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Abstract

Super high-strength steel has an important demand in manufacturing key components inside gear transmission systems of
heavy-duty helicopter owing to its superior comprehensive mechanical property. However, the high-performance machin-
ing of super high-strength steel is confronted with great challenges owing to the high cutting force, serious tool wear, and
impoverished machining quality. Comparative trials in grinding ultra-high strength steel under conventional grinding (CG)
and ultrasonic vibration-assisted grinding (UVAG) processes were conducted with white alumina (WA) and microcrystalline
alumina (MA) wheels. Grinding performances, including grinding forces, force ratio, ground surface quality, and abrasive
wheel morphologies, were discussed in detail. Experimental results show that the separation property between wheels and
workpiece in UVAG process contributes to alter the material removal process, reducing the chip clogging and adhesion.
In addition, the micro-fracture of abrasive grains can effectively improve the self-sharpening ability of abrasive wheels.
UVAG possesses a shorter grinding scratch owing to the ultrasonic vibration than that of CG, which is beneficial to improve
machining quality under the same wheel. Meanwhile, in comparison of WA wheels, MA wheels have the narrower grinding
marks and better surface quality, which is due to the sharp edges produced by its higher strength, toughness, and excellent
self-sharpening.

Keywords Ultrasonic vibration-assisted grinding - Ultra-high strength steel - White alumina wheel - Microcrystalline
alumina wheel - Grinding performance

1 Introduction [4, 5]. However, the ultra-high strength steels after quenched

treatments have the dispersed reinforced particles, leading

Recently, ultra-high strength steels have attracted an increase
attention to prepare high-performance gears in helicopter
transmission system to confront the complex and severe
environment, owing to their superior mechanical properties
(e.g., high hardness and high toughness) [1, 3]. Grinding as
the final and crucial manufacturing processes was widely
used to ensure the machining accuracy and surface integrity
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to the difficult-to-machine properties on the near-layer sur-
face of workpiece [6, 7]. Moreover, the large grinding force
and temperature usually appear in the conventional grind-
ing (CG) process, and then serious abrasive wheel wear and
impoverished grinding surface quality are also inevitable
owing to the dispersed reinforcements on workpiece sur-
face [8, 12]. In this case, it is very significant to lessen the
grinding force and temperature and thus improve the wear-
resistance performance of alumina wheel and grinding qual-
ity through employing a new grinding technology.
Ultrasonic vibration assisted grinding (UVAG) was
usually applied to improve the machinability of materials
and machining quality by changing the relative motion
relationship between grinding grains and workpiece [13,
18]. Meanwhile, the different material removal mecha-
nisms and grinding performance related to various steel
materials were investigated at home and abroad [19, 22].
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Tawakoli et al. [23, 24] carried out contrastive experiments
on the influence of ultrasonic vibration in dry grinding
soft steels. They revealed that the utilization of ultrasonic
vibration could avoid the heat damage on the metal sur-
face, accelerate the ratio of F,/F,, and diminish the grind-
ing forces. Ding et al. [25] studied the wear process of WA
wheels while grinding of AISI9310 steels under UVAG
and CG processes and found that UVAG could prolong
the stable wear stage by 23.07% and reduce the surface
roughness at a stable level. In addition, the abrasive cut-
ting edge was easy to break or pull-out, which deteriorated
the machining ability of the abrasive wheel and ground
surface quality [26, 28]. Similar, Chen et al. [29, 30] found
that UVAG could obtain the better surface roughness dur-
ing machining C45 steel than that of CG. Meanwhile, the
surface running-in stage of UVAG process was short, and
it has better load-bearing performance in steady state. Qiu
et al. [31] found that the high frequency and discontinuous
contact between abrasive particles and workpiece under
UVAG condition could promote the generation of abrasive
micro-cracks and improve the self-sharpening of grinding
wheels. In this case, the high grinding surface integrity
could be obtained. Abhimanyu et al. [32, 33] found that
the ultrasonic vibration could avoid the plastic damage
of the machined surface and improve the surface integ-
rity under dry grinding. Amir et al. [34] reported that the
employment of ultrasonic vibrations into CG processes of
X210Cr12 steel could avoid the damages of ground sur-
face. However, the researches on the grinding performance
of ultra-high strength steels after applying ultrasonic
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vibrations were rarely carried out and the associated mate-
rial removal mechanism lacked in-depth study.

In this work, the UVAG and CG comparative trials
with ultra-high strength steels using white alumina (WA)
and microcrystalline alumina (MA) wheels are conducted,
aiming at revealing the grinding performance and material
removal mechanism. After introducing experimental details
and methods, the grinding performances, in terms of grind-
ing forces and force ratio, grinding quality, and abrasive
wheel morphology, are analyzed in detail. Finally, the con-
clusions are summarized in last section.

2 Experimental details and methods
2.1 Experimental equipment

The equipment utilized in this experiment is a BLOHM
Profimat MT-408 precision surface grinding machine,
which boasts exceptional cooling capabilities with a flow
rate of 90 L/min and pressure of 1.5 MPa, as depicted in
Fig. 1. Here, the as-developed ultrasonic vibration sys-
tem is erected on the worktable (Fig. 1a). The ultrasonic
transducer receives the high-frequency electrical signal
of the ultrasonic generator and converts it into ultrasonic
vibration. Then, the ultrasonic vibration is amplified by the
horn and transmitted to the tool chuck, which makes the
workpiece produce ultrasonic vibration. Figure 1b shows
the details of the workpiece clamping. Two workpieces are
fixed on the ultrasonic welding head, and the workpieces
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Fig. 1 Grinding experimental equipment: (a) arrangement of ultrasonic vibration system, (b) workpiece clamping details at the end of the

device, (c¢) resonance information of ultrasonic system.

@ Springer



The International Journal of Advanced Manufacturing Technology (2023) 128:3673-3684 3675

are separated by thin metal blocks in the middle to ensure
that the abrasive wheel can grind one workpiece at a time.
Figure 1c displays the resonance frequency and admit-
tance circle information of the workpiece clamped by the
ultrasonic device, with a stabilized ultrasonic vibration
frequency of 20.0 kHz. A laser doppler vibrometer was
utilized to measure the unloaded workpiece’s vibration fre-
quency and amplitude, with a fixed sampling frequency
of 480 kHz. The real-time FFT analysis conducted with
Quick SA software indicates that, at a power output of 25%
and a vibration frequency of 19.6 kHz, the workpiece is
capable of generating a stable ultrasonic amplitude (A)
measuring 3 pm. The abrasive wheels used in this experi-
ment are WA and MA, which are suitable for grinding
hardened steel materials including ultra-high strength
steel. The abrasive wheel models are WA80J6V45m/s and

Fig.2 Surface topography of WA
wheel (a) and MA wheel (b)
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MAS80J6V45m/s. The abrasive size of the abrasive wheel
is about 160-200 pm. The wheel diameter d is 400 mm,
and the axial width b, is 20 mm. Figure 2a and b shows the
two kinds of abrasive wheels and their surface morpholo-
gies. Other details of the experiment are listed in Table 1.

The used workpiece material is the ultra-high strength
steel after the carburizing treatment (15Cr14Co12Mo5Ni),
and Tables 2 and 3 show the main chemical composition
and mechanical properties of the materials. Here, the
workpiece is preprocessed using wire cutting method
with a dimension of 20 mm (in length) X5 mm (in
height) X 16 mm (in width). Prior to the grinding experi-
ment, the grinding surface is machined to a high surface
quality the ground surface roughness R, (<0.8 pm), and
the clamped surface is machined to the surface roughness
R, (£1.6 pm) to ensure the transmission effect.

Table 1 Grinding parameters Parameters

Values

Machine tool
Grinding mode
Abrasive wheel

Workpiece

Dressing condition

High-speed surface grinder (Blohm Profimat MT-408)
Down grinding

WABO0F6V45M and MA8OF6V45M

400 mm (excircle) X 127 mm (hole) X 20 mm (width)
Ultra-high strength steel (15Cr14Col12Mo5Ni)

20 mm (length) X 5 mm (width) X 16 mm (height)
Dressing speed v, =20 m/s

Dresser longitudinal feed speed v, =50 mm/min
Wheel radial feed depth a,4=0.015 mm

Total dressing amount a4=0.2 mm

Grinding speed v 10-30 m/s

Workpiece speed v,, 0.6-2.5 m/min

Depth of cut a, 20-110 pm

Coolant 5% emulsified water, 90 L/min, pressure at 1.5 MPa
Table 2 Chemical composition Element C Cr Co Mo vV Ni
of materials

Component/% 0.15 12.5 11.0 4.50 0.70 2.20
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Table 3 Properties of materials

Workpiece  Tensile Hardness Yield Fracture
material strength o (HRC) strengtho  tough-
(MPa) (MPa) ness K¢
(MPa-m'?)
15Cr14Co- 1780 66 1380 75
12Mo5Ni

2.2 Experimental process

High pressure air is used for continuous cooling during the
operation of the ultrasonic device. Single point diamond
corrector is used for dressing of grinding wheel before
grinding, and the dressing parameters of the abrasive
wheel are listed in Table 1. Grinding experiment coolant
is 5% emulsified water of 1.5 MPa. The grinding force
was collected by Kistler 9253B 3-channel piezoelectric
force meter, amplified by Kistler 5080A charge ampli-
fier, and the data were read and processed in DynoWare
software. In addition, the collected original signal is low-
pass filtered and then analyzed to ensure the reliability
of grinding force signals. By averaging the data, the final
grinding force was calculated. After this experiment,
workpieces were cleaned with anhydrous ethanol, coated
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with desiccant, and stored in the dry condition for fur-
ther analysis. The workpiece grinding R, was measured
by the Mahr M2 perthometer (cut length: 0.8 mm), and
the surface profile was obtained by optical microscopy
(HIROX KH-7700) and confocal microscopy (Sensofar S
neox 3D). The surface microstructure of abrasive wheel
was characterized by scanning electron microscope (SEM,
Quanta200).

2.3 Analysis of tangential ultrasonic vibration
assisted grinding process

As shown in Fig. 3a, the motion process of tangential UVAG
consists of three parts: the feed movement of the table v, the
circular rotation of the abrasive wheel v, and the frequency
produced by the ultrasonic device f, and the amplitude of
vibration A. In the grinding process, chips are produced by
the slippery rubbing-plowing-chip formation between the
feeding workpiece and the rotating alumina grains on the
alumina wheel. UVAG makes the opposing motion relation-
ship between alumina grains and workpiece more sophisti-
cated because of the high frequency vibration brought by
ultrasound, and the process of grinding and chip generation
is changed. The equations for the trajectory of the alumina
particles of CG and UVAG are

Abrasive grain
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Fig.3 Comparison between CG and UVAG: (a) relative motion relationship, (b) CG abrasive grain trajectory relationship, (c) variation of cut-
ting depth of single abrasive grains, (d) UVAG abrasive grain trajectory relationship
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where o and ¢ are ultrasonic vibration angular frequency and
time, respectively, @ =2xf; w, is the angular velocity of the
alumina wheel, o, =2v/d,, d, is the wheel radius; ¢, denotes
the initial phase of ultrasonic vibration.

According to f=19.6 kHz and A =3 pum set in the experi-
mental details, taking v.=20 m/s, v,,=1.5 m/min, a,= 50 pm
substituted into Egs. 1 and 2, and taking the spacing of adja-
cent grinding grains on the abrasive wheel as 1 mm, the
trajectories of two adjacent grinding grains during CG and
UVAG grinding can be obtained by simulation (Fig. 3b and
d). Among them, the path lengths of CG and UVAG single
wear particles in the grinding zone are, respectively:

v+,
lCG = v apds (3)
vet+v, 4Af
lyyac = o T ayd; )

If the CG abrasive chip is simplified into a triangle, the
depth of cut of a single grain of CG and UVAG at any point
in time ¢ within the grinding arc can be expressed as [18, 35]:

v, .
ac, = V—sm(a)st) 5)

d, d,coswt 6
ay, = = — =
v 2 cos w,t ©

where 4 is continuous cutting and grinding edge spacing;
¢’ is the time for the previous abrasive grain to move to the
corresponding position, the time for the previous abrasive
grain to move to the corresponding position:

A sinof 4+ % sin of = A\ g AN E s ot
Vot + sma}r+55mwt—vw t+ =) +Asin o1+ = +Ecoswl‘1-tdna{‘t

N

Bringing the established parameters into Eqs. 5 and 6
yields the CG and UVAG single abrasive depth of cut versus
time shown in Fig. 3a. Figure 3b and d shows the grinding
trajectories of the arc surface and the n,_;th particle left by
the n;th abrasive particle in the CG and UVAG processes,
respectively. Figure 3¢ shows the time-varying curves of the
cutting depth of a single alumina particle a¢, and ay;, under
the CG and UVAG condition. Combined with Fig. 3b—d, it
can be seen although the depth of cut in UVAG is several

times that of CG when the alumina grain is cutting into the
workpiece, intermittent cutting and impact effect of UVAG’s
abrasive grains shortens the cutting length and enhances the
cutting depth. This process reduces the friction between alu-
mina grains and workpiece, shortening the stage ratio of chip
formations. As a result, more grinding force is utilized for
material removal instead of being converted into heat due to
frictions. Besides, the self-sharpening of alumina abrasive
particles will also be promoted. Thus, keeping the abrasive
cutting edge sharp makes it easier to cut into the workpiece
surface [36]. From the perspective of alumina grinding
wheels, the impact will subject the alumina grains to high
instantaneous forces due to the high hardness of ultra-high
strength steel. If the hardness and toughness of the alumina
grains are not enough, the grains may break in large pieces
and fall off excessively during the impact process, accelerat-
ing the wear of the grinding wheel and reducing the machin-
ing efficiency.

3 Results and discussion
3.1 Grinding force and force ratio

The important parameters of grinding force as characteri-
zation of grinding process are one of the main research
objects in the grinding process, and its magnitude has a sig-
nificant influence on the alumina wheel life, abrasive wheel
wear, and the quality of the machined surface. The study of
grinding forces and force ratio is a prerequisite for further
revealing the grinding mechanism, rationalizing the various
physical phenomena in the grinding process, and selecting
appropriate machining parameters.

Figure 4 shows the comparison of grinding forces
between WA and MA abrasive wheel under CG and UVAG.
The change trend of grinding force of WA abrasive wheel
is the same as that of MA abrasive wheel, and ultrasonic
vibration can effectively lower the normal grinding force of
two kinds of abrasive wheel, but the reduction ratio is dif-
ferent under different working conditions. A rapid reduction
and gradual smooth trends of F, and F, can be observed as
v, ranges from 10 m/s to 30 m/s, and UVAG significantly
reduces F, that replication decreases with the increase of
v, compared with CG. Here, v,, and a,, are set at 1.5 m/
min and 50 pm, respectively. When v, gradually improves
in range of 10-20 m/s, compared with the CG, the F, reduc-
tions of the WA and MA grinding wheels are 5.9-19.4% and
31.0-15.0% under the UVAG condition, respectively. When
the v, is 25 m/s and 30 m/s, the F, reductions of the WA and
MA wheel are 9.6-4.5% and 14.5-8.3% under the UVAG
condition. This is because as v, increases, the number of
vibrations of the workpiece decreases during the time when
a single alumina grain passes through the grinding contact
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Fig.4 Effect of grinding parameters on grinding forces under various grinding types

area, the UVAG effect is weakened, and the reduction of the
grinding force is reduced.

The normal F, and tangential F, grinding force of both
WA and MA wheels show an increasing trend as v,, ranges
from 0.6 m/min to 2.5 m/min. Under CG conditions, the
F, of MA is always lower than that of WA, the F, of MA
is slightly higher than that of WA at low feed speed, and
its grinding force enhances slowly with the enhancement
of feed speed and is gradually lower than that of WA.

@ Springer

The F, of WA and MA wheels increased from 36.0-33.5
N to 78.5-74.8 N, respectively, and the F, increased from
9.4-10.1 N to 27.8-25.0 N, respectively. Under the condition
of UVAQG, the normal grinding force of WA and MA wheels
increased from 28.9-29.1 N to 75.8-65.7 N respectively, and
the tangential grinding force increased from 7.9-11.2 N to
27.7-24.0 N, respectively. Within the experimental param-
eters, the reduction amplitude under UVAG condition nor-
mal F, grinding force on MA grinding wheel is relatively
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stable, but when the v,, more than 1.5 m/min, the reduc-
tion amplitude for WA grinding wheel decreases sharply.
When v,, increases in range of 0.6—1.5 m/min, the reduction
amplitude of ultrasonic vibration for the grinding force in
the grinding process of WA is 19.1-14.7%; when v,, is 2 m/
min and 2.5 m/min, it is 13.1% and 3.4 %, but for the reduc-
tion of MA, the value position is between 20.5-12.2%. This
is due to the high brittleness and poor toughness of WA in
the process of ultrasonic vibration. With the increase of v,,,
the instantaneous grinding force of a single abrasive particle
under ultrasonic vibration is larger, resulting in the weaken-
ing of grinding force reduction effect.

With the increase of a,, the reduction amplitude of nor-
mal F, grinding force of UVAG on WA wheel jumps up
and down, while the reduction amplitude of normal grind-
ing force on MA wheel decreases first and then increases.
Under CG conditions, as a, ranges from 20 pm to 110 pm,
the F, of WA and MA wheels increased from 34.1-34.0
N to 95.5-91.1 N, respectively, and the Ft increased from
13.3-9.1 N to 34.7-33.3 N, respectively. Under the condition
of UVAG, the normal grinding force of WA and MA wheels
increased from 23.0-28.1 N to 80.4-73.4 N, respectively,
and the tangential grinding force increased from 9.6-8.8 N to
29.6-27.6 N, respectively. With the increase of a,,, the reduc-
tion amplitude of normal F), grinding force of UVAG on WA
wheel jumps up and down, while the reduction amplitude of
normal grinding force on MA wheel decreases first and then
step-up. When a,, rises from 20 pm to 110 pm, the normal
F, grinding force reduction range of the WA is 32.6-19.2%,
while F, reduction range of the MA is first from 17.4% to
15.0%, at 20 pm and 50 pm, then rise to 19.4% at 110 pm.
This is because when a,, is small, the grinding arc length is
short, the auxiliary effect of ultrasonic vibration is weak-
ened, and the reduction amplitude of grinding force is small.
While a,, is too large, the impact force brought by ultrasonic
vibration will also increase, which will lead to increased
wear of WA, the grinding force increases, and the reduction
amplitude of MA is greater than that of WA because of the
grinding micro-edge produced by micro-crushing.

3.2 Surface quality

Grinding surface roughness and surface topography (such
as marks or defects) are usually the most important param-
eters to evaluate grinding surface quality. Figure 5 shows the
changes of surface roughness of WA and MA wheels after
CG and UVAG under different machining parameters. In
order to reduce the data error, the abrasive wheel is trimmed
before grinding and then measured according to the grinding
parameters after two strokes on the material surface. Five
measuring points are collected under each group of grinding
parameters to take the average value. The changing trend of
surface roughness is with machining parameters. Under CG

and UVAG conditions, R, of MA is much higher than that
of WA. This is because MA abrasive wheel is wear-resistant
and produces some highly exposed abrasive particles after
correction. In the two wear strokes before the machining
test, the highly exposed abrasive particles are not completely
worn out, resulting in deeper wear marks in the grinding pro-
cess. On the other hand, because of the high brittleness and
poor toughness of the WA abrasive wheel, the high exposure
abrasive particles are worn and broken in the wear stroke,
resulting in a consistent wear mark height and a small rough-
ness value.

The variation trend of R, is with v, that the surface rough-
ness of the two alumina wheels first lessens and then step-up,
while v, rises from 15 m/s to 30 m/s. When v, increases from
15 m/s to 20 m/s, under CG condition, R, of WA and MA
wheels decreases from 0.389-0.522 pm to 0.253-0.406 pum,
respectively, and as v, rises to 30 m/s, R, of both increased to
0.358-0.46 pm. With the enhancement of v,, the thickness of
undeformed chips of individual alumina particles decreases
and R, decreases. As v, continues to rise, the grinding force
becomes smaller, while the grinding temperature rises at
high speeds. In addition, the super-hard surface of ultra-
high-strength steel will make the initial stage of alumina
wheel wear intensify and increase the fragmentation of
alumina grains, and the above combined effects reduce the
quality of the grinding surface.

With the increase of v,, from 0.6 m/min to 2.5 m/min
(Fig. 5b), R, of WA and MA wheels increases gradually.
Although the roughness of most UVAG is slightly smaller
than that of CG, the surface roughness of UVAG of WA
and MA wheels is larger than that of CG when v,, is 0.6 m/
min. This is because tangential ultrasonic vibration produces
an instantaneous displacement in the direction of v,,, which
makes the actual feed speed of the workpiece greater than
the set 0.6 m/min, and R, increases. With the enhancement
of a,, from 20 pm to 110 pm (Fig. 5c¢), the surface roughness
of WA and MA wheels increases slowly, which decreases
from 0.231-0.298 pm to 0.369-0.440 pm, respectively,
under CG, and from 0.217-0.305 pm to 0.341-0.451 pm,
respectively, under UVAG. In the case, with the increase of
a,, the depth of abrasive cutting into the workpiece surface
increases, the thickness of grinding force and undeformed
chip increases, the cutting process of abrasive particles
between cutting into and out of the workpiece becomes
more complex, and the surface quality becomes worse. On
the other hand, ultrasonic vibration shortens the cut-in and
cut-out period of wear particles, forms small debris rapidly,
and reduces the grinding force, which ensures the grinding
surface quality and reduces the roughness value. In the range
of experimental parameters, the grinding surface roughness
obtained by ultrasonic grinding of WA abrasive wheels and
abrasive MA wheels are better than that of CG, which proves
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Fig.5 Influence of grinding parameters v,, (a), v, (b), and a, (c) on ground surface roughness R,

that UVAG can indeed enhance the grinding surface aspect
of ultra-high strength steel.

Figure 6 shows the three-dimensional surface topography
of WA wheel and MA wheel after conventional grinding
and ultrasonic grinding when the machining parameter is
vy=20 m/s, v,,=1.5 m/min, and a, =50 pm. Compared with
the three-dimensional profile view of WA and MA abra-
sive wheel, the grinding surface of WA is wider, and the
grinding surface of MA wheel is narrow. Compared with
the two-dimensional plane photos, the grinding surface of
WA abrasive wheel is more obvious; compared with the
cross-sectional profile of the grinding surface of WA and
MA abrasive wheel, we can see that the grinding surface of
WA has a wide profile trough; on the contrary, the trough is
sharp and protruding. This well validates the above inference
that the WA abrasive wheel has high abrasive brittleness and
poor toughness, which results in the wear fracture of high
exposed abrasive particles in the wear stroke.

Compared with the plane view of the grinding surface,
the wear mark of the grinding surface of the WA abrasive
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wheel is more obvious, the wear mark of the ordinary grind-
ing surface is longer, and the wear mark of the ultrasonic
grinding surface is short and difficult to distinguish. Com-
bined with the three-dimensional topography of the grind-
ing surface and the cross-sectional profile curve, it can be
seen the obvious wear mark on the workpiece surface of WA
abrasive wheel is owing to the wide wear mark, while the
wear mark of MA abrasive wheel is narrow and deep. This
is same as the above assumption that the WA sanding wheel
has high brittleness and poor toughness, and abrasive parti-
cles with high exposure wear and fracture during wear and
tear. Comparing the three-dimensional surface topography
of CG and UVAG, it can be seen the wear marks of the two
kinds of abrasive wheels under UG conditions are long and
continuous, while the wear marks under UVAG conditions
are discontinuous and shorter. This is because ultrasonic
vibration breaks the long grinding arc, the impact cutting
trace of the previous wear particle will be cut away by the
next wear particle, and only part of the grinding length
remains on the grinding topography.
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Fig.6 Grinding surface topography with v,=20 m/s, v,,=1.5 m/min, and a,=50 pm

The peak groove height of WA-CG machined surface
is 1.6 pm and 2.1 pm, that of WA-UG machined surface
is 1.4 pm and 1.8 pm, that of MA-CG machined surface
is 1.4 pm and 2.3 pm, and that of MA-UG machined sur-
face is 1.2 pm and 2.1 pm. Comparing the four groups of
data, we can see that the peak difference of grooves on the
machined surface of WA and MA wheels is similar, but the
larger difference in roughness value in Fig. 6 is due to the
narrow and deep wear marks on the machined surface of
MA wheels. In the calculation of the arithmetic average
deviation of the profile, a larger R, value will be obtained
because of the larger absolute value of the longitudinal coor-
dinates from each point to the midline. The peak value of
groove height of UVAG is lower than that of CG because
under the impact trajectory, the oscillation of grinding track
leads to the appearance of crowns and discrowns on the

contour curvature. At the crown, the surface in the UVAG
grinding direction is smoother than that in CG. Therefore,
the improvement of the peak groove height and R, of the
workpiece in the grinding direction is due to the alternating
fluctuation of the surface profile curve along cross section
direction [36].

3.3 Abrasive wheel morphology

The morphology of abrasive wheel after grinding material is
a significant parameter to analyze the grinding performance
of abrasive wheel to material, and it has a very considerable
influence on the metal surface. For better observing the sur-
face morphology of WA and MA wheels after CG and UVG,
the abrasive wheel surface of ultra-high strength steel after
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Fig.8 Surface morphology of the MA wheel after grinding under CG (a) and UVAG (b) conditions

eight strokes was selected and the processing parameter was
v,=20 m/s, v,,=1.5 m/min, and a,=50 pm.

As shown in Figs. 7 and 8, the pores of WA and MA
wheels include elongated wear debris following CG pro-
cesses, with large adhesion fragments present on the worn
particles. Notably, long strip debris adheres conspicuously
to WA abrasive particles but is not observed on MA abra-
sive wheel. This is due to the smooth cutting edge of abra-
sive particles during WA grinding, which results in a large
grinding force and high temperature. As a result, it is easy
for debris to form and weld onto the abrasive particles.
After the abrasive wheel grinds the workpiece, the wear
debris from welding will combine with new long wear
debris to form a mass of debris at the lower right corner

of Fig. 7a, which will significantly impact the quality of
metal surface in subsequent processing. After ultrasonic
grinding of WA and MA wheels, as depicted in Figs. 7b
and 8b, the stomata of alumina wheels appear relatively
clean with only a few small debris entering, while patchy
debris adheres to the surface without any strip debris
observed. However, unlike ultrasonic vibration-assisted
grinding of general hardened steel [24], the WA wheel
still exhibits significant adhesion of large particles to alu-
mina grains after ultra-high strength steel grinding. This
is attributed to the high hardness and wear resistance of
ultra-high strength steel itself, as well as the elevated
grinding force and heat generated during the process that
facilitate chip adherence to alumina grains. Comparing the

., o

2 _Mlc“r'o-fractufe \Q\\

Fig. 9 SEM micro-morphology of the WA (a) and MA (b) wheel after grinding under UVAG conditions
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abrasive grains of WA and MA wheels in the figure, it can
be observed that the edge angles of MA abrasive cutting
edges are more pronounced, while those of WA abrasive
cutting edges are less prominent. Additionally, some wear
debris adheres to the wear platform.

The morphology of alumina wheels WA and MA after
grinding under UVAG conditions is illustrated in Fig. 9.
The surface of WA particles exhibits noticeable adhesion
of short wear debris, blocky chips, and cracks at the end
of abrasive grains, while some abrasive grains form wear
platforms (Fig. 9a). After undergoing UVAG process with
an MA wheel, the abrasive grains undergo concentrated
micro-fragmentation and exhibit minimal adhesion on one
side of the cutting edge. Compared to the micro-morphology
of abrasive particles after grinding with a WA wheel, the
MA wheel produces less adhesion and primarily experiences
micro-crushing wear, which is characterized by distinct
crushing edges. The UVAG intermittent grinding process
improves the wear resistance and self-sharpening properties
of the MA wheel, resulting in superior grinding performance
when processing harder ultra-high strength steels.

4 Conclusions

In this study, experiments were conducted on ultra-high
strength steel using both CG and UVAG techniques with WA
and MA grinding wheels. The performance of the two types
of wheels was analyzed in detail under different machining
processes. Furthermore, the effects of UVAG on corundum
wheel performance were examined, including improvements
in grinding behavior such as force, morphology, and surface
quality. The main conclusions can be drawn:

1. The separation characteristics of UVAG alter the mate-
rial removal mechanism. In comparison to CG, UVAG
exhibits lower grinding force and a stable grinding force
ratio. Additionally, during both CG and UVAG pro-
cesses, the grinding force ratio of MA wheels is smaller
than that of WA wheels

2. UVAG contributes to the enhancement of surface quality.
In terms of micro-morphology, the groove peak height is
lower than that of CG due to UVAG’s impact trajectory.
Additionally, after grinding with MA wheel, wear marks
on the surface are less apparent and grooves are narrower
and deeper compared to WA grinding surfaces.

3. The high-frequency interaction between alumina grains
and the workpiece interrupts the grinding process,
reducing chip clogging adhesion under UVAG condi-
tions. The MA abrasive grain, with its high hardness
and toughness, is more likely to produce micro-cutting
edges under ultrasonic impact and has better grinding
performance than that of WA abrasive grains.
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