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Abstract

The combination of ultrasonic vibration-assisted grinding (UVAG), the ultrasonic vibrating method, and the conventional
grinding (CG) process is proposed to improve the grindability of hardened steel in the CG process. Comparative investigations
on grinding force, temperature, and specific grinding energy for both grinding processes were conducted. In addition, the
morphologies of the wheel wear and ground surfaces were also studied. Findings show that compared with the CG processes,
the normal and tangential grinding forces in UVAG are reduced greatly by 16.44% and 17.44%, respectively. The UVAG
process decreases the specific grinding energy by 8.30% owing to the increase of the maximum undeformed chip thickness
and the grinding temperature by 19.01% due to the improvement of the coolant heat transfer capacity in the grinding arc
zone. Meanwhile, the promising grain sharpness of wheels can be guaranteed from the enhanced cooling function on the

grinding arc zone and the grain’s micro-fracture caused by ultrasonic impacting actions.

Keywords Grinding temperature - Grinding specific energy - Coolant heat transfer coefficient - Ultrasonic vibration-

assisted grinding - Hardened steel

1 Introduction

Hardened steel has been widely used in the automotive and
aerospace industries, including automotive crankshafts,
cutting tools, bearings, and molds, owing to its superior
mechanical properties and high wear-resistances [1, 2]. The
existence of high-carbon martensite inside the heat treatment
layers of hardened steels is attributed to the overall poor
machinability and low thermal conductivity of hardened
steel [3, 4]. Grinding processes are employed to eliminate
deformation after heat treatment and improve the accuracy
of workpieces. However, unexpected grinding burn easily
occurs due to the aggregation of high grinding force and
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heat on the workpiece surface, resulting in poor surface
quality and high surface residual tensile stress [5—7]. Thus,
a new machining technology is urgently needed to reduce
the grinding force and heat, such as the use of ultrasound-
assisted grinding with ultrasonic vibrations on a workpiece
or grinding wheel [8], high-shear and low-pressure grinding
with a new grinding wheel includes the shear thickening
abrasive layer [9, 10], and laser-assisted grinding by apply-
ing a laser-softened layer to the surface of a workpiece [11].

The ultrasonic vibration-assisted grinding (UVAG) tech-
nique, which is an excellent method, has received increasing
attention locally and overseas for its ability to significantly
improve the grindability of difficult-to-cut materials [12].
Cao et al. [13] performed a comparative study using CG and
UVAG processes on nickel-based superalloy and revealed
that the tangential and normal grinding forces decreased by
30% and 40%, respectively, due to the acoustic softening and
ultrasonic friction reduction effects. Dai et al. [14] reported
that the peening effect of abrasive ultrasonic vibration would
cause brittle fracture and soften the workpiece surface dur-
ing the grinding of SiC ceramic materials, resulting in the
significant reduction of the normal, tangential, and radial
forces by 69%, 52%, and 71%, respectively. Zhang et al. [15]
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reported that the average undeformed chip thickness could
be reduced during the machining or removal of brittle C/SiC
composites via UVAG processes because the interference
of the abrasive trajectory results in intermittent non-cutting
processes. Here, the normal and tangential forces were
decreased by 20.44% and 17.66, respectively. Along this
line of consideration, the employment of ultrasonic vibrat-
ing methods in traditional machining processes can reduce
the grinding forces and temperature and thus improve the
machining surface integrity and the tools’ wear-resistance
ability. However, the removal characteristics and grinding
heat transfer mechanism of hardened steel materials have yet
to be fully investigated under UVAG processes.
Furthermore, sudden grinding burn usually occurs due to
the accumulation of grinding heat on the machining surface,
which has a devastating influence on the blockage of grind-
ing wheels and is associated with ground surface quality [16,
17]. In recent decades, numerous researchers have focused
on controlling the generation [18] and conduction [19] of
grinding heat. Malkin and Guo [20] reported that the grind-
ing temperature could be availably reduced by controlling
the grinding specific energy. Here, the reduction in grinding
specific energy ranged from 105 to 70 J/mm?, resulting in
a 33% reduction in grinding temperature. Single et al. [21]
performed theoretical modeling and experimental research
on the different components of specific grinding energy,
including the energy of chip formation and primary and
secondary rubbing and ploughing, contributing to the pre-
diction of the specific grinding energy. Subsequently, Jeager
and Carslaw [22] proposed a one-dimensional moving heat
source model to connect the heat flow into the workpiece
with the internal temperature field, providing a theoreti-
cal basis for grinding thermal analysis. On the basis of the
model established by Jaeger and Carslaw [22], Rowe [23]
analyzed the four conduction modes of the total grinding
heat and the theoretical model of heat distribution, clarifying
the influence of the material’s physical parameters and the
grinding parameters on the grinding temperature. Lavisse

Fig. 1 Schematic of experimen-
tal setup and grinding equip-
ment
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et al. [24] conducted high-flow and high-speed jet grind-
ing experiments, which greatly reduced the grinding heat
absorbed by workpieces, resulting in a 50% reduction in heat
distribution ratio and maximum temperature in the grinding
arc zone. Therefore, grinding thermal analysis must be fur-
ther performed to control the grinding temperature during
CG and UVAG processes.

In this study, comparative experiments were conducted to
study the effect of ultrasonic vibration and grinding param-
eters on the grindability of hardened steel under CG and
UVAG processes. Following the introduction part, the exper-
imental setup and the associated equipment are presented in
the Sect. 2. Subsequently, the Sect. 3 reveals the influence of
ultrasonic vibration processes and grinding parameters on
the grinding force, the grinding specific energy, the coolant
heat transfer coefficient, the grinding surface temperature,
wheel wear, and the grinding surface defects. Finally, the
Sect. 4 is summarized in the last section.

2 Experiment environment
2.1 Experimental setup

In this trial, grinding operations were performed using a
surface grinder (Blohm Profimat MT-408), and white corun-
dum grinding wheels (WA80F13V45m) were used. The cor-
responding experiment setup and the grinding device are
shown in Fig. 1. The left part of Fig. 1 shows that an ultra-
sonic vibration platform system was used, and the ultrasonic
generator generates a high-frequency vibration signal [13].
Subsequently, tangential vibration is generated in the center
area of the platform by amplifying the amplitude of the horn.
In this study, GCr15 hardened steel was adopted as the work-
piece material with dimensions of 30 mm X 10 mm X 12 mm
(Lx W x H), and the hardness of the material can reach
HRC 60-62 within a depth of 2 mm from the surface. The
material composition of GCr15 hardened steel is listed in
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Table 1 Material components

Material C Si
of GCrl15 hardened steel (%)

Mn P S Cr Ni Mo Fe

GCrl15 1.03 0.227

0.353

0.007 0.003 1.46 0.015 0.0096 Balance

Table 1. In addition, Table 2 shows some typical thermal
performance values of the workpiece and grinding wheel
materials used for the further investigation of the coolant
heat transfer coefficient during grinding processes. Further-
more, a sealed shell was adopted to keep the UVAG system
running stably under the coolant, and then air cooling was
continuously injected to maintain the proper working tem-
perature inside the transducer.

Prior to the grinding operation, the vibration frequency
and amplitude of the workpiece without loads were cali-
brated. Here, three uniform points on the end face of the
workpiece were selected, and a laser doppler vibrometer was
used to measure the amplitude and the sample frequency,
which were fixed at 480 kHz. The real-time FFT analysis
using the Quick SA software revealed that the workpiece
can produce a stable ultrasonic amplitude (A) of 4 pm when
the ultrasonic generator power is 19% and the vibration fre-
quency fis 19.70 kHz. Subsequently, the UVAG system was
fixed on the grinder platform through the platen. During the
experiment, surface grinding was carried out 5 times using
the parameters in Table 3, and the grinding force and tem-
perature were recorded. A water-based coolant containing
5% emulsion was used. After the experiment, to eliminate
the influence of the wear of the grinding wheel and the dif-
ference in surface quality after multiple grinding, uniform
grinding parameters were used to dress the surface of the
workpiece (grinding speed of v,=25 m/s, workpiece speed
of v, =7.5 m/min, depth of cut of a,= 15 pm). Then, a dress-
ing diamond was used to trim the grinding wheel to maintain
the ability to cut materials, and the trimming parameters are
vy =20 m/s, v, =200 mm/s, and ap= 100 pm.

wt

2.2 Testing method

During this comparative experiment, a four-phase piezo-
electric dynamometer (Kistler 9253B) and a multi-channel
charge amplifier (Kistler 5080A) were employed to measure

Table 2 Thermal properties of aluminum oxide and GCr15 hardened
steel

Material ~ Conductivity Density  Specific Thermal property
k(W/mK)  p(kg/  heatc f=+kpc (J/m>sK)
m’) (/kgK)
GCrl5 34.3 7815 506 11,650
Aluminum 35.0 3980 765 10,300
oxide

the grinding forces. In addition, as shown in Fig. 2, a semi-
artificial thermocouple was applied to obtain the thermo-
electric signals recorded by the NI USB-6211 DAQ card
and processed by the NI-LabView software. Then, the grind-
ing temperature could be calculated using the relationship
between the actual temperature (7)) and thermoelectric value
(E). Here, this relationship was achieved via the standard
calibration method and is expressed as follows [25]:

T = —0.0223E? + 18.2532E — 6.0770 (1)

After the grinding processes, the machined workpiece
should be ultrasonically cleaned with 75% alcohol. After
the grinding experiments, the abrasive layer of the grinding
wheels for both CG and UVAG processes was broken into
small pieces, which were cleaned through the same clean-
ing methods to reveal the influence of grinding processes
on wheel wear. Subsequently, these pieces of wheels were
detected by scanning electron microscopy (Quanta 200).

3 Results and discussion
3.1 Grinding forces

Grinding forces, as an important indicator, have a great
influence on the grinding specific energy, the grinding tem-
perature, the grinding wheel performance, and the ground
surface quality [26]. Figure 3 shows the influence of grind-
ing parameters on normal force F, and tangential force F,
during the CG and UVAG processes. When the grinding
speed (v) rises from 15 to 30 m/s, the normal and tangential
forces of CG decrease from 103.95 to 63.91 N and 46.17 to
29.45 N, respectively, as illustrated in Fig. 3a. A similar var-
ying tendency with F, and F, can be observed in the UVAG

Table 3 Grinding process parameters for both grinding processes

Contents Values

Surface Grinder Blohm Profimat MT-408
Surface down grinding
White alundum wheel (WA/80F13V45m)

Machine tool
Grinding mode

Abrasive wheel

Grinding speed v, 15-30 m/s
Workpiece speed v,, 4.5-9 m/min
Depth of cut a,, 10-25 pm
Grinding width b 10 mm

Cooling condition 5% emulsified water; pressure at 0.2 MPa
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Fig.2 Schematic of semi-manual thermocouple temperature meas-
urement

process compared to the other one, while the normal and
tangential forces are lower than those in the other process by
5.07 N (6.98%) and 2.33 N (7.91%), respectively. However,

the difference is small with the change in grinding speed,
indicating that grinding speed has a little significant effect
on the ability of UVAG in terms of reducing the grinding
forces. In addition, the F, and F, of CG/UVAG increase with
workpiece speed v, (Fig. 3b). Meanwhile, the maximum dif-
ference between the normal and tangential forces in UVAG
and CG occurs at the maximum feed speed (v,,) of 9 m/
min, namely, 7.27 N (8.94%) and 4.45 N (12.19%), respec-
tively. The abrasive particles are in contact and separated in
a single vibration cycle in UVAG, like a tool in a constant
cutting-separating state. The separation condition of the
grinding wheel and the workpiece can be expressed as fol-
lows [27]: v,, < 2nfA. The intermittent grinding phenomenon
between the abrasive particles and the workpiece is likely
to occur due to the increase in the workpiece feed speed.
As illustrated in Fig. 3c, the F, and F, of CG and UVAG
increase with the depth of cut a,. However, the differences
between the F,, and F, in UVAG and CG are most obvious
at a small cutting depth (a, =10 pm) and decrease by 9.46 N
(16.44%) and 4.8 N (17.44%), respectively, indicating that
the UVAG process with a soft WA wheel is suitable for the
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Fig. 3 Effects of grinding parameters on grinding forces during CG and UVAG processes
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small cutting depth. For a large cutting depth, little differ-
ence exists between the grinding forces in the UVAG and
CG processes. This phenomenon mainly occurs because
although ultrasonic vibration improves the self-sharpening
effect of grains [28], it will accelerate the wheel wear under
a large depth of cut, presenting a similar grinding force in
UVAG and CG at the large depth of cut.

3.2 Specific grinding energy

Specific grinding energy e, which is an important indicator
for evaluating the degree of difficulty in removing materials
and measuring the generated heat during grinding processes,
presents the consumed energy by removal materials per vol-
ume, which can be expressed as follows:

P Fy

= v,,a,b - v, a,b @)

where the grinding width (b) of the workpiece is fixed at
10 mm.

To investigate the specific grinding energy clearly, the
maximum undeformed chip thickness should be studied
[29]. Here, as mentioned by Pahlitzsch and Helmerdig [30],
maximum undeformed chip thickness a,,,,, can be obtained
using the following expression (Eq. (3)), considering the
adjacent abrasive grains with the same spacing of grinding
wheels.

g Zsw a
= 7 3

where A, is the grinding edge spacing, and d is the grinding
wheel diameter.

In Fig. 4, the evolution of the specific grinding energy
(e,) affected by the grinding wheel speed, the feed speed,
and the depth of cut is plotted. As grinding speed v,
increases from 15 to 30 m/s under at feed speed v, of
7.5 m/min and cutting depth a, of 15 pm, the specific
grinding energy (e,) of CG increases from 36.94 to 47.12 J/
mm? by 27.56%, and that of UVAG increases from 35.14
to 43.39 J/mm?® by 23.48% (Fig. 4a). Figure 4b shows that
as the v, value increases from 4.5 to 9 m/min at the v,
of 25 m/s and a, of 15 pm, the e, value of CG decreases
from 49.22 to 40.56 J/mm?> by 17.59%, and that of UVAG
decreases 45.58 to 35.61 J/mm? by 21.87%. As a, increases
from 10 to 25 pm, the e, value of CG decreases by 35.68%
from 55.04 to 35.40 J/mm?>, and that of UVAG decreases
by 24.14% from 45.44 to 34.47 J/mm? (Fig. 4c). Fig-
ure 4d demonstrates that e; decreases with the rise of @,
according to Eq. (3). The e, of UVAG is reduced in the
range of 5.30-11.29% compared with that of CG. Mean-
while, the decreasing tendency of e, with the increase of

A gmax reveals that UVAG has better grindability and lower
grinding energy consumption and grinding heat genera-
tion than CG. This phenomenon can be explained in view
of the different material removal stages (e.g., scratching,
ploughing, and cutting) of abrasive grains. Great energy
is consumed in scratching and ploughing due to the size
effect according to Eq. (3). Here, a,,, is increased with
the decrease of v, and rise of v, and a,, which is reflected
in the reduction of e,.

To clearly investigate the influence of ultrasonic vibration
parameters on material cutting processes, the dg,,, model
of the UVAG methods was established based on traditional
grinding processes, as illustrated in Fig. 5. Here, the d,p,,,
value (Eq. (4)) could be rewritten using the line EH and
clamping angle 6.

a =FEH =FEF -sin6 4)

gmax

According to the coordinate system in Fig. 4, the mov-
ing trajectory of two continuous abrasive grains with a dis-
tance of A, during the UVAG processes could be expressed
as follows:

X, =v,t+A sinSwt) +R Sin(%t)

Yui = R - RCOS(E“Z‘)

Xy =V, (t+ 2) + Asino(r + 2)) + Rsin(%0) Q)
Yuio1 =R — Rcés(%‘t) ’

where A is the ultrasonic amplitude, w is the ultrasonic angu-
lar velocity, ¢ is the current time, and R is the radius of the
grinding wheel. From Eq. (5), the following equation could
be presented:

EF, = Xyio1 =X

Avvw . As .
i = —— +Asin(o(t + —)) — A sin(wt)
’ s Vg
(©6)
In this case, d,,,, must be calculated within a period, that
is, = —AJ/(2v,). Here, the maximum value of EF, should be

u,max

EF AV 4 oA sin(w2)
=" in(o—
% st 2v ™

s s

After simplification,

\/d_g — (d, —2a,)? \/4dxap —4a
d, = d,

sinf = becomes sinf = 2 (8)

d
dS

Therefore, the maximum undeformed chip thickness

(@y gmax) Of UVAG could be concluded as

— 2( ’15‘vw + 2Asi (wls )) aP 9
au,g max — v, S sz d.y ( )
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Fig.4 Effects of grinding parameters and maximum undeformed chip thickness on the specific grinding energy

According to this line of consideration based on
Eq. (9), the maximum undeformed chip thickness (a
was remarkably affected by the ultrasonic vibrating and

Fig.5 Schematic of chip forma-
tion and maximum undeformed
cutting thickness for both grind-

ing methods
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(see Eq. (9)) and illustrated by the diagram (see Fig. 5).
Figure 6 shows the relationship between a, 4, and the
ultrasonic amplitude and the specific grinding energy. The
actual value of the g, ,,,, of UVAG is larger than that of
CG, and the entering speed of the former’s cutting stage is
faster than that of the latter. Under the grinding parameters
(e.g., grinding speed of 25 m/s, feed speed of 7.5 m/min,
and cutting depth of 15 pm) and the ultrasonic amplitude of
4 pm, the a, g, of UVAG increased by 25.4% compared
with that of CG according to Eq. (9). When amplitude A
is 0, @y gmax and dgp,,, are equal. Finally, the fitting curves
for a, gy versus eg are plotted in Fig. 6b and show a very
close fit between UVAG and CG because the UVAG fit-
ting curve corrects the effect of vibration on the thickness
of the cut, ultimately showing the relationship between
the removal energy of the material and the chip thickness,
regardless of whether ultrasound is applied. This phenom-
enon also proves that Eq. (9) can predict the chip thickness
of the UVAG and explains that the ability of the UVAG to

reduce e, decreases with the increase of a; gp,qy-

3.3 Grinding temperature and coolant heat transfer
coefficient

During the grinding processes, a certain amount of energy is
required to remove materials, and most of this energy would be
converted into heat. Here, heat is transmitted to the workpiece
surface, resulting in grinding burns and eventually affecting
the service life of the workpiece [31]. Figure 7 illustrates the
relationship between the grinding temperatures and parameters
for both grinding methods. As the grinding wheel speed rises
from 15 to 30 m/s, the grinding temperature of CG rises from

50.60
2 —CG
S 0.55 B UVAG
050 Vvs=25m/s v, =7.5 m/min
a,=15 pm

1 2 3 4 5 6 7
(a) Amplitude 4 (um)

Fig.6 Plotted curves between the @, 4,

87.80 to 100.68 °C, and the grinding temperature of UVAG
increases from 77.22 to 90.25 ‘C. Here, the grinding tempera-
ture of UVAG is generally lower than that of CG, showing
a decrease of 10.36 to 12.48%. The grinding temperature
rises with feed speed v, as shown in Fig. 7b. The tendency
of the grinding temperature of UVAG and CG is similar,
but the temperature of UVAG decreased by 7.08-12.02 °C
(10.82-19.01%) compared with that of CG. In addition, the
grinding temperature of CG and UVAG increases with the
ay, (see Fig. 7c), and the grinding temperature of UVAG is
always lower than that of CG, ranging from 7.78 to 13.40 °C
(5.84-17.45%). This phenomenon reveals that the grinding
temperature can be effectively reduced by employing ultra-
sonic vibrating techniques in the traditional grinding processes
because of the small e, value under the same g, gy,

During the grinding processes, the total grinding heat flux
(g is transmitted into various parts, including the workpiece
(q,,), the grinding wheel (g,), the chip (g.,), and the coolant
(qp) [18]. Here, the total heat flux is deduced as

9, =4yt 49,4, t 4y (10)
where

F,
4= (11

c

As an effective method of avoiding grinding burns, the
coolants” heat transfer coefficient (k) can be expressed via the
following formulas.

First, on the basis of the “fluid wheel” hypothesis, the ther-
mal performance (f) of coolants is considered, and the coolant
is not boiling [23]. In this case, the heat transfer coefficient can
be written as

D
S

B CG
ss| CG fitting curves
© UVAG

UVAG fitting curves

(9]
S
T
o

¢.=30.64q -0.385

u,gmax

B e
S V)]
T T

|98
()]
T

Specific grinding energy e, (J/mm?)

30 1 1 1 1 1 1 1 1
00 01 02 03 04 05 06 0.7 0.8 09

(b) Maximun undeformed chip thickness a, g,,, (Lm)

and amplitude and specific grinding energy
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Then, when the coolant flowing through the grinding arc
zone is regarded as a laminar outward sweep plate, the thermal
conductivity and specific heat coefficient of the water-based

coolant are considered based on the similarity principle of
fluid mechanics [32]:

VS
hypw = 07594

Finally, the coolants’ heat transfer coefficient is confirmed
by backtracking the experimental data, which is also the
method adopted in this paper. Here, the convective heat trans-
fer coefficient of coolant &, is presented as [33]

13)

L A i
. _ q: — hcthh _ h_w — bl, P Cw ch L _ ﬂ_w Vy
e Tmax - TO Rws Tmax - TO C

' (b) Workpiece speed v;v (m/min)

—a—CG
—v—UVAG
V=25 m/s

v =7.5 m/min

15
(c) Depth of cut a, (um)

20 25

contact radius of the abrasive particles (20 pm in this article)
[23].

Figure 8 shows the effect of grinding speed v, and
depth of cut a, on the coolant’s heat transfer coefficient
according to Eq. (14). The coolant heat transfer coefficient
increases with the increase of the wheel speed and the
decrease of the cutting depth, which is consistent with the
“fluid wheel” (see Eq. (12)) and laminar flow models (see
Eq. (13)). The comparison of the bar charts suggests that
the coolant’s heat transfer coefficient of UVAG is higher
than that of CG by 1.87-11.2%. Meanwhile, the strength-
ening effect of ultrasonic vibration on the heat transfer
coefficient weakens as the grinding speed increases.
Here, the reduction of the grinding temperature caused
by UVAG indicates that ultrasonic vibration improves the
convective heat transfer capacity of coolants, reducing the

T 0.97k,

1+ —
l. Boa [TeVs

(14)

where [, is the contact length, p,, is the workpiece density, ¢,
is the specific heat conductivity, T, is the chip melting tem-
perature, f3, is the thermal performance of the workpiece,
ko is the thermal conductivity coefficient of the abrasive
particles, C is the temperature factor, and r, is the effective

@ Springer

heat flux allocated to the workpiece. Furthermore, the low
grinding temperature of UVAG shows that the ultrasonic
vibration improves the convective heat transfer capacity of
the coolant, leading to a decrease in the heat flux allocated
to the workpiece.
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Fig.8 Coolant heat transfer coefficient versus the grinding speed and depth of cut

During the grinding processes, the coolant in the grinding
arc zone is normally regarded as the laminar fluid with the
same grinding speed [32, 33], and its convective heat trans-
fer capacity is usually measured with the thickness of the
thermal boundary layer. Generally, the heat transfer coeffi-
cient with ultrasonic vibrating effects increases by 20-400%
compared to traditional processes due to the strengthening
effect on the fluid heat transfer of vibrations. Here, the
degree depends on the vibration intensity and vibration sys-
tem [34-36]. Figure 9 illustrates the convection heat transfer
mechanism of the coolants under the influence of ultrasonic
vibrations. The implosion of cavitation bubbles near the
solid-liquid interface will destroy the thermal and velocity
boundary layers due to the cavitation or acoustic flow under
low—frequency ultrasonic vibration of 20-100 kHz, reduc-
ing the thermal resistance and producing micro-turbulence.

Meanwhile, the wall of the workpiece vibration will disturb
the laminar coolant flow boundary layer near the grinding
arc surface and then increase the turbulence intensity. In this
case, the fluid thermal boundary layer thickness in the grind-
ing arc zone becomes thinner and the heat transfer capacity
of the coolant in the grinding arc zone is thus enhanced.
However, the strengthening effect of vibration is not obvious
under a high grinding speed due to the thin wall of the ther-
mal boundary layer and great ability of heat transfer, result-
ing in the large flow Reynolds number and turbulence of the
coolant. This phenomenon reveals that the ultrasonic cool-
ing fluid heat transfer ability will decrease as the grinding
speed increases. Moreover, Fig. 5 and Eq. (5) show that the
“cutting-separating” phenomenon exists during the removal
process of abrasive grains. At the separating stage, the gap
between the grinding wheel and the workpiece increases;

Laminar fluid Breaking of the fluid flow (771)
flow (T1) boundary layer by
vibration and =
cavitation
Increase of the
- ‘ L convection heat
transfer coefficient
Cavitation bubble ———|
Important thermal l
resistance é ®
Workpiece wall (72) Wall vibration Workpiece wall (72)

micro-agitation

(a) Typical heat boundary layer

(b) Micro-agitation and cavitation

(c) Modified heat boundary layer profile

Fig.9 Diagram of the heat transfer enhancement mechanism by employing ultrasonic vibrations
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thus, the coolant flows into the sliding surface between the
grain and the workpiece, contributing to the heat dissipation
of the contacting interface.

3.4 Wear surface topography

Figure 10 describes the typical SEM morphology and associ-
ated schematic images of the wheel wear surface under the
CG and UVAG processes to reveal the effect of the ultrasonic
vibrating process on the wear behaviors of grinding wheels.
Figure 10a, b shows that material adhesion can be clearly
observed under the CG processes, and the top surface of the
abrasive grains adheres to the cloud-like grinding material.
Here, the chip and the adhesive are mixed. As illustrated in
Fig. 10c, the long chips generated during the CG processes
are more difficult to remove from the wheel-workpiece inter-
face than the shorter chips. In addition, the cutting point tem-
perature of the abrasive particles is much higher than the
average grinding temperature during the removal of materials
[37]. In this case, the adhesion of chips is easy to observe
on the top of abrasive grains under thermal and mechanical
actions. When ultrasonic vibration is applied in the grind-
ing processes, no adhesion wear is found on the top of the
abrasive grains. However, micro-fracture can be observed, as
shown in Fig. 10c, d. As depicted in Fig. 10f, the short chips
are easier to produce and escape from the grinding zone due
to the “intermittent cutting” of abrasive particles. Meanwhile,

(b) CG regional image
- w\

| Micro fracture f

(d) UVAG whole image

(e) UVAG regional image

the coolant can enter and cool the machined surface dur-
ing the separation period for UVAG, and the cutting point
temperature of the abrasive particles is consequently much
lower than that of CG. Moreover, multiple cutting edges are
likely to form at the top of the abrasive grains owing to the
influence of alternating loads, which can effectively keep the
sharpness of the abrasive grain and thus reduce the grinding
temperature.

3.5 Ground surface topography

The machined surface roughness (R,) was measured using a
Mahr M2 roughness meter. The results show that the ground
roughness (R,) values for CG and UVAG are 0.223 and 0.201
under the grinding condition of v,=25 m/s, v,,=7.5 m/min,
and a,=25 pm, respectively. Figure 11 shows the typical
ground surface topography detected by 3D confocal micros-
copy for both grinding processes. The peek-to-peek values
for the height of grooves on the ground surface in CG and
UVAG are from —4.021 to 4.109 pm and from —2.873 to
1.155 pm, respectively. Clearly, the UVAG process exhibits
a better surface quality than the other process due to the
repeated ironing effect of ultrasound and a smaller associ-
ated R, value.

Figure 12 shows the typical ground surface topography
detected by SEM for both grinding processes under the fol-
lowing grinding conditions: v;=25 m/s, v,,=7.5 m/min,

; / Material

& adhesion Workpiece

(¢) Schematic of CG

Workpiece

(f) Schematic of UVAG

Fig. 10 SEM microstructures and schematic image of wheels surface under CG (a, b, ¢) and UVAG (d, e, f) processes (v;=25 m/s, v,,=7.5 m/

min, a,= 25 pm)
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(b) UVAG

Fig. 11 Ground surface profile produced by CG (a) and UVAG (b) (v;=25 m/s, v,,=7.5 m/min, a,= 25 pm)

and a,=25 pm. As illustrated in Fig. 12a, b, many surface
defects emerge in the CG processes under the influence of
mechanical and thermal actions, such as scratches, fracture,
smearing, and redeposited materials. However, none of these
surface defects can be observed on the surface after UVAG
processes in Fig. 12¢, d. Moreover, no obvious traces of side

Fig. 12 Ground surface
morphologies after CG (a, b)
and UVAG (c, d) processes
(vy=25 m/s, v,,=7.5 m/min,
a,=25 pm)

Scratches

20.0[KV] SP=14.0 WD=9.8 x1.0k  10[um]

(¢) Ploughing

flow, ploughing, and striation can be observed on the sur-
faces of UVAG. Given the squeezing action between abrasive
grains and the workpiece, the long chip and large broken
grain appear easily, resulting in the formation of grinding
scratches, fracture, and redeposited material on the surface
of CG. However, the grinding temperature of UVAG is

E— Redeposited
material

20.0[KV] SP=14.0 WD=9.9 x1.0k _ 10[um] _ HV SEI

Striation

(d) Side flow
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lower than that of CG, the adhesion and diffusion wear are
small, and the abrasive particles are prone to the formation of
micro-fractures under the ultrasonic impacts of workpieces
[28]. Therefore, the grinding sharpness of the abrasive grains
in the UVAG processes can be kept stable for a long time,
and their ground surface quality is greater than that of the
CG processes owing to the few grinding surface defects. In
addition, multiple micro ploughing and scratches can be pro-
duced due to the axial movement of the workpiece under
multi-mode vibration, reducing the accumulation of removed
materials and thus improving the grinding quality [38].

4 Conclusions

In this work, comparative trials on the grindability of hard-
ened GCr15 steel were conducted using the white alundum
wheels under the CG and UVAG processes. The influences
of the grinding and ultrasonic vibrating parameters on the
grinding forces, the grinding specific energy, the coolant’s
convection heat transfer coefficient, the grinding tempera-
ture, the wheel wear, and the ground surface quality are dis-
cussed exhaustively. The main conclusions are summarized
as follows.

1. The UVAG process has lower grinding forces by 2.69—
16.44% for the normal force and 4.87-17.44% for the
tangential force in comparison to the CG process, owing
to the larger undeformed chip thickness of 25.4% for the
former one.

2. The UVAG process has a smaller grinding temperature
(by 19.01%) and specific grinding energy (by 11.29%)
than the other one, resulting in a good cooling fluid con-
vection heat transfer capacity and decreasing the reduc-
tion.

3. Multiple cutting edges of abrasive grains are produced
because of the alternating load on the top of the grains
for UVAG processes, maintaining the sharpness state
and eventually reducing the ground surface roughness
without remarkable surface defects by 9.87%.
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