and precision machining center. The axial grinding force was obtained by wavelet denoising, the roundness deviation was
calculated by using Canny and gray level detection methods, and the internal surface roughness was measured by using laser
scanning confocal microscopy. The experimental results indicated that compared with the common grinding, rotary ultrasonic
grinding could effectively decrease the grinding force, roundness deviation, and the value of surface roughness. In addition, the
grinding force, roundness deviation, and the value of surface roughness decreased as the spindle speed and ultrasonic power
increased, and they increased as the feed speed increased. This work was of significance for realizing the high efficiency and
precision machining of deep-small holes of the hard-brittle materials.

Keywords Fluorophlogopite ceramics - Rotary ultrasonic grinding - Deep-small hole - Roundness deviation - Internal surface
roughness

Nomenclature Kjc  Fracture toughness of workpiece

A Ultrasonic amplitude H Vickers hardness of workpiece

a Half of the length of abrasive diagonal P* Critical load of crack generation

f Ultrasonic frequency P Indentation load

n Spindle speed o Dimensionless constant which is related to abrasive

r Distance from the abrasive centroid to wheel center geometry

0, Initial phase 1) Cutting depth related to tool amplitude

Z Ultrasonic vibration along the axis direction 0 Half of the angle between the edge of the abrasive

0, Initial phase of ultrasonic vibration along the axis A,  Critical machining depth of single grain under the stat-
direction ic load

Ve Feed speed m Weight of single abrasive

Vyx Grinding speed of single abrasive in X direction Kic®  Dynamic fracture toughness

vy Grinding speed of single abrasive in Y direction Ao Dimensionless constant which is related to abrasive

v, Grinding speed of single abrasive in Z direction geometry

hyma  Brittle-to-ductile transition depth during ultrasonic
grinding

1 Introduction

< Guojun Dong
dongguojun@hit.edu.cn With the development of the cutting-edge technologies in the

fields of optics, electronics, medicine, biotechnology, aero-

! School of Mechatronics Engineering, Harbin Institute of Technology, space and so on, engineering ceramics, such as
Harbin 150001, China fluorophlogopite ceramics [1], SiC ceramics [2], and Lu203
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Fig. 1 Diagrammatic sketch of ultrasonic grinding small-deep holes

ceramics [3], have become the focus of advanced manufactur-
ing and processing due to their high strength, high hardness,
low coefficient of thermal expansion, and steady chemical
properties. However, as typical hard-brittle materials, these
materials are difficult to machine due to their high hardness
and low fracture toughness, which has become a bottleneck
problem in the popularization and application of engineering
ceramics [4—6]. Micro-machining technology is widely used
in the fields of optics, electronics, medicine, biotechnology,
aerospace, and so on [7-9]. Most of the micro-machining
methods for engineering ceramics are hole-machining which

Y (mm) -1

X (mm)

1/
T

(b) vr

Abrasive Y

20
W\, <

Fig. 3 Diagram of interaction between diamond abrasive and workpiece
under a rotary ultrasonic grinding and b common grinding

accounts for about 40% of the total processing of engineering
ceramics [10]. At present, common drilling technology is the
most widely used in the fields of micro-hole processing.
However, the deflection and poor centering of micro-bits,
poor chip removal, difficult heat dissipation, edge broken oc-
cur easily during the common drilling process of hard-brittle
materials [11]. Especially for deep-small holes with a ratio of
length to diameter above 10, common drilling technology is
difficult to satisfy the accuracy requirements [12].

In order to improve the machining efficiency and surface
integrity of hard-brittle materials, considerable non-
traditional processing methods assisted by high-energy
beam have been proposed, such as laser assistant machining
[13, 14], ion beam assistant machining [15], electron beam
assistant machining [16], and plasma assistant machining
[17]. Compared with the high-energy beam-assisted ma-
chining, rotary ultrasonic grinding for the machining of
deep-small hole has many advantages, such as no thermal
damage, low residual stress, and no deterioration layer on
the machined surface/subsurface. Moreover, the machining
processing of rotary ultrasonic grinding does not depend on
the electrical conductivity and chemical properties of the
workpiece. Compared with traditional drilling, rotary
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Fig. 2 Trajectories of single abrasive under a rotary ultrasonic grinding and b common grinding
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Fig. 4 Surface morphologies generated by a common scratching and b ultrasonic-assisted scratching

ultrasonic grinding can achieve larger length-diameter ra-
tio, reduce cutting force, and improve tool durability, ma-
chining efficiency, and surface integrity [18—20]. Wang
et al. [21] performed the rotary ultrasonic drilling experi-
ments of K9 glass and single crystal sapphire; the experi-
mental results indicated that brittle removal is the main
removal form during the machining process. A theoretical
model for predicting the size of edge chipping was devel-
oped and verified by the experimental data. The model in-
dicated that increasing the ultrasonic amplitude and spindle
speed could effectively reduce the size of edge chipping.
Wei et al. [22] carried out the rotary ultrasonic grinding

Fig. 5 Experimental device of
ultrasonic grinding small-deep
holes. a and b Experimental
device. ¢ and d Grinding wheels

experiments of engineering ceramics and proposed a new
evaluation index which could better evaluate the surface
roughness of the machined surface. The evaluation model
was verified by the rotary ultrasonic grinding experiments.
Lv et al. [23] compared the differences of surface morphol-
ogy and subsurface damage between common and rotary
ultrasonic grinding, and the experimental results demon-
strated that the values of surface roughness and subsurface
damage depth in rotary ultrasonic grinding were lower than
that in common grinding, and increasing grinding speed
and decreasing grinding depth and feed speed could im-
prove the surface quality and reduce the subsurface damage

Grinding wheel
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Table 1 Constituent components of fluorophlogopite ceramics (%) Table 3  Grinding conditions for single-factor tests

Specification SiO, MgO Al,O4 K>0 B,03 F Group no. Grinding parameters

Content 46 17 16 10 7 4 ng (rpm) V¢ (mm/min) P (%)
1~5 2000~10,000 3 0

depth. Feng et al. [24] investigated the tearing defects of 69 6000 1.8~4.2 0

C/SiC composites induced by the rotary ultrasonic machin- ~ 10~14 2000~10,000 3 100

ing, and found that compared with the common drilling,  15~18 6000 1.8~4.2 100

rotary ultrasonic drilling could reduce the tearing defect at ~ 19~22 6000 3 20~80

the hole exit more than 60%. In addition, the tearing defects
could be further reduced by increasing the spindle speed
and ultrasonic amplitude or decreasing the feed rate.

In this work, the theoretical trajectory and brittle-to-ductile
transition depth of single grain during rotary ultrasonic grind-
ing process were analyzed, and rotary ultrasonic grinding ex-
periments for deep-small holes of fluorophlogopite ceramics
were systematically performed. The roundness deviation, in-
ternal surface roughness of deep-small holes, and grinding
force of rotary ultrasonic grinding were analyzed. This work
was of great significance for the high-efficiency and precision
machining of fluorophlogopite ceramics.

2 Theoretical trajectory analysis

and brittle-to-ductile transition depth

of single abrasive during rotary ultrasonic
grinding process

The diagrammatic sketch of ultrasonic grinding small-deep
holes is shown in Fig. 1, and it can be found that the vibration
direction produced by piezoelectric ceramics was along the
axis direction.

The theoretical trajectory of single abrasive plays an im-
portant role on analyzing the grinding force and material re-
moval efficiency during the rotary ultrasonic grinding process.
As presented in Eq. (1), in addition to the circumferential
motion around the spindle and the linear feed motion along
the axis direction, the abrasives vibrate periodically along the
axis direction.

t
X = rcos(ﬂ+ 91)

e

v

Y = (— 9)

rsin 30+ 1 (1)
Z:Zl+vft

Z, = Asin(2nft + 6)

Table 2 Mechanical properties of fluorophlogopite ceramics

where 7 is the distance from the abrasive centroid to wheel
center, n is spindle speed, 6, is the initial phase, Z; is the
ultrasonic vibration along the axis direction, and 6, is the
initial phase of ultrasonic vibration along the axis direction.

When Z, is equal to 0, Eq. (1) is the trajectory equation of
common grinding. The trajectories of single abrasive under
rotary ultrasonic grinding and common grinding are presented
in Fig. 2.

As presented in Eq. (2), the grinding speeds of single abra-
sive in the three direction under rotary ultrasonic grinding can
be acquired according to Eq. (1).

nmr . /nTt
Vg = ——sm(——i— 91>

30 30
L (mrt Lo ) (2)
vy T30 P30 T
V, = V¢

To simplify the modeling, the following assumptions were
made: (a) All the abrasives are evenly distributed on the sur-
face of the grinding wheel. (b) All abrasive grains have the
same size. (¢) The frequency and amplitude are stable during
the grinding process. The mass of a single abrasive was used
to calculate the impact force on the abrasive [2, 21].

When there is no ultrasonic vibration on the grinding
wheel, the diamond abrasives on the wheel face will contact
the material surface under static load. Because the actual dia-
mond particles are irregular in shape, the diamond abrasives
are simplified as Vickers hardness indenter, as shown in Fig.
3.

The critical load of crack generation in indentation fracture
mechanics can be expressed as Eq. (3).

N Kic\’
P ZAO(FIC> Kic 3)

Specification Density Young’s modulus Poisson ratio Shear modulus Compression strength Fracture toughness Bending strength Hardness

Unit g/em®  GPa - Gpa
Value 2.52 66.9 0.29 25.5

MPa MPa-m®? MPa GPa
34.5 1.58 108 2.54
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Fig. 6 Machined workpiece cut by a cutting machine

where )\ is a dimensionless constant which is related to abra-
sive geometry, and it is 2.2 x 10? for Vickers indenter. Kic is
the fracture toughness of fluorophlogopite ceramics, and H is
Vickers hardness of fluorophlogopite ceramics.

In plastic regime, indentation load and indentation depth
can be expressed using Eq. (4).

P = ara*H (4)

where « is a dimensionless constant which is related to abra-
sive geometry, ¢ is the cutting depth which is related to the tool
amplitude, and 6 is half of the angle between the edge of the
abrasive. a is half of the length of abrasive diagonal, and it can
be calculated by Eq. (5).

a =4 x tanf (5)

As presented in Eq. (6), the critical machining depth of
single grain under the static load could be calculated accord-
ing to Egs. (3)~(5).

. A\ 7K\ ]
m = (a) (7) wand (6)

When the diamond wheel was subjected to ultrasonic vi-
bration, the abrasives on the end-face of the wheel were sub-
jected to high-frequency vibration. Due to the ultrasonic vi-
bration action, the abrasives have a certain acceleration, thus

forming impact load. When the sum of indentation load and
impact load was less than the critical load, cracks would not
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Fig. 7 Flow chart of the wavelet denoising
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Fig. 8 Dynamic signals of axial grinding force (ns = 10,000 rpm, v¢= 30
mm/min, P = 100%)

occur, and the ductile rotary ultrasonic grinding of ceramic
materials could be realized, as shown in Eq. (7).

P+ m-(~Aw*cos(wt)) <P” (7)

where m is the weight of single abrasive.

Therefore, the brittle-to-ductile transition depth during ul-
trasonic grinding can be respected by Eq. (8). When A< h:;ld,
the ductile grinding of fluorophlogopite ceramics could be

realized.

n 20\ K o n Amcoswt\ ** w ()
md =\ o H ] tand atH tand

where K' ijc is dynamic fracture toughness of fluorophlogopite

ceramics, which is determined by Eq. (9).

K = 0.6875K ¢ 9)

According to Egs. (6) and (8), the brittle-to-ductile transi-
tion depths of single abrasive under common scratching and
ultrasonic-assisted scratching (f = 25KHz, A = 7 um) were
calculated as 0.740 and 1.114 um, respectively. In addition,
common scratching and ultrasonic-assisted scratching tests
were also performed to verify the theoretical model. As shown
in Fig. 4, the brittle-to-ductile transition depths were measured
by using laser confocal microscopy (OLS3000), and the ex-
perimental results indicated that the brittle-to-ductile transition

F Reconstructed
avelet inverse signals
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Fig. 9 Influence of grinding parameters on axial grinding force. a Spindle speed vs axial grinding force. b Feed speed vs axial grinding force. ¢

Ultrasonic power vs axial grinding force

depths of single abrasive under common scratching and
ultrasonic-assisted scratching (f = 25KHz, A = 7 um) were
0.698 and 1.203 pm, respectively. The theoretical and exper-
imental results were in good agreement. Both theoretical and
experimental results demonstrated that the ultrasonic vibration
could effectively improve the brittle-to-ductile transition depth
of hard-brittle materials.

3 Experimental device and conditions

As shown in Fig. 5a, the rotary ultrasonic grinding exper-
iment of deep-small holes for fluorophlogopite ceramics
was performed on an ultrasonic vibration and precision
machining center, DMG Ultrasonic 70-5 Linear. As pre-
sented in Fig. 5b, the grinding force was measured by a
quartz three-component dynamometer, Kistler 9257B.

@ Springer

Electroplated diamond wheel (D64) was used in the grind-
ing experiment, as shown in Fig. 5 ¢ and d. The diameter
and length of the grinding wheel were 1 and 15 mm, re-
spectively. The frequency of ultrasonic machining is 30305
Hz, and the maximum output power is 300 W. High-
performance synergy coolant of Blaso was used during
the grinding process. The workpiece was fluorophlogopite
ceramics, and the workpiece size was $45mm x 12 mm.
The constituent components and mechanical properties of
fluorophlogopite ceramics are shown in Tables 1 and 2,
respectively. The diameter and depth of small-depth holes
were 1.2 mm and 7 mm, respectively. The ratio of depth to
diameter is approximately 5.83.

The single-factor test was designed to research the influ-
ences of grinding parameters on axial grinding force, round-
ness deviation, and internal surface roughness, as shown in
Table 3.
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Fig. 10 a Edge profile of
common grinding using Canny
detection method. b Edge profile
of rotary ultrasonic grinding using
Canny detection method. ¢ Edge
profile of common grinding using
detection method of gray level. d
Edge profile of rotary ultrasonic
grinding using detection method
of gray level

After the grinding experiments of fluorophlogopite ce-
ramics, the workpiece was cleaned by absolute ethyl alcohol.
The roundness deviation and internal surface roughness were
measured by a laser confocal microscope (OLS3000). In order
to measure the internal surface roughness, the machined work-
piece was cross sectioned by a cutting machine, as shown in
Fig. 6.

4 Results and discussions

4.1 Influence of grinding parameters on axial
grinding force

Because the noise produced by the machine tool can affect the
detection and processing of the data of grinding force, the data
acquired by the dynamometer should be processed by wavelet
denoising. The flow chart of the wavelet denoising is present-
ed in Fig. 7.

Because the grinding forces in X-axis direction and Y-
axis direction were very small in the grinding process of
deep holes, the grinding force in Z-axis direction was
studied in this work. The Savitzky-Golay method of
wavelet denoising was chosen in this work. The filtering
window is 200. Because the grinding force increases
with the increase of grinding depth, the maximum grind-
ing force was chosen as the object. After noise reduction

and reconstruction processes, the average value of the
maximum grinding force was measured as about
7.925 N and the standard deviation was measured as
about 0.442 N, as shown in Fig. 8.

The influences of grinding parameters on grinding
force during rotary ultrasonic grinding and common
grinding deep-small holes of fluorophlogopite ceramics
are presented in Fig. 9. It can be found that under the
same grinding parameters, the axial grinding force pro-
duced by common grinding was much greater than that
produced by rotary ultrasonic grinding. This occurred
because the rotary ultrasonic vibration of abrasives was
beneficial to reduce the friction between the diamond
tool and workpiece. In addition, the grinding chips under
ultrasonic vibration were more conducive to be removed
by the grinding coolant. Therefore, the grinding heat
during ultrasonic vibration grinding was effectively re-
duced, which resulted in the decrease of grinding force.
With the increase of spindle speed and ultrasonic power,
the axial grinding force decreased, while it increased as
the feed speed increased. This occurred because increas-
ing the spindle speed could effectively reduce the maxi-
mum undeformed chip thickness, which resulted in the
decrease of axial grinding force. The increase of feed
speed increased the material removal rate and the maxi-
mum cutting depth of diamond abrasives, which resulted
in the increase of axial grinding force. Although
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Fig. 11 Influence of grinding parameters on roundness deviation of deep-small holes. a Spindle speed vs roundness deviation. b Feed speed roundness

deviation. ¢ Ultrasonic power roundness deviation

increasing the feed speed could improve the machining
efficiency, it could deteriorate the surface quality of the
deep-small holes and shorten the service life of grinding
wheels. In addition, it was difficult to machine the deep-
small holes at a high feed speed under the common
grinding because the grinding wheel was easily broken
under the common grinding. Therefore, when the feed
was high, rotary ultrasonic grinding can ensure the ma-
chining efficiency, effectively reduce the axial grinding
force and improve the service life of grinding wheels.
When the ultrasonic power increased, the effective con-
tact time between the abrasives and workpiece decreased.
As the ultrasonic frequency of the machine tool was
constant, increasing the ultrasonic power could increase
the corresponding ultrasonic amplitude and decrease the
axial grinding force.

@ Springer

4.2 Influence of grinding parameters on roundness
deviation of deep-small hole

Roundness deviation is one of the important indicators to
evaluate the processing quality of deep-small holes. In this
work, the roundness deviation was measured by using digital
image processing technology. Firstly, the ground hole was
observed by using a laser confocal microscope, and the im-
ages of hole morphology were directed out. Then, the images
were processed by median filter with the software of
MATLAB, which could separate the workpiece and get the
corresponding binary graph. Finding the edge profile of the
holes by Canny detection method can obviously improve the
progress of edge detection, effectively reduce the impact of
the noise, and achieve a high-precision boundary detection.
For this method, the strong and weak boundaries were
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distinguished by setting two thresholds. If the two kinds of
boundaries were connected, the weak boundaries would be
output, as shown in Fig. 10a and b. Then scan the image center
upward to left, upward to right, downward to left, and down-
ward to right row by row to find the edge points, and extract
the edges of deep holes by this method, as shown in Fig. 10c
and d. Finally, the roundness deviation was calculated by
MATLAB. From Fig. 10, it could be found that the edge
profile machined by rotary ultrasonic grinding was better than
that machined by common grinding.

The relationship between grinding parameters with round-
ness deviation of deep-small holes is presented in Fig. 11,
which indicates that the roundness deviation of deep-small
holes decreased as the spindle speed and ultrasonic power
increased, and increased as the feed speed increased both in
common grinding and rotary ultrasonic grinding process. This

occurred because a higher grinding speed and ultrasonic pow-
er could lead to the decreasing of the grinding force, which
effectively decreased the stress of the hole edge and the round-
ness deviation. Because a higher feed speed resulted in a larger
grinding force, which lead to a large-area edge broken during
the machining process of ceramic materials, therefore, the
roundness deviation increased as the feed speed increased.

4.3 Influence of grinding parameters on internal
surface roughness

The influence of grinding parameters on internal surface
roughness and the surface morphologies under different grind-
ing parameters are presented in Figs. 12 and 13, respectively.
It can be found that rotary ultrasonic grinding could effective-
ly decrease the value of internal surface roughness compared
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with the common grinding. In addition, increasing the spindle
speed and ultrasonic power could decrease the value of inter-
nal surface roughness, while increasing the feed speed could
increase the value of internal surface roughness. This occurred
because the ultrasonic vibration effectively removed the
ladder-shaped striations caused by the spiral trajectory of the
grinding wheel, which could decrease the value of the internal
surface roughness, as shown in Fig. 13a and b. When the feed
speed increased, the interaction between abrasives decreased
and the maximum undistorted chip thickness increased, which
resulted in more residual materials and higher roughness, as
shown in Fig. 13b and c. Increasing the spindle speed could
reduce the maximum deformed chip thickness and the residual
height of grinding trajectory, which resulted in the reduction
of the value of the surface roughness.

5 Conclusions

The rotary ultrasonic grinding and common grinding tests of
deep-small hole for fluorophlogopite ceramics were per-
formed on an ultrasonic vibration and precision machining
center, and the grinding force, roundness deviation, and the
value of surface roughness were systematically studied in this

work. The major conclusions from this study are summarized
as follows:

(1) The trajectory and brittle-to-ductile transition depth of
single abrasive during rotary ultrasonic grinding process
were analyzed. Both theoretical and experimental results
demonstrated that the ultrasonic vibration could effec-
tively improve the brittle-to-ductile transition depth of
hard-brittle materials.

(2) Compared with the common grinding, rotary ultrasonic
grinding could effectively decrease the grinding force,
roundness deviation, and the value of surface roughness,
which indicated that rotary ultrasonic grinding is an ef-
fective means to machine deep-small holes of hard-brittle
materials.

(3) The influences of the grinding parameters on the grinding
force, roundness deviation, and value of surface rough-
ness were analyzed in this work. The experimental results
indicated that the grinding force, roundness deviation, and
value of surface roughness decreased as spindle speed and
ultrasonic power increased, and they increased as feed
speed increased. Therefore, under the premise of
guaranteeing processing efficiency, increasing the spindle
speed and ultrasonic power and decreasing the feed speed

30.00

15.00

0.00
pm 0.00

128.00

102.40

Fig. 13 Surface morphologies under different grinding parameters. a n, = 6000 rpm, v¢= 30 mm/min, and P = 0. b ny = 6000 rpm, v¢= 30 mm/min, and P
=100%. ¢ ny = 6000 rpm, v¢ = 18 mm/min, and P = 100%. d ny = 10,000 rpm, v¢ = 30 mm/min, and P = 100%
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can effectively improve machining quality of the deep-
small hole of fluorophlogopite ceramics.
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