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Abstract

Composite manufacturing with multiple energy fields is an important source of processing technology innovation. In this
work, comparative experiments on the conventional grinding and ultrasonic vibration—assisted grinding (UVAG) of hardened
GCr15 steel were conducted with white alumina (WA) wheel. The grinding wheel wear patterns and chips were characterised.
In addition, grinding force, force ratio and ground surface quality were investigated to evaluate wheel performance. Results
illustrate that the interaction between abrasive grains and workpiece in UVAG has the characteristics of high frequency and
discontinuity. The wear property of abrasive grains is changed, and the grinding force is decreased because the generation
of microfracture in abrasive grains improves the self-sharpening of the grinding wheel. Good surface quality is obtained.
The surface roughness is reduced by up to 18.96%, and the number of defects on the machined surface is reduced through
the superior reciprocating ironing of UVAG. Accordingly, WA wheel performance is improved by UVAG.

Keywords Wear behaviour - WA wheel - Hardened GCrl15 steel - Ultrasonic vibration-assisted grinding

1 Introduction

In recent years, the demands of mechanical transmission sys-
tems have increased to meet the high performance require-
ments (e.g. thrust-to-weight ratio, reliability and service life)
in modern aerospace, ship and automobile industry sectors.
Gears are the key components of the abovementioned trans-
mission systems; hence, their surface quality plays a crucial
influence on the service performance of the whole system
[1-4]. At present, the grinding process is usually applied as
the final procedure to raise the dimension accuracy and sur-
face integrity of gears [5, 6]. However, gear steels, such as
GCr15 steels, exhibit high hardness (reaching HRC 58-62),
high tensile strength and low thermal conductivity after the
carburising and quenching process; these characteristics are
typical to difficult-to-cut materials [7-9]. In this case, severe
tool wear and poor ground surface quality are inevitable
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because of the lack of sufficient coolant in the grinding arc
zone during the conventional grinding (CG) process [10,
11]. Thus, improving the wear resistance of alumina wheels
and coolant conditions inside the grinding arc zone is cru-
cial in achieving desirable grinding performance and good
machining quality.

Complex machining technology of ultrasonic vibra-
tion—assisted grinding (UVAG) has been the major approach
for process improvement, and this multienergy field composite
manufacturing is an important source of machining technol-
ogy innovation [12—-14]. Ultrasonic vibration forms different
material removal mechanisms for grinding different engineer-
ing materials; these mechanisms can achieve ductility domain
grinding of brittle materials or change the properties and state
of plastic materials through acoustic softening [15, 16]. Conse-
quently, this complex machining technology is usually used to
improve the machining efficiency and surface integrity of dif-
ficult-to-cut materials at home and abroad. Bhaduri et al. [17,
18] conducted a comparison experiment to evaluate the ground
surface roughness of TiAl intermetallic and Inconel 718 super-
alloy under CG and UVAG processes. They found that the
grinding quality can be considerably improved because of the
trajectory interference between abrasive grains by applying the
ultrasonic vibration method. Yu et al. [19] indicated that the
polishing quality of Inconel 718 can be improved considerably
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Table 1 Chemical composition
of GCrl5

Element C Si

Mn P S Cr Ni Mo Fe

Component/% 1.03

0.227

0.353 0.007 0.003 1.46 0.015 0.0096 Bal

under the changed motion state of the free abrasive particles
because of ultrasonic vibration. Nik et al. [20] proved that
applying UVAG also contributed to reducing grinding forces
and improving the surface quality of Ti-6Al-4 V alloy grind-
ing. In addition, Wang et al. [21] performed numerical simula-
tion analysis on the surface generation process in UVAG. The
crossing and superposition of adjacent abrasive trajectories
are promoted by the increase in amplitude. Thus, the surface
roughness is reduced. Furthermore, the cutting edges of abra-
sive grains tend to produce the macrofracture and pull-out
under the traditional grinding process, leading to poor ground
surface quality [22-24]. However, the influences of ultrasonic
vibration on the material removal mechanism of grinding hard-
ened steel and tool wear property were seldom analysed.

The tool wear behaviour in the traditional grinding of
difficult-to-cut materials has been investigated in many
works to improve the ground surface quality by control-
ling the tool wear. For example, Li et al. [25] analysed the
grain wear evolution through acoustic emission testing.
The results showed that abrasive wear is divided into three
stages, and the wear state is gradually increasing. Xi et al.
[26] compared and evaluated tool wear characteristics dur-
ing grinding Ti,AIND, Ti-6Al-4 V and Inconel 718. The
most severe tool wear can be observed in the grinding of
Ti,AIND intermetallic because of the strong affinity with
SiC abrasives. Madopothula et al. [27] studied the grind-
ing of AISI 52100 with two kinds of corundum grinding
wheels. The results proved that sol—gel abrasive grains are
rubbed, causing the main material to change from shear-
ing to plough and friction. The abrasive fracture occurred
when the white alumina (WA) wheel was grinding. Yang
et al. [28] researched the form grinding of a 20CrMnTi
steel tooth with a self-developed microcrystalline corundum
wheel. The excellent self-sharpening of microcrystalline
corundum abrasive increases the number of effective abra-
sive grains and reduced the extrusion and friction between
the chip and the workpiece. In addition to improving ordi-
nary abrasive grinding wheel, applying a multienergy field
processing method is also a way to reduce grinding wheel
wear and improve grinding performance. Currently, the
grinding wheel wear properties in UVAG for the control-
lability of UVAG process are still being explored.

Thus, the present study conducts a comparative investi-
gation on CG and UVAG to explore the effect of grinding
parameters on wear evaluation and grinding performance
for the development of the UVAG strategy of hardened gear
steel surfaces. Section 2 describes the experimental condi-
tions and steps of UVAG of hardened GCr15 steel with WA
wheel. Sections 3 and 4 indicate the analysis and conclusions,
respectively.

2 Materials and methods
2.1 Experimental procedures and materials

The workpiece material used in this study is GCr15 hardened
steel, and its chemical composition content and mechani-
cal properties are listed in Tables 1 and 2. The workpiece
was prepared by wire-electrode cutting techniques with the
dimension of 30 mm in length, 10 mm in width and 12 mm
in height. Then, the top surface of the workpiece was firstly
machined to the surface roughness of 0.8 um before the
grinding experiments. The hardness distribution of the sur-
face/subsurface layer of the workpiece before the experiment
is shown in Fig. 1. Given the good hardenability of GCrl15
steel, the hardness of the material can reach HRC 60-65
within a depth of 2 mm from the surface.

A precision surface grinding machine (BLOHM Profimat
MT-408) coupled with coolant systems was used to perform the
grinding experiments, as shown in Fig. 2a. The self-developed
ultrasonic vibration system (Fig. 2b) was fixed to the work-
bench with support legs. The ultrasonic generator outputs
high-frequency electrical signals, which were converted into
mechanical vibration by the connected transducer and magni-
fied by the horn. In the end, the workpiece attached to a tita-
nium alloy platform connected to the horn could vibrate. In
addition, the grinding environment was very complex, and the
workpiece was covered by the coolant in the grinding process.
Thus, the dynamic amplitude signal in the grinding process
could not be collected. Therefore, the amplitude value without
grinding thermal load was adopted in this study. As shown in
Fig. 2c, the grinding wheel is a WA wheel, which is suitable for
grinding hardened steel. The model of the grinding wheel is

Table 2 Mechanical properties

Yield strength Tensile strength ~ Elastic modulus Density p (g/  Thermal conductivity Rockwell
of GCr15 09> (MPa) o, (MPa) (GPa) em’) k (W/m-K) hardness
(HRC)
1394 1748 210 7.81 46.6 60
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WAS8OF6V45M. The abrasive grain size of the grinding wheels
is approximately 160-200 pm. The diameter of the grinding
wheel d; is 400 mm, and the axial width b, is 20 mm. After
each group of the grinding experiment, a single point diamond
dresser was used to dress the grinding wheel. The dressing
parameters were as follows: grinding speed of v.=20 m/s,
workpiece speed rate of f,=200 mm/min and a total dressing
depth of a;=0.2 mm. The detailed grinding process parameters
are listed in Table 3. The material removal rate (MRR) Q’, is
expressed as Eq. (1): The material removal volume (MRV) of
the first pass in reciprocating grinding V,, =1,-b,-a,. l,, and b,
is the length and width of the workpiece. A, is the depth of cut.
The cumulative removal of workpiece material volume in each
group of experiments is V,=450 mm®.

/

Qw=ap'vw (D

The grinding force was collected by Kistler 9253B-type
three-channel piezoelectric dynamometer, as shown in
Fig. 2d. Then, it passed through the charge amplifier Kistler
5080A. Finally, it was measured on the software. The sur-
face microstructure of the grinding wheel, chips and work-
piece were characterised by a scanning electron microscope
(Quanta 200 SEM), as shown in Fig. 2e. The machined
surface roughness R, was measured by Mahr M2 perthom-
eter (cut length: 0.8 mm). The ground surface profile was
obtained by Sensofar S Neox 3D confocal microscopy.

2.2 Tangential ultrasonic vibration method

In this work, tangential ultrasonic vibration was used for
reciprocating surface grinding. The direction of the high-
frequency vibration is parallel to the workpiece speed. The
velocity of the grain in a cycle of reciprocating grinding can
be presented as Eq. (2):
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Fig. 1 Hardness distribution of the surface/subsurface layer of the
workpiece before the experiment

view of the grinding process. According to reference [29],
the separation condition of the grinding wheel and the
workpiece can be expressed as follows:

Ve <2mf-A 3)

Combine Eq. (1) and Eq. (3), the relationship between
MRR and ultrasonic parameters can be expressed as follows:
Q, <2af-A-a, @)

In the case of (Q',) g =4.17 mm/(mm:s), (a,),i, =10 pm
and f=19.6 kHz, A =6 pm, intermittent effects exist under all
parameter conditions in this study.

As shown in Fig. 3b, abrasive grain demonstrates the char-
acteristic of separability during #,—,. It could be seen that the
vibrating speed was larger than the grain moving speed at the

] { a = 0,down grinding 2

a = 1,up grinding

where v, v, f, A and ¢ are the wheel speed, workpiece
speed, ultrasonic frequency, ultrasonic amplitude and time,
respectively; o, is the angular velocity of the abrasive wheel,
v,=w,d,, d, is the wheel radius; and ¢, denotes the initial
phase of ultrasonic vibration. A single abrasive trajectory
of CG and tangential UVAG in the grinding arc is shown
in Fig. 3a.

This kind of grinding process has periodic reciprocat-
ing motion. The abrasive grain also has an intermittent
effect with the workpiece on the micro view, as long as the
grinding wheel and workpiece are separated on the macro

time of ¢, and the separating stage between abrasive grains
and workpiece appeared. As the time reaches t,, the vibrating
speed becomes smaller than the grain moving speed, and thus
this separating distance tended to a maximum value. With the
time gone to £;, this abrasive grain and workpiece start to con-
tact again. A single whole contacting and separating process
was then completed. The cutting time Az between the abrasive
and the workpiece can be described as

d, d, 2vy
ap=3(l—COS(p)=§ 1 —cos d_.m , %)

S
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Fig.2 Reciprocating surface grinding experimental setup (a), including ultrasonic vibration system (b), WA wheel (c), grinding force measuring

system (d), and surface measuring device (e)

2
where 2Vs . At is very small; thus, Cos( A,) 1— %(ﬂ A,)

and At can be expressed as

1
At = —4/ayd,. (6)

Vs

Under the condition of workpiece tangential ultrasonic
vibration—assisted machining, the relative vibration number

N between a single abrasive and the workpiece in the grinding
arc can be expressed as

At _ f
N= - = b [ a,ds. @)

In the case of a,=15 pm, d;=400 mm, v;=25 m/s and
f=19.6 kHz, the abrasive grains vibrate for approximately two

Table 3 Grinding process
parameters

Contents

Values

Machine tool

Grinding mode

Abrasive wheel

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

Material removal rate Q' (mm>/(mm-s))

Cooling condition

Blohm Profimat MT-408 surface grinder
Reciprocating surface grinding

‘WA wheel (mesh size of 80)

19.6

6

25

Balance

10, 15, 20, 25

1.33,1.5,2,2.67,3.33,4.17

5% emulsified water, 90 L/min, pressure at 1.5 MPa
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Fig.3 Schematic of (a) abrasive trajectory of CG and tangential UVAG and (b) separation characteristics in UVAG process

cycles in the grinding arc, suggesting that the abrasive grains
perform varying behaviour between the contact and separation
of abrasive grain and workpiece in the grinding arc.

3 Results and discussion
3.1 Grinding force and force ratio

Grinding force is a crucial parameter to characterise the
grinding process, and it has an important effect on tool
wear and machined surface quality [30, 31]. The average
value of three grinding force signals is selected as the
grinding force value in this study to achieve reliable data.
The graphs showing the grinding forces against MRR and
MRYV for the two grinding methods are detailed in Fig. 4.

As shown in Fig. 4a and b, the tangential grinding force
F, and the normal grinding force F, of the two strategies
exhibit a similar increasing trend with an increase in MRR.
When the MRV of reciprocating grinding V, =450 mm?® and
the MRR increases from 1.33 mm?®/(mm-s) to 4.17 mm?®/
(mm-s), the tangential grinding force of CG increases from
57.5 to 169.2 N. The normal grinding force also increases
from 143.19 to 381.73 N. Moreover, the tangential force
of UVAG increases from 52.12 to 144.42 N, and the nor-
mal force increases from 118.06 to 322.77 N. The grind-
ing force under UVAG is smaller than that under CG. In
UVAG, the maximum reductions in tangential force are
34.62%, 13.4% and 14.66% with V,;, V=225 mm?® and
V.=450 mm?>, respectively; the maximum reductions in
normal force are 34.25%, 17.08% and 17.54% with V,,,

V. =225 mm? and V, =450 mm?, respectively. The grinding

force ratio F,/F, varies in the range of 2.06-2.49 and
2.02-2.32 with the increase in MRR in CG and UVAG,
respectively (Fig. 4c). The WA wheel has an excellent
grinding performance, and the grinding force ratio is small
and stable because the grinding wheel has a good self-
sharpening effect in UVAG. As shown in Fig. 4d, the tan-
gential and normal grinding forces in CG increase from 74
to 87.17 N and from 162.52 to 179.71 N, respectively. The
tangential and normal grinding forces in UVAG increase
from 65.56 to 79.05 N and from 134.43 to 162.6 N, respec-
tively. It could be included that when the MRR value varied
in the range of 135-315 mm?, the normal grinding force
raised by 3.39%, from 141.65 to 146.45 N. However, as
the MRR value increased to 180 mm?, the normal grinding
force reached 145.24 N, which is only 0.833% lower than
that of 315 mm?. In this case, the normal grinding force
has a steady and constant stage at MRV of 180-315 mm?
in UVAG. A different result is observed in CG, in which
the normal grinding force keeps on increasing.

In UVAG, the material removal mechanism is changed
because of the characteristic of separability. The cutting
process is not continuous because of the high-frequency
interaction between active abrasive grains and the work-
piece surface. This process of multiple-impact interaction
makes the material begin to roll over easily. Microcracks
are formed in the grinding area, leading to effective material
removal. Therefore, the grinding force is decreased [32].
Thus, the application of ultrasonic vibration improves the
grinding performance of workpiece material. However, the
increase in MRR results in large grinding loads [33], and the
ultrasonic vibration effect on the grinding force reduction is
reduced by the aggravated grinding wheel wear.

@ Springer



1700 The International Journal of Advanced Manufacturing Technology (2022) 120:1695-1706
200 = - - - — 500
First pass (V) Reuprocaupg Surface Grinding First pass (V,,) Reciprocating Surface Grinding
—W— Foq - Faal % =25 m/s, f=19.6 kHz, 4 =6 um 8 Foc -8 Fouuad % =25 m/s, f=19.6 kHz, 4 =6 pm
n- n-! A =
V=225mm? /=22 3
160+ "+ 400 4 V,=225mm
= O Fcc ~® Fuyvac —O— F,.cc ~® F,yvac
Z re 3 ~ ) x
[1: V=450mm Z V. =450mm"
g 1201 A— Ficc =& Fuyvac kS 3004 F, g ~& F,uvac
- D -
& | A ] 2
s s 1 A= .- ]
804 g 200~
o0 =
S
!—.
40 100 A
n
0 T T T T T T 0 T T T T T
1 1.5 2 25 3 3.5 4 45 1 1.5 2 25 3 35 4 45
Material removal rate Q' (mm*/(mm-s)) Material removal rate Q' (mm*/(mm-s))
@ (b)
35 e - P = 200
B First pass (V;) inCG | Reciprocating Surface Grinding Reciprocating Surface Grinding
®— V,=225mm’ in CG v, =25 m/s, /=19.6 kHz, 4 =6 pm v, =25 m/s, Q', =2 mm*/(mm-s), /=19.6 kHz, 4 =6 um
—&— V=450mm’ in CG
St ~ W~ First pass (V,,) in UVAG
SEYE ) J . ) ™
= -@®- V=225mm’ in UVAG o 160 4 s
o -A- v, Yin UVAG < el
= V.=450mm” in U i Iz, - - E--
i L - L—J
o B g _ -
8 8 ik ] steady
'..ED 2.5 4 ‘5'5":‘[20_ = Fice
= 2 & Fiq
= S - W= Flyvac
St
) - @~ Flovac
2.0 1
80 4 _9--9®
- . o--9--®"-
-~ gt s o
[ ]
T T T T T T T T T T T T T T T T
1 1.5 2 25 3 3.5 4 4.5 45 45 90 135 180 225 270 315 360 405 450

Material removal rate Q', (mm*/(mm-s))

©

Material removal volume V, (mm?)

@

Fig.4 Effects of MRR on the (a) tangential force, (b) normal force and (c) grinding force ratio for CG and UVAG and (d) grinding force versus

MRYV in CG and UVAG

3.2 Wear surface topography

The grains on the grinding wheel are subjected to heavy
load during the grinding process, and the effective life of
the grains is an important affecting factor in the performance
of the grinding wheel. Figure 5 demonstrates the grinding
wheel wear characteristics under the two grinding processes
when grinding wheel speed v;=25 m/s and MRR =2 mm?/
(mm-s). As shown in Fig. 5a-c, a mechanical clogging pore
with abundant chips is obvious in area I under CG, and con-
tinuous chip adhesion can be observed on the surface of
the abrasive grains in area II. In addition, the wear patterns

@ Springer

of grain pull-out and wear-flat can be easily formed. Con-
versely, the open pore is relatively clean and conducive to
heat dissipation under UVAG, as shown in areas I and II
in Fig. 5d-f. The chip adhesion is reduced, and the wear
morphology of the abrasive grains exhibits microfracture. In
this case, multiple cutting edges are generated, and the self-
sharpening capability of grinding wheels can be effectively
increased by UVAG processes.

In the grinding process, the typical wear of the grind-
ing wheel is friction wear, abrasive fragmentation and bond
failure. Figure 6a illustrates the force and thermal loads of
a single abrasive grain. The wear patterns of grains under
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Fig.5 SEM microstructures

of wheel surface of grind-

ing wheels under CG (a) and
UVAG (d); (b), (e) magnified
views of chip storage spaces
and the characteristics of grain
wear; (c), (f) magnified views of
chip adhesion

heavy load can be divided into brittle fracture and plastic
wear. Grain wear behaviours of the grinding wheel for CG
and UVAG are observed, as shown in Fig. 6b and c. Continu-
ous friction wear is most commonly found in CG. Plastic
wear occurs on the abrasive grain when the tangential force
of abrasive grain F, exceeds the yield strength of abrasive
materials in the cutting process. This wear is gradual, and
the grain is eventually worn flat. In addition, bond fracture
and abrasive grain pull-out are observed when the shear
force exceeds the bonding strength (Fig. 6b). Conversely,
a random brittle fracture usually occurs in UVAG. Microc-
racks are generated because of the impact of contact between
the WA grains and the workpiece material. The microfrac-
ture of grain is formed by removing small fragments from

Fig.6 Schematic of (a) force

load and thermal load of a Bond Porosity
single abrasive grain and wear \
behaviours for CG (b) and
UVAG (c) \
/

Clips adhesion &

{ )

(e ®

the sliding surface (Fig. 6¢). These mechanical wear behav-
iours of the grinding wheel are related to the grinding times,
effective contact length and grinding force. The impact times
increase the abrasive grain, which is subjected to intermit-
tent loads during UVAG, thereby effectively reducing the
friction wear. Moreover, the self-sharpening of the grinding
wheel is realised by increasing the microfracture of grains.

3.3 Chip topography
Chip formation is an important issue in controlling the
grinding wheel performance or the machined surface in

the grinding process. The metal chip shapes obtained by
grinding are flowing, blocky, ripping, shearing and melting

Macrocracks
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/
—E <':J/
/ Fgl G P
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[
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Fig.7 SEM microstructures

of chip morphologies. In (a),
two enlarged views of the red
dashed frames indicate the
width (b) and length (c) of the
chips under CG, and in (d),

two enlarged views of the red
dashed frames indicate the size
of the chips (e) and C-type chips
(f) under UVAG

chips [34]. Figure 7 shows the chip morphologies of CG and
UVAG. Continuous chips are observed. The surface of the
chips close to the rake face is smooth, whereas the surface
away from the rake face is rough. As shown in Fig. 7a-c, for
CG processes, the width of the chips (w__¢g) in the measure-
ment area I is 22 pm, and the length of the chips (/) in
the measurement area II is 546 pm. As shown in Fig. 7d-e,
the width and length of the chips (W_yyag and I._yyag) in the
measurement area I for UVAG processes are 12 and 287 pm,
respectively. Moreover, short C-type chips are generated in
UVAG, as observed in area II shown in Fig. 7f.

The chip generation behaviours of CG and UVAG are
schematically illustrated in Fig. 8. The continuous chips gen-
erally appear under the condition of small cutting depth and
high grinding speed in the grinding of plastic metal materi-
als. Compared with UVAG, CG exhibits a continuous and

Fig.8 Schematic of chip gen-
eration behaviours of CG and =
UVAG

Grinding wheel

@ Springer
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stable cutting path of abrasive grain. Moreover, the chips
in CG are wider and longer than those in UVAG. By con-
trast, the cutting trajectory changes, and a separation stage
between the abrasive grain and the workpiece exists. The
corresponding continuous chips are broken into small chips
with thin and short structures in UVAG. In a sense, the
chip breaking is realised by the separation characteristic of
UVAG.

3.4 Surface quality

The surface quality considerably affects the performance of
the parts and the reliability of the machine. The measurement
direction of surface roughness R, is perpendicular to the grind-
ing infeed direction. The effects of MRR on the R, value in the
UVAG process are revealed in Fig. 9a. The surface roughness
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Fig.9 Ground surface roughness versus MRR in CG and UVAG (a) and ground surface profile produced by CG (b) and UVAG (c) with Q',,=2

mm?/(mm-s)

values of two different grinding strategies have the same vari-
ation trend with the increased MRR. The R, values are propor-
tional to MRR. With the MRR increasing from 1.33 to 4.17
mm?*/(mm-s) and grinding speed of v,=25 m/s, the R, value
of CG and UVAG increases from 0.4 to 0.46 pm and from
0.34 to 0.4 pm, respectively. The R, value is reduced by up to
18.96% in UVAG. Figure 9b and ¢ show the ground surface
profiles obtained using the two types of grinding strategies in

Fig. 10 Ground surface mor-
phologies during CG (a, b) and
UVAG (c, d) with Q', =2 mm?/
(mm-s)

Grinding scratches

20.0[KV] SP=14.0 WD=7.9 X500 100{um]

Grinding scratches

the case of Q', =2 mm?®/(mm:-s). The peak-to-peak values for
the height of grooves on the ground surface in CG and UVAG
are from —1.440 to 1.504 pm and from —1.146 to 1.204 pm,
respectively. The R, value is related to the height of the residual
area of the workpiece. The tangential residual height of the
workpiece surface is reduced by repeatedly ironing the grind-
ing wheel in UVAG. As aresult, the grinding quality of UVAG
is better than that of the other method [35].

Fracture
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Fig. 11 Schematic of grinding
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The SEM observation of the ground surface morpholo-
gies and surface damage during CG and UVAG is shown in
Fig. 10. The ground surface quality of UVAG is better than
that of CG when MRR is fixed at 2 mm?/(mm-s). The vari-
ous defect patterns with a large area on the machined surface
are clearly observed in CG. They appear as irregular areas,
material fractures, voids and redeposited material (Fig. 10a
and b). Compared with that in CG, the machined surface in
UVAG presents excellent surface textures except for some
grinding marks because of the cutting trajectory of the abra-
sive grain (Fig. 10c and d).

The workpiece surface topography is the comprehensive
effect of rubbing, ploughing and cutting abrasive grains on
the workpiece. The material removal mechanism of a sin-
gle abrasive was analysed because of the ground surface
morphology characteristics of the workpiece. The abrasive
grain is often considered a negative rake tool in the grinding
process, and chips flow out from the rake face of abrasive
grain. Figure 11 shows the forming mechanism of the ground
surface. For CG, the abrasive grain continuously contacts the
workpiece, and the heat on the rake face increases because
the coolant cannot enter the rake face. The workpiece mate-
rial easily adheres to the surface of the grinding wheel, and
then redeposition occurs. In addition, the large-size wear
debris mixed in the coolant is equivalent to free abrasive.
This debris easily damages the ground surface as irregular
area, fracture, void and other characteristics. For UVAG, the
size of wear debris is small, and the coolant flow field is
changed by the separation of grain and workpiece, which can
take much heat and abrasive fragments away in time [36-38].
Therefore, the advantages of UVAG in intermittent grind-
ing and reciprocating ironing can be used to reduce material
damage. UVAG is also beneficial to surface integrity.

4 Conclusions
In this work, ultrasonic vibration was applied to the grind-

ing of hardened GCr15 steel to demonstrate the advantages
of composite processing. The grinding behaviour, including

@ Springer
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the grinding force and force ratio, wheel wear surface and
chip topography, as well as ground surface quality, were
discussed in detail. The following conclusions are obtained:

1. The material removal mechanism is changed by the sep-
aration characteristics of UVAG. Compared with CG,
UVAG exhibits reduced grinding force, and a stable
grinding force ratio is obtained. Moreover, the normal
grinding force is steady at MRV of 135-315 mm? during
the reciprocating surface grinding with ultrasonic vibra-
tion.

2. The grinding process is discontinued by the high-
frequency action between abrasive grains and work-
piece material in the UVAG process. The phenom-
enon of chip clogging and adhesion is reduced, and
the wear patterns of abrasive grains exhibit micro-
fracture, which can effectively increase the self-
sharpening capability of the grinding wheel.

3. The chip sizes in CG and UVAG differ. Small chips with
thin and short structures are observed in UVAG. In addi-
tion, the short C-type chips observed in the experiment
also prove that chip breaking is effectively achieved by
the separation characteristic of UVAG.

4. UVAG is beneficial to surface integrity. The surface
roughness R, is reduced with the feature of reciprocating
ironing in UVAG. The coolant flow field changes with
the intermittent nature of UVAG, which can remove
chips and grinding thermal load in time, thereby reduc-
ing ground damage.
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