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Abstract: In the grinding process, the friction energy generated by grains and the workpiece in the
grinding zone will affect the service life of the grinding wheel. Ultrasonic-vibration-assisted grind-
ing (UVAG) can reduce the friction force and reduce the generation of friction energy during grind-
ing. In this work, the wear mechanism of grinding wheels in UVAG is discussed in detail from the
perspective of the grain grinding trajectory and tribology. The results show that UVAG has a smaller
friction force than conventional grinding (CG). Furthermore, when the initial included angles of
grains are 90° and 150°, the friction energy of a single grinding surface in UVAG is reduced by 24%
and 37% compared with that of CG, respectively. In UVAG, the grains are prone to microfractures,
and the self-sharpening ability of the grinding wheel is enhanced, which can obtain a lower grinding
force and better grinding surface quality.

Keywords: ultrasonic-vibration-assisted grinding; wear; grinding trajectories; friction energy

1. Introduction

Zirconia ceramics are widely used in aerospace, mechanical engineering, new en-
ergy, automotive, electronics and biomedical fields due to their high-temperature re-
sistance, wear resistance, high hardness, high strength and chemical stability [1-4]. How-
ever, it is fragile and difficult to machine, which requires expensive equipment for ma-
chine processing [5]. Cutting/milling, polishing and grinding are the traditional pro-
cessing methods for zirconia [6,7]. In order to solve challenges in obtaining high-accuracy
products, grinding is the main method for machining ceramic components. The grinding
process is an effective processing method that uses a diamond grinding wheel with higher
hardness that can grind zirconia materials with hard and brittle characteristics [8]. In con-
ventional grinding (CG), tools will inevitably produce high grinding forces and grinding
temperatures, resulting in wear [9].

To address the problem of CG, a variety of assisted grinding technologies came into
being, such as laser-assisted grinding, electric discharge grinding and ultrasonic-assisted
grinding [10-12]. Laser-assisted grinding is a method that uses a focused laser beam to
locally heat and soften workpiece materials. This method reduces the grinding energy
and improves the material removal rate and surface quality [13,14]. However, the thermal
damage and heat-affected zone caused by the laser will remain on the surface of the work-
piece, adding processing steps. Electric discharge grinding is a method of softening ma-
terial by high-temperature discharge, which reduces the grinding force and increases the
material removal rate [15,16]. This method is only applicable to metal-bonded grinding
wheels. Due to the conductive effect of the metal binder, the loss of the binder and the
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wear of the grinding wheel will be accelerated [17]. UVAG is a processing technology that
combines ultrasonic vibration and grinding. Ultrasonic vibration is applied to the tool,
changing its kinematics [18]. This method combines the material removal mechanism of
grinding and the characteristics of ultrasonic vibration, which reduces the grinding force,
thermal damage, friction and wear in the grinding process. In contrast, ultrasonic-assisted
grinding has more advantages. It is an advanced processing technology suitable for hard
and brittle materials. Therefore, many scholars have conducted extensive research on the
grinding wheel wear mechanism during ultrasonic-assisted grinding.

Kai Ding [19] studied the wheel wear behavior when grinding silicon carbide ceram-
ics. The results showed that grain fracture was the main wear form of UVAG, while attri-
tion wear was the main wear mode during CG. At the same time, the UVAG grinding
force was lower and more stable than CG. In other research, J.Y. Shen [20] used diamond
grinding wheels to grind alumina ceramics. The results showed that UVAG was beneficial
to the microfracture of grains, and the number of active cutting edges in UVAG is more
than that in CG, which improved the self-sharpening of grinding wheels. However, the
mechanism of grain microfracture in UVAG was not explained. Mohammad Baraheni [21]
studied the grinding force model of silicon carbide ceramics in UVAG and pointed out
that the increase in the semi-angle of the grains means grain wear, which leads to an increase
in the grinding force. Xiaofei Lei [22] carried out UVAG grain wear experiments, and the re-
sults showed that the grinding force increased with the increase in grain wear. Zhigiang Liang
[23] pointed out that the UVAG grinding wheel has a longer sharp-cutting period than the CG
grinding wheel due to the microfracture of UVAG grains in sapphire grinding experiments.
In addition, the friction effect in UVAG will affect the wear form of the grinding wheel, but
the mechanism of ultrasonic friction reduction was not discussed in detail.

At present, most studies focus on the form of UVAG grinding wheel wear, but the
relationship between wheel wear and frictional energy has not been determined, which is
significant for controlling wheel wear. The friction energy generated by the grains and the
workpiece in the grinding zone will affect the service life of the grinding wheel. To further
study the relation between the friction energy distribution and grain wear in UVAG, a
diamond grinding wheel was used to grind zirconia ceramics in CG and UVAG. The sur-
face morphology of the grinding wheel was observed by SEM (scanning electron micros-
copy) and laser confocal microscopy, as was the grain morphology before and after grind-
ing. The wear behavior of the grinding wheel that changed with processing parameters in
CG and UVAG was explored in detail, and the wear mechanism of the grinding wheel in
UVAG was analyzed from the perspective of the grinding trajectory and friction energy
distribution of the grinding surface. In addition, the influence of grinding wheel wear on
the grinding force and surface quality was analyzed.

2. Processing Principle and Experimental Device
2.1. Processing Principle

The axial ultrasonic-assisted grinding model is shown in Figure 1. The grinding
wheel with the diameter ds rotates anticlockwise around its own axis at the grinding speed
vs and ultrasonically vibrates on its own axis, while the workpiece is fed in the x-negative
direction at the feed speed vw». The motion of the grinding wheel grain is synthesized from
the following three kinds of motion: rotational motion around the axis of the grinding
wheel, horizontal movement relative to the workpiece and ultrasonic vibration along the
axial direction of the grinding wheel. Figure 1a shows that the trajectory of the grain under
CGis a straight line, and the trajectory of the grain under UVAG is a periodically varying
sinusoidal function. Setting the point of entry of the grain in grinding as the coordinate
origin and establishing the coordinate system shown in Figure 1b, the equation of the tra-
jectory of the grain can be expressed as Equation (1):
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X(t) = v, t+rsin(at)
z(t) = Asin(wt) 1)
y(t) = r(1—cos(w,t))

The velocity of the grain can be obtained from the equation of the trajectory of the
grain, as follows:

V, =V, +ro, cos(wt)
v, = Awcos(at) )
v, =ra,sin(ot)

where w is the angular frequency of ultrasonic vibration and its value is 27tf; ws is the
angular velocity of the grinding wheel; and ¢ is the movement time of the grains.
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X

Workpiece

(@) (b)
Figure 1. UVAG processing: (a) processing principle and (b) kinematics of grinding wheel.

2.2. Experimental Setup

In this experiment, an axial ultrasonic-assisted zirconia ceramic grinding experi-
mental platform was built by installing an ultrasonic tool holder (Yue Jiang ultrasonic
processing unit, UB40-C5-BT40, Tokyo, Japan) at the high-precision three-axis CNC ma-
chining center, as shown in Figure 2a. The ultrasonic tool holder was mounted on the
CNC machining center with a 6 mm diameter diamond grinding wheel fixed at the front
of the ultrasonic tool holder, and ultrasonic vibration was applied along its axial direction.
The tool vibration frequency was 50 kHz, and the amplitude was 3.3 um, which was meas-
ured using a laser Doppler vibrometer, as shown in Figure 2b,c. In addition, a six-compo-
nent piezoelectric force gauge (Kistler Instruments cutting force measurement system,
9139A, Switzerland) and a work stand were installed between the ultrasonic tool holder
and the table to fix a zirconia ceramic sample with dimensions of L20.5 x W20 x T5.6 mm
as a workpiece on the CNC machine table.
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Figure 2. Grinding experimental setup: (a) experimental platform, (b) vibration meter, (c) display,
(d) abrasive wheel, (e) three-dimensional morphology of grains, (f) surface morphology of grains.

2.3. Experimental Conditions and Process

As shown in Figure 2e,f, SEM and laser confocal microscopy were used to obtain the
surface morphology and three-dimensional morphology information of the grinding
wheel grains, which was used to study the wear characteristics of grinding wheel wear
with changes in machining parameters in CG and UVAG. For determining grain wear,
the working surfaces of the employed wheel were measured, and fifty grains were meas-
ured. The experiments were conducted using single-factor experiments to study the grain
wear, grinding force and surface quality of the workpiece after grinding with changing
machining parameters. The specific grinding processing conditions are shown in Table 1.

Table 1. Grinding parameters.

Contents Values
Grinding type Flat surface grinding
Abrasive wheel Diamond wheel (6D*6A*R0.5*38 L)
Ultrasonic frequency f 50 kHz
Ultrasonic amplitude A 3.3 um
Grinding speed vs 4000, 5000, 6000, 7000, 8000 (rpm)
Workpiece speed vw 100, 200, 300, 400, 500, 600 (mm/min)
Depth of cut A 10, 15, 20, 25, 30 (um)

3. Experimental Results
3.1. Grinding Wheel Wear
As shown in Figure 3, the wear of diamond grains was observed by tracking the

grains before and after grinding zirconia ceramics, and the wear types were microfrac-
tures, macrofractures, drop-outs and adhesion wear.
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Microfracture Macrofracture

Figure 3. Grain wear: (a) microfracture, (b) macrofracture, (¢) drop-out and (d) adhesion.

Figure 4 shows the different wear types of the grains in CG and UVAG. The grinding
direction of the grains in CG is unchanged, and only a single fracture surface is generated
along the grinding direction. Different grains will form different fracture shapes, as shown
in Figure 4a,b. In UVAG, the grinding direction of the grains changes, and the grains pro-
duce multiple fracture surfaces along the grinding direction, resulting in more cutting
edges. The fracture sizes of different grains vary, as shown in Figure 4c,d. Therefore, the
self-sharpening ability of the grains in UVAG is stronger. The reasons for the multiple
fracture surfaces of grains in UVAG will be discussed and analyzed in the following.

Figure 4. Wear of grains: (a,b) normal grinding and (c,d) ultrasonic-assisted grinding.

The worn grains in CG and UVAG were counted, as shown in Figure 5. With increas-
ing spindle speed, the drop-out and microfracture of the grains decreased in both CG and
UAG, as shown in Figure 5a. Compared with CG, the number of drop-outs in UVAG de-
creased by 54.3%, and the number of microfractures increased by 73%. With the increase
in feed speed and grinding depth, the number of drop-outs and microfractures in both
grinding methods increased. With the increase in feed speed, the number of UVAG grain
drop-outs decreased by 44% compared with CG, and the number of grain microfractures
increased by 75%, as shown in Figure 5b. With the increase in grinding depth, the number
of UVAG grain drop-outs decreased by 24.5% compared with CG, and the number of
grain microfractures increased by 55.5%, as shown in Figure 5c. Therefore, UVAG reduces
the number of grain drop-outs and improves the grain microfracture rate.
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Figure 5. Grain wear in CG and UVAG: (a) feed rate, (b) spindle speed and (c) grinding depth.

3.2. Grinding Forces

As the grinding force is a crucial factor for measuring the grinding characteristics,
Figure 6 shows the grinding forces in CG and UVAG grinding. The relationship between
the spindle speed and grinding force is shown in Figure 6a. Compared with CG, as the
spindle speed increases from 4000 rpm to 8000 rpm, the normal grinding force of UVAG
is reduced by 21%, and the tangential grinding force is reduced by 29.7%. The relationship
curve between the grinding depth and grinding force is shown in Figure 6b. Compared
with CG, when the grinding depth increases from 10 um to 30 um, the normal grinding
force of UVAG is reduced by 23.1%, and the tangential grinding force is reduced by 26.8%.
As shown in Figure 6¢, compared with CG, when the workpiece feed rate increases from
200 mm/min to 600 mm/min, the normal grinding force of UVAG is reduced by 18%, and
the tangential grinding force is reduced by 22.3%, indicating that a much greater grinding
force decrease rate can be achieved by the synergistic effect of the ultrasonic vibration and
grain motion compared with CG.
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Figure 6. Experimental results of the grinding force: (a) spindle speed, (b) feed rate and (c) grinding
depth.

3.3. Surface Quality

Figure 7 shows the work surface morphology and profile waves obtained with the
same machining parameters in CG and UVAG. As seen in Figure 7a, the CG surface ex-
hibits pits, cracks and scratch defects. In UVAG, no pits and cracks appear on the work
surface, and only scratches are observed. Meanwhile, the CG and UVAG surface topog-
raphy profile waves were extracted using software to analyze the workpiece surface char-
acteristics, as shown in Figure 7c,d. The profile wave elements contain wave peaks and
troughs, and the average height of the profile wave can be expressed as Equation (3) [24]:

]- m
h—aghi @3)

where m is the number of measurement points, and /i is the height of random measure-
ment points.

As shown in Figure 7, the average height of the UAVG profile wave is smaller. For
this reason, little plastic deformation and no crater patterns were observed during grind-
ing. Therefore, the UVAG-processed workpiece surface is smoother. Figure 8 shows that
the grinding surface Ra value decreases with increasing spindle speed and increases with
increasing feed rate and grinding depth. The wear condition of the grinding wheel is
closely related to the surface quality of the workpiece, as shown in Figure 5. The improved
fracture performance of the grains with UVAG leads to better surface quality.
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Figure 7. Surface morphology and profile wave: (a) CG surface morphology, (b) CG profile wave,
(c) UVAG surface morphology and (d) UVAG profile wave.
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Figure 8. Roughness changes with machining parameters: (a) feed rate, (b) spindle speed and (c)
grinding depth.
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4. Discussion
4.1. Grain Wear

Ultrasonic vibration reduces the friction between the tool and the workpiece and be-
tween the tool and the chip, reducing the wear of the tool [25,26]. The ratio of the friction
force A(C) under axial ultrasonic vibration can be calculated by the following equation [27]:

1 ¢2z +C0sfdcost
A = [ == —dr @)
27°° [£? +2¢ cosfcost +cos? 7

where C is the ratio of the macroscopic velocity of the workpiece to the amplitude of the
vibration velocity, 0 is the angle between the vibration direction and the velocity direction
of the workpiece, and 7 is the normalization time (7 = wt).

The expression of the grain speed under UVAG can be obtained as:

V, = V4V Y ®)

During one revolution of the grinding wheel, the contact time t: between each grain
and the workpiece and the cutting length of a single grain in CG and UVAG can be ex-
pressed as Equation (6) [28]:

t =arccos(l—a,/r)/2zn

log = j;l V2 +v2dt ©)

Yl 2, 2
lovac = IO JV2 +V) +Vv;dt

where a. is the depth of cut. Due to the random distribution of grains on the grinding
wheel, different grains have different initial included angles during grinding. The differ-
ent initial angles will cause different grinding surfaces to participate in grinding, resulting
in different cases of wear. In CG, the grinding surface will not be changed in subsequent
grinding after the grinding grain plunge angle is determined because the grinding trajec-
tory remains unchanged. In UVAG, the grinding trajectory of grains is sinusoidal, and
even though the grain defines a certain grinding surface with a certain tangent angle, the
angle 0 between the speed direction of the grain and the grinding direction (as shown in
Figure 9b) dynamically changes. This causes the grinding surface to change during grind-
ing, resulting in special wear.

£y
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Figure 9. Analysis of single-grain grinding: (a) initial included angle of grains and (b) grain grinding path.

Because the maximum thickness of the undeformed chip in single-grain grinding is
far less than the grain height, the actual grinding accounts for only part of the grains in-
volved in the material removal process. To study the effect of UVAG grinding surface
changes on wear, the grains were simplified to regular triangles, and the initial included
angle of grain grinding was analyzed, as shown in Figure 9a. The angle of the grain plunge
p1is assumed to be the angle between the grinding surface and the grinding direction, and
the angle between the grain velocity direction and the grinding surface during grinding
is . When 180° < ¢, the grinding surface will change, as shown in Figure 9b. According
to Figure 9a, the relationship of each angle can be shown by the following equation:

B +a, =180
o, +a, =60 @)
a, + [, =180

During grinding, the normal grinding force during the cutting of a single grain is
shown by the following equation [29]:

121 5 9/10 3/4
F ﬂ( KigH™ j(\\//_j " )

S

where f’ is a constant related to the grinding wheel topography information, Kic is the
material fracture toughness, H is the material Vickers hardness, and Ew is the material
elastic modulus.

The frictional energy generated by the friction force of a single grain in a rotation
cycle of the grinding wheel can be expressed as the following equation:

L
360" f o)

tl -
Wivac = Io Hivac Frlova SiN(a, +
Wee = oo Fules Siney

The friction energy between CG and UVAG at arbitrary initial included angles of
grains is shown in Equation (9). Compared with CG, it can be seen that the single grinding
surface in UVAG bears lower friction energy. However, the cut in the angle of the grains
is complex. To quantify the friction energy of a single grain in UVAG and CG, the two
special situations are discussed and analyzed.
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The friction energy generated by a single grinding surface is maximum when the
grinding grain is cut into the angle fi1= 90°. The grinding trajectory of a single grinding
grain in CG and UVAG is shown in Figure 10.

tV

(a)

\

(b)
Figure 10. Grinding trajectory: (a) CG and (b) UVAG.

As shown in Figure 10a, when the initial included angle (31 is 90°, Grinding Surface 1
in CG is always involved in grinding. Figure 10b shows that angle 31 is always less than
180° during one grinding vibration cycle of UVAG. Then, the grinding surface does not
change, and Grinding Surface 1 is always involved in UVAG. To compare the effects of the
two grinding methods on Grinding Surface 1, the difference in the effect of the two grinding
methods on grain wear was elucidated by using the single-grain friction work in one cycle.
From Equations (6)—(9), the friction energy is reduced by 24% compared to that in CG.

When the grain’s initial included angle 1 is 150°, the friction energy is divided
equally by Grinding Surface 1 and Grinding Surface 2 in CG. The single-grain grinding
path in CG and UVAG is shown in Figure 11.

From Figure 11a, when the grinding grain is tangentially ground at 150°, Grinding
Surface 1 and Grinding Surface 2 are always involved in the whole grinding process in
CG grinding. The frictional force in CG grinding is equally shared between the two grind-
ing surfaces, i.e., Wi=W2=1/2 Wce. In UVAG, the grinding speed intersects with Grinding
Surface 1 at the start of grinding, and Grinding Surface 1 is involved in grinding, as shown
in Figure 11b. As the grinding speed direction keeps changing, when the grinding speed
direction is parallel to Grinding Surface 1, the grinding surface is transformed; i.e., Grind-
ing Surface 2 is involved in grinding. Unlike CG, the friction force in UVAG acts on one
grinding surface, but the action time is shorter than CG. As seen in Figure 11b, 0 ~ T/4 and
3 T/4 ~T Grinding Surface 1 participate in grinding, and T/4 ~ 3 T/4 Grinding Surface 2
participate in grinding. The time for the action of Grinding Surface 1 and Grinding Surface
2 in one vibration cycle is t1 = t2 = T/2; i.e., we have W1 = W2 =1/2 Wuvac. From Equations
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(6)—(9), the friction energy generated by a single grinding surface in UVAG is 37% less
than that in CG.

Y

N L
o\

()

N L
Q
=

(b)
Figure 11. Grinding trajectory: (a) CG and (b) UVAG.

The decrease in friction energy in UVAG leads to the difficulty of chip accumulation
during chip formation. The cutting force of abrasive grains is not easy to increase contin-
uously, and the impact process in the direction of grinding rotation is more likely to occur.
When an accidental force is relatively large, grains produce microfractures. In CG, chip
accumulation leads to a continuous increase in the force on the grains, resulting in
macrofractures and drop-outs.

Therefore, the total frictional energy in UVAG is apportioned over multiple grinding
surfaces. The resulting grain wear is mainly in the form of microfracture, producing mul-
tiple fracture surfaces, which increases the number of cutting edges during grinding and
facilitates efficient material removal, while the frictional energy in CG always acts on the
same grinding surface, which is prone to the macrofracture and drop-out of grains. In
summary, compared with CG, UVAG has fewer grain drop-outs and more microfractures,
which effectively improves the self-sharpening of the grinding wheel.

4.2. Grinding Force

The grinding force is one of the effective methods for monitoring the condition of the
grinding wheel and assessing the grinding performance [30]. From the above analysis, the
friction energy generated in UVAG is distributed to multiple grinding surfaces of grains.
The friction energy of the grinding surface of a single grain is reduced, and the grains in
UVAG easily undergo microfracture to produce a new cutting edge. Therefore, the self-
sharpening performance of the UVAG grinding wheel is improved, and the grinding force
is reduced. Compared with CG, the UVAG grinding wheel has better self-sharpening per-
formance and grinding stability.
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The grinding force consists of two components, the chip deformation force and fric-
tion force, and can be described by Equation (10) [31].

F=F +F (10)

where F. is the chip deformation force, and Fyis the friction force. F.is related to the inher-
ent characteristics of materials and the setting of processing parameters. Under the same
processing parameters, the chip deformation force of CG and UVAG can be assumed to
be constant. The above analysis shows that UVAG can reduce the frictional force of the
grinding process, and thus, UVAG can obtain a low grinding force. As shown in Figure 6,
the grinding force in CG and UVAG decreases with increasing spindle speed and in-
creases with increasing feed rate and grinding depth. At the same time, the grain state of
the grinding wheel surface before and after grinding was observed and counted, as shown
in Figure 5. The number of grains pulled out tends to decrease with increasing spindle
speed and increase with increasing feed rate and grinding depth. It can be seen that with
the change in grinding process parameters, the wear form of the grinding wheel and the
change in grinding force have a certain linear relationship

4.3. Surface Quality

From the above analysis, the wear of grains in UVAG is mainly in the form of micro-
fracture, which increases the number of cutting edges, and the grinding wheel achieves
effective self-sharpening.

Although there is also grain microfracture in CG, the grinding trajectory produced
by the microfracture has no interference and produces groove-like scratches, and each
groove has no crossover phenomenon, which is not conducive to reducing the Ra value,
as shown in Figure 12a. However, the trajectory of grain movement in UVAG is sinusoidal
cutting, and sinusoidal grooves are produced during grinding; the effective cutting edge
of a single grain increases after the grain undergoes microfracture, and multiple sinusoi-
dal grooves are produced during grinding.

As shown in Figure 12b, the height of the compounded sinusoidal groove decreases,
and the grinding surface becomes smoother due to the mutual interference of the grinding
trajectories in UVAG, resulting in a lower Ra value. In addition, the cutting edges pro-
duced by the fragmentation of individual grains in UVAG are close to each other, and
grinding produces more interfering sinusoidal grooves with more trajectory intersections,
which favors the reduction in the sinusoidal groove height and leads to a reduction in R-.
Figure 13 shows the surface profiles of the two grinding methods with the same pro-
cessing parameters. The ultrasonic-assisted R: is reduced by 45%, and the surface is flatter.

Sinusoidal groove with interference

v Grain cutting traces with CG

Straight groove without interference

e e

(a) (b)

Figure 12. Microfracture trajectory of grains: (a) CG without crossover and (b) UVAG with crossover.
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Figure 13. Three-dimensional grinding morphology: (a) CG and (b) UVAG.

5. Conclusions

In this work, the friction energy distribution of CG and UVAG grains in the grinding
process of zirconia ceramics was studied based on the grinding trajectories of grains. The
reasons for the decrease in friction energy and the microfracture of grains in UVAG were
discussed. The main results are summarized as follows:

1. In UVAG, the grinding surface of the grain changes, and the generated friction en-
ergy is distributed. The friction energy of a single grinding surface is reduced, and
microfracture easily occurs.

2. When the angle of the grain plunge is 90° and 150°, compared with CG, the friction
energy generated by the UVAG grain grinding surface is reduced by 24% and 37%.

3. In UVAG, the microfracture of grains produces more effective cutting edges, which
can obtain a better grinding surface quality. Compared with CG, Ra decreased by
12.3% and Rz decreased by 45.6%.
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