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Abstract

Ultrasonic vibration-assisted grinding (UVAG) is a highly effective technique for improving the grindability of difficult-to-cut
materials, making it widely applicable in various industrial fields. However, the conventional optimization of grinding param-
eters necessitates extensive experimental analyses and is susceptible to converging towards a local optimum. A multiobjective
particle swarm optimization (MOPSO) model is developed in this study to predict grinding forces and surface roughness
based on comparative experiments between UVAG and conventional grinding. Optimized process parameters are utilized
to perform experiments on ultrasonic vibration-assisted profile grinding, resulting in a reduction of 20.51% and 18.91% in
tangential and normal grinding forces, respectively, as well as a decrease of 9.47% in ground surface roughness. In addition,
UVAG can maintain the sharpness of grinding wheels. The MOPSO algorithm yields a Pareto solution set comprising 15
noninferior solutions, indicating that superior surface roughness is achieved by increasing wheel speed and cutting depth
while decreasing feed speed. The ultrasonic vibration-assisted profile grinding process enables the formation of workpieces
with exceptional shape accuracy and high surface quality, while also optimizing machining parameters.

Keywords Ultrasonic vibration-assisted grinding - MOPSO - Grinding force - Surface roughness integrity

1 Introduction removal rate greatly. However, Cao et al. [12] reported that

the excellent performance of ultrasonic vibration-assisted

In recent years, ultrasonic vibration-assisted processing has
shown significant potential over conventional processing
in the machining process of difficult-to-cut materials (e.g.,
superalloys [1], ceramic materials [2], composites [3], and
hardened materials [4]). In particular, ultrasonic vibration-
assisted processing has exhibited deformation force decrease
[5, 6], processing temperature increase [7, 8], and surface
quality increase [9, 10]. Zhao et al. [11] reported that ultra-
sonic vibration-assisted processing has been widely used in
grind processing due to its ability to improve the material
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grinding (UVAG) demonstrated opposite results under
different machining parameters owing to the complexity
of processes. Meanwhile, different parameter optimiza-
tion methods have proved to be a great improvement in the
optimization of conventional grinding parameters [13, 14].
The optimizing parameters of the UVAG process, based on
ground surface quality, machining efficiency, or production
cost, exhibit a broad potential for application.

Process parameter optimization and decision-making, as
effective methods for process control, have garnered signifi-
cant attention both domestically and internationally due to
their utilization of experimental and analytical techniques. Ren
et al. [15] used the response surface methodology as an opti-
mization method for high-speed grinding parameters to reach
a higher anti-fatigue performance of 20CrMnTi steel work-
pieces. Wang et al. [16] optimized grinding parameters and
cooling conditions on the basis of Taguchi tests and achieved
the highest comprehensive benefits of technology. Addition-
ally, a set of economic and environmental benefit models were
established, encompassing costs, production rates, and carbon
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dioxide emissions. Typically, grinding parameters are selected
based on the grinding mechanism to meet production require-
ments while controlling expenses. However, when faced with
conflicting production demands, experimental methods tend
to converge towards local optima. The analytical method is
increasingly favored over the experimental method due to its
powerful global solving capabilities.

The multi-objective optimization algorithm effectively
predicts and solves the optimal parameter settings by estab-
lishing an optimal model of the parameters between the ana-
lytical objectives and the constraints [17, 18]. Khan et al.
[19] carried out a multi-objective optimization based on the
grey-Taguchi method for the mathematical model of grind-
ing temperature, normal grinding force, and ground surface
quality in machining AISI D2 steels under different cooling
modes. They also proposed the optimal parameter settings
to optimize the system performance. Zhang et al. [20] con-
ducted experimental trials in grinding 20CrMnTi hardened
steels and detected ground surface quality under different
grinding parameters. They found that the improved Pareto
optimization algorithm could accurately predict the sur-
face quality and effectively solve the optimization problem
between the ground surface quality and grinding efficiency.
Zhou et al. [21] established two neural network models to
precast and then optimize force in the creep feed grinding
of a titanium matrix composite. The backpropagation (BP)
neural network model optimized using the genetic algo-
rithm model was superior to the traditional regression and
BP models in view of the prediction accuracy. However, the
influence of the machining parameters on the processing
results is more complex due to the influence of ultrasonic
vibrations in ultrasonic grinding [3, 13]. Therefore, the opti-
mization of ultrasonic grinding by multi-objective optimiza-
tion algorithm (i.e., multiobjective particle swarm optimi-
zation, MOPSO) can effectively solve the problem that the
optimal parameters for machining in ultrasonic processing
depend on a large number of experiments.

In this study, comparison grinding experiments were
initially conducted to obtain optimized model coefficients
through regression analysis. Subsequently, a MOPSO model
was established on the Pareto optimal frontier and devel-
oped to optimize process parameters with grinding forces
and ground surface roughness as optimization objectives.
Finally, the optimized machining parameters were utilized
to achieve high-quality surface profile grinding.

2 Particle swarm optimization based
on Pareto optimal solution (MOPSO)

Particle swarm algorithms originated from the study of bird

flock predation behavior and aim to achieve optimal solu-
tions through collaborative group sharing and information
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exchange [12]. To address multiobjective optimization prob-
lems, Coello et al. [22] proposed a widely used MOPSO
based on particle optimal solution, which is characterized
by its simplicity in calculation, convenience in parameter
setting, and fast convergence speed.

The MOPSO algorithm continuously updates the Pareto
solution set and iteratively compares it with the Pareto
front under machining constraints to search for grinding
parameters [23]. Firstly, based on the general empirical
formula and experimental results in Sect. 2.1, an optimi-
zation model and normal force (F,) constraints are estab-
lished and surface roughness (R,) can be established as
follows [24]:

Normal grinding force : F(x) = fof‘xizx;l"
Surface roughness : R(x) = Rf)clY‘x;(3
f@) = {F(x),R(x)}
= Minimum model : min {f(x)} = min {F(x), R(x)} for all x € xP
ey
X, = (xl,xz,x3)T
Vst SX; S Vg
S.Ly M S SV (@)
R
60 = =w
where x|, x,, and x; are the grinding speed, feed speed, and
depth of cut, respectively. Kf, Ay Ay, Ag, Rf, Y1» Y2, and y5
are the empirical formula coefficients obtained by regres-
sion analysis of the experimental result data. Min f(x) is the
model for finding a Pareto set, and v and Q,, are the
machining constraint intervals.
Second, according to the MOPSO algorithm, each parti-
cle contains the following information:

o Vi Aps

(1) Current speed v, and position x,,
(ii)) Current objective function values (fitness values)
fox)
(iii) Historic best location x;,
(iv) Historic best objective function fitness values f{x,, peq)

The solution space search process involves calculating the
current particle fitness and updating its position and velocity
during each iteration based on inertia and historical optimal
positions.

k+1 — ok k k
Ve =Wy, +cry (xp_best —X ) + Cy1p (Xg_best —X )
K = gk ke (3)
p p P

where vkarl and xpk“ are the velocity and position of the
particle after the update, respectively; r; and r, are random
numbers between 0 and 1; w is the inertia weight factor; ¢,

and c, are constants; k is the number of current iterations;
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and X, . 18 the global optimum position of the particle
swarm. Figure 1 shows the flowchart of the MOPSO model.

3 Experimental environment
3.1 Surface grinding setup

In this study, a Blohm Profimat MT-408 surface grinder
was employed for comparative experiments under UVAG
and conventional grinding (CG) processes (Fig. 2). White
corundum abrasive wheels (WA80F6V45m) with a dimen-
sion of 380 mm X 20 mm X 127 mm were used as material
removal units because of their suitability for carbon steel and
hardened steel processing [11]. For the ultrasonic system, an
ultrasonic generator equipped with an output power (maxi-
mum 500 W) was utilized to produce electric energy, and
the tiny vibration of the transducer was amplified through
the horn. In this case, the tangential range vibration could
be produced on the center zone of the porous platform, as
shown in Fig. 1b [12]. The force measurement system con-
sisted of a three-phase piezoelectric dynamometer (Kis-
tler 9253B) and a multichannel charge amplifier (Kistler
5080A). The dimensions of the workpiece were 30 mm X 10
mm X 12 mm (L X W X H), and the hardness was in the range

Initialize the particle swarm
position and velocity

Initialization ,
:I Calculated the fitness values I.
| 1

| 1
:l Initialize Pareto solution set |!
1

Disturbance : - — -
_>| Update the particle position and velocity |
]

| Calculated fitness values I

Evaluate the particles (fitness
values and Pareto Front)

[ Update Pareto front solution set |

of HRC 60-62 within 2 mm depth. Tables 1 and 2 present
the chemical element composition and mechanical capacity
of the hardened GCr15 steel, respectively. Table 3 presents
the experimental parameters employed in surface grinding,
wherein a wheel dresser was utilized to dress the grinding
wheel and maintain its potential for cutting the workpiece
post-experiment. The trimming parameters included a grind-
ing speed of v, =20 m/s, a feed rate of v, =200 mm/min,
and a cutting depth of a, =200 pm. Compressed air was
injected into a sealed shell to maintain the stable temperature
inside the UVAG system.

3.2 Profile grinding experiments on curved parts

The profile grinding setup and workpiece are depicted in
Fig. 3. Initially, the GCr15 workpiece’s surface profile was
machined with a 0.2 mm allowance through wire-electrode
cutting processes, followed by heat treatment (carburization
at 920 °C and oil cold quenching at 850 °C). Finally, the hard-
ened GCrl5 steel profile was machined under the same sur-
face grinder as described in Sect. 2.1. Meanwhile, the white
corundum abrasive wheel was dressed using a diamond disc
wheel at a fixed dressing speed of 20 m/s and feed speed of
1.3 mm/min. The shape of the abrasive wheels was tailored
to match the target profile of the workpiece, as illustrated in
Fig. 3b. The same UVAG devices described in Sect. 2.1 were
utilized, with the curved workpiece securely fastened onto
the porous plate center of the UVAG system. To enhance the
validity of machining parameter optimization, both surface
grinding and profile grinding were employed for verification
[25]. Subsequently, experiments were conducted using the
optimized parameters in Sect. 3.3 as presented in Table 4.
Prior to each grinding experiment, the profile wheel was
dressed with a diamond dish wheel.

3.3 Characterization methods

Prior to grinding experiments, the vibration amplitude and
frequency of the workpiece were calibrated using a laser

Table 2 Mechanical capacity of GCrl5

NO Perform Last iteration or Yield Tensile  Elastic ~ Density = Thermal Hardness
is accuracy achieved strength  strength modulus p (g/cm®) conductivity (HRC)
YES 6y, (MPa) o, (MPa) E (GPa) k (W/(m-K))
End 1394 1748 210 7.83 46.6 62
Fig. 1 Flowchart of the MOPSO model
Table 1 ‘Chemical element Element C Si Mn P S Cr Ni Mo Fe
composition of GCrl15 (%)
Component/% 1.03 0.227 0.353 0.007  0.003 146  0.015 0.0096  Balance
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Table 3 Grinding parameters Contents

Values

Machine tool
Abrasive wheel
Grinding mode
Cooling condition

Blohm Profimat surface grinder MT-408
White alundum wheel (WAS0OF6V45M)
Down grinding

5% emulsified, pressure at 0.5 MPa

Frequency f (kHz) 19.6

Amplitude A (um) 6

Wheel speed v, (m/s) 15, 20, 25, 30 v, =8 m/min and a,= 15 pm
Feed speed v, (m/min) 4,6,8,10 v,=25 m/s and a,= 15 pm
Cutting depth a,, (pm) 10, 15, 20, 25 vs=25 m/s and a,=15 pm

Fig.2 Schematic of the surface
grinding experiment

Wheel Dresser

Ultrasonic

»
Nozzle ¢ B | generator

Computer

%ﬁeel

Plate sonotrode

Fig. 3 Diagram of the profile
grinding setup and workpiece

(a) Main view of the profile grinding experimental setup

Table 4 Parameters for surface grinding processes

Wheel Workpiece  Depth of cut  Vibration Ultrasonic
speed v speed v,, a, (pm) frequency f amplitude A
(m/s) (m/min) (kHz) (pm)

30 6 25 19.6 6

Doppler vibrometer (LV-S01, SOPTOP). Three points on
the end face were randomly selected to measure, and the
sampling frequency was fixed at 480 kHz. Hence, a sta-
ble ultrasonic amplitude (A) of 6 pm was generated in the
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(b) Diagram of the experiment device
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(b) Right view of the experimental setup and workpiece parameter

workpiece when the ultrasonic power supply was 35% and
the frequency was fixed at 19.60 kHz.

The grinding force measurement system comprised a
Kistler 9253B three-phase piezoelectric dynamometer and
a Kistler 5080A multichannel charge amplifier, which col-
lected and amplified electrical signals. The average value
of the grinding force was calculated as the single value of
the forces exerted during the time period between wheel
contact with and separation from the workpiece. Following
each grinding process, the surface roughness profile Ra of
the machined workpiece was measured using a handheld
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MAHR M2 roughness meter. Based on GB/1031 standards
and practical experience, the ground surface roughness dur-
ing grinding ranged from 0.1 to 2 pm with a sampling length
of 0.8 mm. Three points were selected along the grinding
direction at the beginning, middle, and end of grinding for
measurement in a direction perpendicular to that of grinding.

The workpiece surface topography was examined post-form-
ing grinding. Initially, the machined workpiece was cleaned
with 75% alcohol using an ultrasonic cleaning machine. Sub-
sequently, the curved end face and surface were scrutinized
utilizing a three-dimensional video microscope (HK-7700) and
scanning electron microscope (SEM, Quanta 200). To investi-
gate chips, coolant was collected during CG and UVAG experi-
ments. Afterward, the collected coolant was dried using a dryer
and cleaned with 75% alcohol, and SEM was used to observe
the chips that adhered to the conductive tape.

4 Results and discussion

4.1 Grinding forces and force ratio

Figure 4 illustrates the impact of processing parameters on
normal force (F,) and tangential force (F,) during grinding

of a hardened steel surface. The results indicate that UVAG
exhibits lower normal and tangential forces compared

to CG across all experimental grinding conditions. Seen
from Fig. 4a, the normal and tangential forces are reduced
from 193.56 to 130.65 N and from 97.22 to 67.97 N in CG,
respectively, and from 177.80 to 112.38 N and from 85.88
to 58.70 N in UVAG, respectively, as the wheel speed (v,)
rises from 15 to 30 m/s at a feed speed v, of 8§ m/min and
a cut depth a,, of 15 pm. Ultrasonic vibration reduces the
tangential grinding forces by up to 13.64% and the normal
grinding forces by up to 14.08% in UVAG compared with
those in CG. However, the difference in forces between CG
and UVAG changes minimally with increasing wheel speed,
suggesting that grinding speed is not sensitive to the effect
of ultrasonic vibration on grinding forces, as reported by
Wang et al. [10] and Cao et al. [12]. As the workpiece speed
of v, increases from 4 to 10 m/min, F, of CG increases from
88.67 to 154.69 N, and F, of CG increases from 49.63 to
77.96 N, as shown in Fig. 4b. The tendency of F, and F| in
UVAG is similar to that in the CG process, but F, and F, are
always lower by 16.76 and 10.18 N, respectively in contrast
to those in CG.

The effect of ultrasonic vibration in reducing grinding
forces decreases with increasing workpiece speed, indicating
that the reduced workpiece feed more satisfies UVAG, as
stated by Huang et al. [2] and Zhao et al. [11]. The reason is
that the ultrasonic vibration increases the relative feed speed
more obviously at a small feed speed [26]. As illustrated in

Fig.4 Grinding forces and force
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Fig. 4c, F,, and F, of CG and UVAG rise with the increase in
cut depth a,, i.e., from 100.04 to 214.05 N and from 53.74
to 107.57 N in CG, respectively, and from 86.92 to 198.76
N and from 43.49 to 96.14 N in UVAG, respectively. As
the material removal rate increases, the grinding force also
increases significantly; therefore, more energy is required to
remove the material. UVAG demonstrates lower values of
F, and F, by 14.08% and 19.07% than those of CG, respec-
tively. This phenomenon implies that the employment of
ultrasonic vibration contributes to the reduction in grind-
ing forces owing to the ultrasonic softening and lubrication
effects [27]. Meanwhile, the impact of ultrasonic vibration
increases the microbreakage of the wheel grain and main-
tains the sharpness of the grain cutting edge during the
grinding process [28]. Figure 4d presents the grinding force
ratio with the different material removal rates (Q',,) applied
in CG and UVAG.

oy =a, )

As Q' rises from 1 to 2.5 mm?>/(mm-s), the force ratio
varies in the range of 1.79-2.02 during CG, while the UVAG
force ratio on a scale of 1.82—1.89 is more stable. UVAG
can effectively reduce wheel wear and maintain sharpness
consistently, providing important evidence of reduced grind-
ing forces. The microshattering of abrasive grains under
ultrasonic impact creates new cutting edges, ensuring the
constant sharpness of the grinding wheel.

Specific grinding energy e, plays a vital role in estimating
the power for removing materials, which is calculated from
grinding forces and machining parameters [29]. The e, of
hardened surfaces under CG and UVAG can be expressed by
material removal rate (Q’W), as shown below [30]:

CG : e, = 173.740Q), " )
UVAG : e, = 122.400,, " (6)

Seen from Fig. 5, the specific grinding energy decreases
as Q',, increases under different grinding conditions. Under
the grinding condition of Q', =1 mm®/(mm:s), the specific
grinding energy in CG and UVAG is 124.08 J/mm? and
100.14 J/mm?, respectively. The proportion of cutting pro-
cesses rapidly increases with ultrasonic vibration; thus, the
energy consumption caused by sliding and ploughing pro-
cesses decreases. In this case, the specific grinding energy in
UVAG can be reduced compared with that in CG under the
same condition. This is because ultrasonic vibration leads
to thicker and shorter chips at a low material removal rate
[31]. When the material removal rate Q',, increases from 1 to
2.5 mm?/(mm:-s), e, values in CG and UVAG processing are
reduced by 26.77% and 10.24%, respectively, indicating that
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Fig.5 Effects of the material removal rate on specific grinding energy

the energy consumption per unit decreases as the material
removal rate increases owing to the size effect [32].

4.2 Ground surface roughness

Surface roughness is an important component of surface
quality and plays a key role in machining accuracy and
fatigue life [33]. Figure 6 shows the influence of machin-
ing parameters on the surface roughness profile R, during
CG/UVAG processes. With all processing parameters, R,
of UVAG is always less than that of CG. In Fig. 6a, when
the wheel speed (v) rises from 15 to 30 m/s with constant
values v,,=7.5 m/min and a,= 15 pm, the surface rough-
ness R, decreases in the range of 0.392-0.357 pm under
CG and in the range of 0.376-0.357 um under UVAG.
That is, the ultrasonic vibration reduces the surface rough-
ness by up to 9.47% compared with CG (Fig. 6a). As the
v,, value rises from 4 m/min to 10 m/min, with v,=25 m/s
and a,= 15 pm, the R, value of CG rises from 0.317 to
0.389, by 22.71%, and that of UVAG increases from 0.298
to 0.356, by 19.46%, as depicted in Fig. 6b. When g, rises
from 10 to 25 pum, R, of CG increases by 17.56% from
0.354 to 0.415, and that of UVAG increases by 10.72%
from 0.345 to 0.382 (Fig. 6¢). UVAG shows the most sig-
nificant improvement in surface integrity at 25 pm cutting
depth because the ultrasonic vibration allows the grind-
ing wheel to undergo microbreakage while retaining the
sharpness as the cutting depth increases. As the material
removal rate increases from 1 to 3.33 mm’/(mm-s), the CG
surface roughness increases from 0.317 to 0.415 pm (i.e.,
an increase of 30.9%), while the UVAG surface rough-
ness is always lower than the CG value (i.e., up to 9.47%).
Surface roughness is related to the height of the material
remaining on the machined surface [31]. The repeated



The International Journal of Advanced Manufacturing Technology (2023) 128:903-914 909
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ironing effect of the grinding wheel on the processed sur-
face by ultrasonic vibration reduces the residual height on
the surface [31], resulting in better R, of UVAG.

4.3 Parameter optimization

From the normal grinding force data obtained from 10 sets
of grinding tests, 9 sets were selected as sample data. After
conducting statistical regression analysis, empirical equa-
tions for CG and UVAG were derived as follows:

CG : F, = 26. 482‘}5—0.560»,”'0.560VWO.840 %)

UVAG : F, = 26.616y, 70051, 0.712,, 089 (8)

Similarly, with surface roughness as the target, the
empirical equations for CG and UVAG are obtained as
follows:

CG : Ra — 0'222‘}‘?—0.106%0.190‘,}‘/0.176 (9)

UVAG Ra — 0.196\/‘?_0'047’”0214"”’0'177 (10)

Table 5 shows the adjusted determination coefficient
(Adj. R?) and significance F of the above regression equa-
tions. The Adj. R? of different regression equations are all
greater than 0.8, which is very close to 1. Therefore, each

(d) Material removal rate Q,, (mm>.(mm-s)™")

characteristic parameter is meaningful. The significance F
indicates that the lowest confidence of R, regression equation
of CG is 97.92%, and the grinding force is 99.99%. Thus,
these regression equations can be used for later analysis.

As presented in Table 6, the last three sets of experimen-
tal parameters were incorporated into the empirical model,
yielding calculated values that deviated by no more than 5%
from their corresponding experimental counterparts. This
outcome attests to the reliability of our established model for
normal grinding forces and ground surface roughness pro-
files. Notably, we observed a smaller error in CG compared
to UVAG, which may be attributed to random abrasive grain
fragmentation induced by ultrasonic vibration.

The empirical equations, namely Eqgs. 6-9, are incorpo-
rated into Eq. 1 while the boundary conditions are integrated
into Eq. 2. The programming process is executed using data
processing software, setting the inertia weight factor w=0.5,
the constant values ¢;=2 and c,=2, and the maximum

Table 5 Adjusted determination coefficient (Adj. R?) and significance
F of regression analysis

Fn Rﬂ

CG UVAG CG UVAG
Adj. R 0.917 0.954 0.859 0.804
Significance F 3.63x10™*  6.39x10™>  0.0207948  0.00685
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Table 6 Comparative results between the calculated and experimental
values of the formula

Parameters Value F,/N R,/pm
CG UVAG CG  UVAG

v,=25m/s  Calculated 14267 12542 0377 0361
v,=8m/min  Eyperimental 140.98 121.13 0.376 0.368
Q=P B % 120 354 026 1.90
v,=30m/s  Calculated 167.08 14246 0.383 0.357
V=6 m/min  Eyperimental 162.24 143.08 0.376 0.344
B=2HM pon% 200 0435 182  3.64
v,=15m/s  Calculated 90.10 7536 0325 0.304
v,=4m/min  Eyperimental  94.57 7832 0.315 0.305
GQ=10pm B % 497 393 308 033

number of iterations k£ <300. The optimization results are
listed in Fig. 7. The particles are observed to continuously
move towards the lower left corner of Fig. 7, indicating a
direction of lower surface roughness and grinding forces.
The Pareto solution comprises 15 sets of noninferior solu-
tions, with the Pareto optimal frontier being depicted in the
right panel. The optimized wheel speed is determined as
the maximum boundary value, signifying that an increase in
grinding speed yields superior results in reducing grinding
forces and enhancing surface quality. Meanwhile, increasing
the cutting depth while decreasing the workpiece speed can
effectively reduce surface roughness. Therefore, the MOPSO
algorithmic model is consistent with grinding mechanisms
and useful for optimizing machining processes.

4.4 Ground surface and chip morphologies

The surface morphology of the workpiece end face (cut-
out surface) after profile grinding with constant process-
ing values of v,=30 m/s, v, =6 m/min, and ap=25 pm
is presented in Fig. 8. Various defects such as material
adhesion and micro-fracture are observed on the end face
for CG, whereas no defects are evident for UVAG. Clear

edges and no extruded burrs in the root area of the curved
part in profile grinding of CG and UVAG are observed in
Fig. 8a. The end face in the area of crest I under profile
grinding of CG exhibits material adherence due to the thin-
ner chips at the crest during profile grinding [35], which
hinders heat dissipation during machining. The accumula-
tion of heat generated during grinding leads to the cold
welding of residual material from thinner edge chips on
the end face. Micro-fractures are observed in the crest II
area of the tooth during profile grinding with CG, indicat-
ing a decrease in accuracy of the grinding wheel shape
at crest II due to abrasive particles resulting from higher
grinding temperatures in this region. On the contrary, as
depicted in Fig. 8b, neither of these defects manifest at
crest I and crest II during UVAG profile grinding, resulting
in exceptional performance with respect to dimensional
accuracy and surface profile of formed parts. The vibra-
tion cuts the workpiece surface, leading to shorter chips
and more chip breakage than that observed in CG; thusly,
no chip adhesion occurs, as evidenced by Fig. 9. The aver-
age chip length (LG, 1S 493 um and the average width
(Wegmax) 18 25 um under CG, while the average chip length
(LyvaGmay) 18 164 um and the average width (Wyyagmay) 18
11 ym under UVAG. Meanwhile, the profile grinding pro-
cess of UVAG is subjected to alternating grinding forces,
which can cause micro-breakage in the abrasive grains.
However, according to Cao et al., this does not compro-
mise their ability to maintain sharpness and excellent form
accuracy on formed surfaces [36].

Figure 10 illustrates the surface morphologies of the
root and tip of the workpiece post-machining with opti-
mized parameters. The grinding texture on the root surface
is more distinct than that on the tip surface under both
grinding processes, as shown in Fig. 10a and ¢ compared
to Fig. 10b and d. The mechanical interaction between
the abrasive grit and the workpiece surface is more pro-
nounced in the convex arc of the grinding wheel due to
a greater amount of material removal required compared
to that in the concave arc [37]. Deep abrasion marks tend
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Crest I

Crest I

End face

Crest I

AP

| 500 pm |

Fig.8 Surface morphology of workpiece end face with profile grinding of (a) CG and (b) UVAG

to form on the lower area of the workpiece, resulting in
surface damage from material breakage even occurring
on the CG root surface. In the tip region of the work-
piece, material coating of the machined surface occurs
due to heat accumulation during grinding and increased
material plasticity in profile grinding of CG and UVAG.

The occurrence of pits is reduced under UVAG due to
the ultrasonic vibration's ability to further decrease the
workpiece material’s hardness. These findings demonstrate
the effectiveness of optimized parameters in producing
shaped workpieces without fractured tooth edges or sur-
face defects.
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Fig. 9 Diagram depicting the coordinate of grinding wheel, wear of grinding wheel, and distribution of chips during profile grinding of CG and
UVAG

Tip surface

20.0[KV] SP=14.0 WD=12.4 x1.0k _ 10[ s 20.0(kV] SP=14.0 WD=10.5 x1.0k __10[um]

(a) CG root surface (b) CG tip surface
UVAG Root

Root surface

Striation

L

20.0[KV] SP=14.0 WD=117 1.0k __10] Hv SE

(c) UVAG root surface

1.0k __'10[um nv SE1

(d) UVAG tip surface

Fig. 10 Surface morphology of workpiece grinding face
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5 Conclusions

Comparative experiments between CG and UVAG were
conducted on hardened surfaces using white corundum
wheels to investigate the effects of processing parameters
on grinding forces and surface roughness. A multi-objec-
tive optimization model for grinding force and surface
roughness profile was established using the MOPSO algo-
rithm. The optimized parameters were used to conduct pro-
file grinding experiments on curved parts under both CG
and UVAG processes. The main conclusions are as follows:

1. The utilization of ultrasonic vibration resulted in an
average reduction of 20.51% and 18.91% in tangential and
normal grinding forces, respectively. Additionally, there
was an average improvement of 9.47% in surface roughness
quantities, while wheel wear was effectively reduced.

2. Empirical formulas established for grinding force
and surface roughness demonstrated a 5% error margin in
comparison to the measured values. The utilization of the
MOPSO algorithm resulted in obtaining a Pareto solution
set comprising of 15 noninferior solutions, indicating that
optimal surface roughness can be achieved through larger
wheel speed and depth of cut, coupled with smaller work-
piece speed.

3. The optimized grinding parameters resulted in excel-
lent shape accuracy and high surface quality of the formed
workpiece, as the abrasive grains were maintained sharp and
chips became shorter and narrower.
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