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Ultrasonic assisted dry grinding (UADG) is a novel green manufacturing technology for decreasing the negative environment impact
of cutting fluids and improving the surface characteristics. In this study, the influences of the ultrasonic amplitude, grinding depth
and grinding velocity on the surface roughness in ultrasonic assisted dry grinding of 12Cr2Ni4A with a large CBN grinding wheel
were investigated. Due to the Poisson effect, the ultrasonic assisted dry grinding using a large diameter grinding wheel is the
combination of axial ultrasonic assisted grinding and radial ultrasonic assisted grinding. The results indicated that the main axial
ultrasonic component tended to smooth the surface topography by increasing the interaction overlap of the adjacent cutting traces,
but it would result in more side flow/ploughing on the surface at a larger ultrasonic amplitude; the radial ultrasonic component
exerted a function on the increase of the surface roughness through deepening the individual grinding trajectories. Thus, the surface
roughness decreased first and then increased with the increase of grinding depth due to the combined contribution of axial and radial
vibrations. However, the improving effect of ultrasonic vibration on the surface roughness gradually weakened with the increase of
grinding velocity. Under proper operating parameters, surface roughness obtained in ultrasonic assisted dry grinding can be reduced

up to 30% compared with that of common dry grinding.
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1. Introduction

The cutting fluids have been extensively used in the metal grinding
process due to its good performance in cooling, cleaning, lubricating
and antirusting. However, high costs and associated environmental
problems have been associated with the use of a large quantity of
coolant-lubricants.' Dry grinding (DG) technology is a fundamental
solution to eliminate the environmental and economic problems caused
by cutting fluids. Nevertheless, without sufficient cooling and
lubrication, the instant high temperature and considerable heat generated
in grinding process would lead to severe burns of the machined surface.
Over the years, ultrasonic assisted machining technologies such as
ultrasonic drilling,>* ultrasonic vibrating abrasive slurry jet machining,*>
and ultrasonic welding® have been emerged to improve the surface
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integrity and decrease the negative environment impact of cutting
fluids. Previous research indicated that ultrasonic vibration grinding
methods could greatly lower the temperature in the grinding zone.” The
UADG technique works by superimposing high frequency (16-40 kHz)
and low amplitude (2-30 um) in the feed or cross feed direction to the

13'% or the workpiece.'"'? It was well documented that UADG could

too
reduce thrust force and heat generation as well as improve surface
quality under proper operating parameters compared with that of
conventional dry grinding. Tawakoli and Azarhoushang’ demonstrated
that the thermal damage of the workpiece could be eliminated and the
normal and tangential grinding forces reduced by 60-70% and 30-50%
respectively with the aid of ultrasonic vibration. Paknejad et al."
measured the temperature history and distribution of workpiece during

ultrasonic assisted dry creep feed up grinding and indicated that the
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ultrasonic vibration resulted in a dramatic decrease in maximum
temperature by 25.91% compared with DG. Experimental results of
Chen et al."* on ultrasonic assisted dry grinding of carbon steel showed
a maximum reduction of 20% in surface roughness could be achieved
compared with that of DG and the values of the parameters Ry, R,x and
R, of the Abbott-Firestone curve in UADG were smaller than those in
DG."> Wang et al.'® also reported that ultrasonic vibration frequency
and amplitude had a significant influence on the material removal,
grinding force, surface morphology and roughness. It was found that
higher amplitude and frequency tended to produce a better surface.
Meanwhile, the resonance of sonic wave vibration is the key
technology in the ultrasonic assisted grinding. If the ultrasonic is
superimposed to the workpiece, then each ultrasonic vibration system
must be individually designed to match the natural frequencies of the
workpiece as the ultrasonic vibration system is determined by the
material and structure of the workpiece. This makes it difficult and
expensive to design an ultrasonic vibration system. Instead, if the
ultrasonic is superimposed on the grinding wheel, these disadvantages
can be eliminated. However, as ultrasonic assisted grinding usually
operates with the diameter of the grinding wheel in the vicinity of 10
mm, it is mainly applied in the processing of micro components.'” The
diameter of the grinding wheel used to machine conventional
engineering parts is normally greater than 100 mm in order to improve
the machining efficiency. Although the ultrasonic vibration is designed
in one-wave length resonance, it should be noted that pure-longitudinal
waves can only exist in solids where the dimensions are very large
compared with the longitudinal wavelength. If not, due to the Poisson
effect, another ultrasonic vibration is simultaneously generated in the
radial direction at the same frequency but with a much smaller
amplitude.'®'* The amplitude in the radial direction is proportional to

1.2 Therefore, the ultrasonic assisted

the diameter of the grinding whee
grinding using a large diameter grinding wheel is just the combination
of axial ultrasonic assisted grinding and radial ultrasonic assisted
grinding. Since the amplitude in the radial direction is much smaller
than that in the axial direction, it is different from two-dimensional
ultrasonic assisted grinding?' or elliptical ultrasonic assisted grinding®
where the amplitudes in different directions are usually identical.

As indicated by the literature review above, many researches have
been done on the UADG, but the effect of ultrasonic assisted dry
grinding with a large diameter grinding wheel on surface roughness has
not been studied yet. In this paper, an experimental platform was set up
firstly to perform ultrasonic assisted dry grinding with a large diameter
grinding wheel. Then, the influences of the vibration amplitude, the
depth of grinding and the grinding velocity on the surface roughness
were systematically studied. Finally, the formation mechanism of the
surface roughness was discussed from the view point of the effect of
ultrasonic in different directions on the grain movement track.

2. Kinematic Characteristics

Fig. 1 shows the schematic view of the UADG. A resin-bonded CBN
grinding wheel with a large diameter vibrating ultrasonically along its
own axial with frequency and amplitude of f'and A rotates clockwise
with rotation speed of V;. As shown in Fig. 1, V,, is the feed speed of

Ultrasonic
vibration cutter

Grinding
wheel

Fig. 1 Schematic diagram of UAG
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Fig. 2 Kinematics of cutting action in ultrasonic assisted grinding

(b) in xz-plane

workpiece, and g, is the grinding depth. As mentioned previously, due
to the Poisson effect, another ultrasonic vibration is simultaneously
generated in the radial direction at the same frequency of f'but with a
much smaller amplitude of A4, In the current work, to verify this
statement, the vibration amplitudes of the grinding wheel in the radial
and axial direction were measured using a laser displacement sensor
(LK-G10 by KEYENCE), and the test results confirmed that the
ultrasonic amplitude was about 3 pm in the radial direction and about
10 pum in the axial direction. Due to the ultrasonic vibration in y-
direction, the grinding wheel moves leftward and rightward alternatively
in the grinding process. As a result, the grinding depth of UADG
changes periodically, resulting in a relative greater maximum depth
compared with that of CDG, as shown in Fig. 2(a). The sinusoidal
cutting trace of the grinding wheel is generated due to the ultrasonic
vibration in z-direction, as shown in Fig. 2(b).

The global coordinate system Oxyz is set with its origin O fixed on
the workpiece and coinciding with the grain at the lowest point. The
trajectory of grain G can be expressed as
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Table 1 Mechanical properties of workpiece (12Cr2NidA)

Elastic modulus (GPa) Density (kg/m®) Poisson’s ratio HRC
207 7.84 x 10° 0.298 13
Table 2 Machining variables
Experiment Spindle speed (rpm) Ultrasonic vibration amplitude (um) Grinding depth (um)
Group 1 1200 0 5,10,15,20,25,30
Group 2 1200 4 5,10,15,20,25,30
Group 3 1200 7 5,10,15,20,25,30
Group 4 1200 10 5,10,15,20,25,30
Table 3 Machining variables
Experiment Grinding depth (um) Ultrasonic amplitude (um) Spindle speed (rpm)
Group 5 10 0 400,800,1200,1600, 2000,2400
Group 6 10 4 400,800,1200,1600, 2000,2400
Group 7 10 7 400,800,1200,1600, 2000,2400
Group 8 10 10 400,800,1200,1600, 2000,2400
x=vt+ %Sin(Zﬂ'VSt)
dS
yzz(l—cos(Zﬂvst))-rA}, cos(27 fi +¢,) Q)

z=Asin(2z fi+ )

The velocities of the tool in the x-, y- and z- directions at time ¢,
represented as vy, v, and v., respectively, can hence be determined by
differentiating Eq. (1) with respect to time .

v, =v, +7d,v, cos(2zvt)

v, =zdy,sin(2zvt) =27 fA,sin (27 ft + ¢,) )
v, =27 fA_cos(2x ft + ¢, )

The contact length for a single grain can be represented as

[2. 2 2
lk=_[ vitv,tv.dt

B \/ (vw+ﬂdvvxcos(Zﬂvst))2+(7ra’svxsin(27rvxt) G

27fA,sin(Qzft+ )’ + (27fd,cos2aft+4,))’
The DG process can be treated as a special case of UADG where

A,=0and 4, = 0. Thus, it is deduced from Eq. (3) that the length of
the grain trajectory in UADG is greater than that in DG under the same

conditions. However, due to the ultrasonic vibration amplitude on the
order of micrometers, the second and third term on the right hand side
of Eq. (3) may be overestimated if the grinding velocity is large enough.

3. Experimental Setup and Conditions

The grinding tests were carried out on a 3-axis NC milling machine
with the conventional main spindle replaced with an ultrasonic spindle,
as shown in Fig. 3. The frequency of ultrasonic spindle is near 25 kHz
and the maximum amplitude 4. is around 10 pm. The output ultrasonic
amplitude can be adjustable by varying the ultrasonic power. At the
lower end of the spindle, a resin-bonded 120# CBN grinding wheel

with a diameter of 100 mm was fixed. The workpiece is a plate-shaped

Ultrasonic
vibration cutter

Grinding wheel

Workpicce

Three dimensional
dynamometer

Fig. 3 Experimental set-up for ultrasonic assisted dry grinding

specimen of 12Cr2Ni4A steel (tempering at 140°C) with dimensions of
L16 x W9 x T9 mm. The main material properties of it are listed in
Table 1.

As shown in Tables 2 and 3, several groups of grinding tests were
performed using various grinding depths of 5, 10, 15, 20, 25, and 30
mm, different ultrasonic amplitudes and wheel speeds of 0, 4, 7, 10 um
and 400, 800, 1200, 1600, 2000, 2400 rpm respectively. Common
grinding tests were performed by switching off the ultrasonic generator.
Wheel dressing was carried out prior to each group using a silicon
carbide roller with a 100 mm/min feed speed, 2000 rpm spindle speed
and 30 um dressing depth with spark-out.

After the grinding tests, the sample was ultrasonically cleaned for
15 minutes in anhydrous alcohol. A scanning electron microscope
(SEM) with various magnifications (2000x) was used to investigate the
surface integrity and fracture mode. A white-light interferometer (NT
9100 by Wyko, Co., Ltd.) was employed to measure the three-
dimensional surface roughness parameters. To ensure the reliability of
the test data, three tests were carried out where each set of process
parameters were used to get the average values.
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(c) Ultrasonic vibration 4- = 7 ym

Fig. 4 SEM images of work surface

4. Results and Discussions

The influences of the ultrasonic vibration on the machining
mechanism were investigated. Figs. 4(a) to (d) show the SEM images
of typical workpiece surfaces ground by DG and UADG at spindle
speed of 1200 rpm and grinding depth of 15 pum. It can be seen that the
surfaces ground after UADG have greater levels of overlapping and
side flow/ploughing, and the overlapping and side flow/ploughing were
aggravated with the increase of vibration amplitude.

The primary reason for this phenomenon is that the tangential
grinding direction changes in a sinusoidal pattern as shown in Fig. 2(b).
Then, the tangential force F, can be divided into two parts along the x
and z direction, which are respectively given by:*

F =F cosp
{E = Fsing @
where ¢ is the engagement angle which can be obtained by the relative
velocity of the abrasive grain in Eq. (2)

i) _ arctan[Z”fA“’ cos(27 fi + ¢0)J

v v, +7d v, cos(27v,r)

x

Q= arctan[ (5)

Substitute Eq. (5) into Eq. (6), and the following result is obtained.
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SEM HV: 20.0 kV WD: 15.99 mm |
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MIRA3 TESCAN
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(d) Ultrasonic vibration 4- = 10 pum

F, = F,cosg

F.=F Sin(arctan(zﬂfA’ cos(27rﬁ +¢0)]J (6)

v, +mdv, cos(27vt)

Eq. (6) implies that the ultrasonic vibration amplitude in the axial
direction adds additional force in the z-direction. Hence the stress
between the grain and the workpiece in the z-direction is increased.
Nevertheless, the stress produced by F. has not reached the fracture
stress as the engagement angle is small. Thus, the workpice material
flow upheaved and stacked at two sides of the furrows. In addition, the
F. is proportional to the tangential force F, and amplitude A4.. It is also
well known that the cutting forces increase as the grinding depth
increases.>* Therefore, more material piles up to the sides of the groove
as the ultrasonic vibration amplitude and the grinding depth increase,
resulting in a worse ground surface.

The influences of the vibration amplitude on surface roughness were
investigated as well. Fig. 5 shows the surface roughness vs grinding
depth at different vibration amplitudes. Experiments were conducted at
a spindle speed of 1200 r/min and a feed speed of 300 mm/min. It is
evident that the variation trends of the surface roughness in UADG and
DG are different. The surface roughness in DG rises against the grinding
depth. However, in UADG, the surface roughness first decreases and
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Fig. 5 Surface roughness versus depth of grinding for different
ultrasonic amplitudes
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Fig. 6 Surface roughness versus grinding velocity for different
ultrasonic amplitudes

then increases with respect to the grinding depth. At the same grinding
depth, the situation is more complex depending on the ultrasonic
vibration amplitude. For the grinding depth of 5 um, the surface finish
in ultrasonic assisted grinding is improved by 2.4% over the DG at the
vibration amplitude of 4 um. In contrast, the surface finish with
ultrasonic assisted grinding technique is worse than that in DG at the
vibration amplitude of 7 um and 10 um. For the grinding depth in the
range of 10-20 um, the surface roughness with the vibration amplitude
of 7 um is the smallest where a reduction of up to 30% is achieved at
the grinding depth of 20 pm. Compared with the vibration amplitude of
4 um, the effectiveness of UADG is the worst at the vibration amplitude
of 10 um. Once the grinding depth is beyond 20 um, the surface
roughness in UADG increases rapidly. It is worth noting that for the
grinding depth of 30 pm, the surface finish with ultrasonic assisted
grinding technique is worse than that in DG at the vibration amplitude
of 7 um and 10 um.

The influences of the vibration amplitude and grinding velocity on
the surface roughness were obtained as shown in Fig. 6. The grinding
depth of and feed speed were set as 10 pm and 300 mm/min respectively.
Obviously, the surface roughness in all the cases presents a similar
reduction variation tendency as the grinding velocity increases. The
results show that UADG has certain effect in reducing the surface
roughness at low grinding velocities. There is a reduction of up to 26%

8.1 Y
'?3 AT T L VL. T T 1 " T "7 |
o 0.45 0.4 0,35 0.3 0.25 0.2 0.15 0.1 0.05 ©

mm
(a) Common grinding (grinding velocity = 1200 rpm,
grinding depth = 5 um and feed = 300 mm/min)

(b) Ultrasonic assisted grinding (grinding velocity = 1200 rpm,
grinding depth = 5 um, feed = 300 mm/min,
frequency = 25, kHz and amplitude = 4 um)

Fig. 7 Photographs of the ground surface

in surface roughness at thegrinding speed of 400 rpm and vibration
amplitude of 7 pum. However, as the grinding velocity increases,
UADG’s effect gradually weakens, and becomes even worse for the
grinding speed of 2400 rpm. At the same grinding velocity, the surface
roughness decreases at the beginning and then increases with the
increase of ultrasonic vibration amplitude. However, when the grinding
velocity exceeds 1600 rpm, the surface roughness increase gradually
with the increase of ultrasonic amplitude.

For the results shown in Figs. 5 and 6, the contribution of the UADG
with a large diameter grinding wheel to the surface roughness can be
accordingly attributed to the overlapping and ploughing conditions in
the axial direction, the intermittent cutting conditions in the radial
direction. Due to the oscillation in the radial direction, as shown in Fig.
2(a), the tool moves leftward and rightward alternatively in the cutting
process, leading to the periodical variation of the depth of grinding in
UADG and its maximum value to be greater than that in CG. It can be
observed from Fig. 7 that the ground surface after DG consisting of
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Fig. 8 Surface profiles of the ground workpiece in CDG and UADG
(grinding velocity = 1200 rpm, grinding depth = 15 um and
feed speed = 300 mm/min)

numerous small and straight grinding grooves, while the grinding
grooves in UADG are sinusoidal shape and there is intermittent
scratching owing to the ultrasonic vibration in the radial direction.
Linear profiles of the ground surface along the grinding direction
provide an insight into how the radial component of ultrasonic vibration
qualitatively affects the surface topography.

Fig. 8 presents the linear profiles of the ground surface in DG and
UADG at different ultrasonic vibration amplitudes. It can be found that
the profile of DG is virtually flat while the profile fluctuates with
periodic rise and fall in UADG. The greater the ultrasonic action is, the
larger the value of peak-valley spacing will be, which could increase
the surface roughness value. Therefore, the surface finish after UADG
does not improve significantly and even becomes worse at a smaller
value of grinding depth.

Beyond that, the axial component of ultrasonic vibration also exert
a function on the surface roughness by changing the individual grinding
traces as shown in Fig. 2(b). It can be found that the grits would interact
with each other and more overlaps of the material removal could be
generated due to the sinusoidal cutting trace, which can reduce the
grinding marks and smooth the workpiece surface.>?* Moreover, due
to the sinusoidal variations of the velocities in y- and z-direction, the
impact effects of the tool on the workpiece are generated. The impact
could produce tiny blade fragmentations of abrasive to get new cutting
blades and thus the self-sharpening of the abrasives which is helpful for
material removal during ultrasonic assisted grinding.?”?® The ultrasonic
vibration also increase the grain protrusion height and enlarges the chip
allowance space by accelerating the removal rate of bond material.?’
The sharper grinding wheel is beneficial to improve the surface
roughness. From that it can be inferred that the ultrasonic vibration in
the axial direction tends to smoothen the surface topography and
reduce the surface roughness. This can be considered as a main reason
why the surface roughness is reduced in UADG at the grinding depth
in the range of 10-20 pum.

As mentioned before, the ploughing action generated by ultrasonic
vibration results in a worse surface topography, which means that the
surface roughness should increase with the increase of the vibration

1140 4 —&— Common grinding
1 X —&— Ultrasonic amplitude=4 pm
11204 \ —&— Ultrasonic amplitude=7 pm
1 ] sonic g i :
— 1100 —¥— Ultrasonic amplitude=10 pym |
El 1 a_=10 um, VV_=300 mm/min
Z 10804 L y
W 1
= 1060 4
= 1
T 1040
o
10204
10004
0 500 1000 1500 2000 2500

Grinding velocity V (r/min)

Fig. 9 Contact length versus grinding velocity for different ultrasonic
amplitude

amplitude and grinding depth. The integrated effects of ultrasonic
vibration in the radial and axial direction result in the final workpiece
surface. At the small depth of grinding, ultrasonic vibration has less
effect on surface roughness improvement since the radial vibration is
predominant. As the grinding depth increases, ultrasonic vibration can
remarkably improve the surface roughness as the axial vibration
generates more overlaps of the material removal than in DG. However,
affected by the ploughing action owing to the axial vibration and
deepening the grinding depth owing to the radial vibration, the surface
roughness decreases first and then increases with the increase of
ultrasonic vibration amplitude at the same grinding depth. When the
grinding depth exceeds a certain value, the effect of ploughing caused
by ultrasonic vibration surpasses the overlap effect, and then the surface
roughness of UADG rises with the increase of grinding depth. The larger
the ultrasonic amplitude is, the faster the growth rate becomes.
However, as shown in Fig. 9, with the increase of grinding velocity,
the contact length of UADG and DG for a single grain would tend to
equalize, which decreases the chance of the trajectories to cross each
other. The effect of overlapping decreases. While the deepening effect
is not weaker due to the grinding velocity has no effect on the radial
vibration. Therefore, as the grinding velocity increases, the effect on
surface roughness improvement gradually weakens and becomes even

WOrse.

5. Conclusions

In this investigation, the ground surfaces are compared between DG
and UADG with a large diameter grinding wheel. Due to the Poisson
effect, the UADG using a large diameter grinding wheel is the
combination of axial ultrasonic assisted grinding and radial ultrasonic
assisted grinding. The radial vibration exerts a function on the increase
of the surface roughness through deepening the individual grinding
traces, and the axial vibration tends to smooth the surface topography
by increasing the interaction overlap of adjacent cutting trajectories.

From the results of the experiments, the following conclusions can
be obtained:

(1) In terms of surface quality, SEM micrographs reveal greater
levels of overlapping and side flow/ploughing on the workpiece surface
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machined with ultrasonic vibration in comparison with that of common
grinding. Furthermore, the overlapping and side flow/ploughing were
aggravated with the increase of vibration amplitude.

(2) The grinding depth and velocity have a great influence on
ultrasonic effects. Slightly deep grinding depth and lower grinding
velocity tend to produce a better surface at the same ultrasonic vibration
frequency and amplitude.

(3) Under the current experimental conditions, the maxim reduction
of surface roughness in UAG is 30% at the ultrasonic amplitude of 7
um and the grinding depth of 20 um.
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