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Abstract: Ultra-high-speed grinding (UHSG) is a significant and powerful machining method in view of the en-
hanced productivity and precision demands. Previous researches regarding formation mechanisms and crucial tech-
nologies are comprehensively and thoroughly summarized to highlight state-of-art technology of UHSG. On the ba-
sis of the interdependence between process and machine innovations, theoretically, grinding mechanisms in strain
hardening, strain rate strengthening, thermal softening, size effect and process characteristics need more in-depth
studies to clarify the dominance of UHSG. Technically, CFRP wheel integrating with the brazed bonding has a
prominent advantage in bonding strength and grit’s configuration over vitrified bonding, which would be superior in
UHSG. Furthermore, external high pressure cooling combining with inner jet cooling methods, accompanied by
scraper plates to alleviate the effect of air boundary, are crucial and practical measures for realizing effective cooling

in UHSG. Grinding processes. especially those being related to grinding parameters and precise in-process measur-
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ing approaches, are also prerequisite for fitting and investigation of UHSG.
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1 Introduction

Ultra-high-speed grinding (UHSG) is gener-
ally considered to be an advanced grinding
process. Recent years, this technology has still
drawn much people’ s attention due to its out-
standing characteristics, which offer excellent po-
tential for good component quality combined with

[1-5]

high productivity Certainly these characteris-

tics can also be theoretically and authentically ex-

plained by the mean uncut chip thickness A, *™
he =k o (1/Ce) » (v, /v)f o (a./de)” (1)

where C,, is the static density of cutting edges.,

v, is the workpiece speed, v, is the circumferential

speed of grinding wheel, a. is the grinding infeed,
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and d., is the equivalent grinding wheel diameter.
asf(3s7 are the positive exponents and £ >0 is a
factor.

One driving factor behind the innovative
technology is to increase productivity for the con-
ventional finishing processes. Moreover, the de-
velopment of grinding machine tool components
such as grinding motorized spindles with high
power and high rotational speed, more efficient
linear motor drives, and well-performed grinding
wheels, has created conditions to shorten machi-
ning times and reduce the number of machining
operations while improving the machining quali-
ty. In the course of process development, UHSG

in combination with preliminary machining
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processes close to the finished contour enables the
configuration of new process sequences with high
performance capabilities.

However according to the survey on the tech-
nology trends in grinding machine tool industry
regarding cubic boron nitride (CBN) grinding ap-
plication, Oliveira, et al®! pointed out that only
22% in total took up UHSG with CBN, especially
including just 13% of them using CBN at a cut-
ting speed of 200 m/s. Main factors (Fig. 1) for
this situation call for more complex machines
(machine rigidity requirements, grinding power
demands and improved spindle technology) with
additional systems such as improved dressing,
balancing and coolant systems. Certainly econom-
ical cost is also another major issue. As a matter
of fact, these aspects are generally thought to be
the future breakthroughs in the UHSG technolo-
gy with CBN as well.

More complex machines with
additional systems

Economical reasons
Thermal issues
Safety

Lack of interest by
costumers/industry
Others

Fig.1 Reasons for not using high-speed grinding '/

Encouragingly applying UHSG process can
achieve either workpiece surface quality improve-
ment or productivity increase, depending essen-
tially on the characteristics and quality require-
ments of the workpiece to be machined. As a re-
sult, it is utmostly significant and necessary to
develop reliable and higher performance UHSG
machine tools and CBN wheels at low cost to con-
duct further investigations on UHSG technology
because UHSG is so meaningful and attractive.
Ultimately, it will give a more objective but per-
suasive scenario for the relevant researchers and

decision makers in industry.

2 Basic Principle of UHSG

Grinding is a complicated abrasive cutting

process attributed to a machine with geometrical-

ly irregular cutting edges, in which each grain re-
moves a chip from the surface of workpiece mate-
rial and generates a surface finish. Specific de-
formation and chip formation in grinding process
can be well represented in Fig. 2. Similar to the
cutting process, a typical grinding process is also
constituted of three main components, i. e. rub-
bing, ploughing, and chip formation. Initial cut-
ting interface is featured by elastic deformation
and then plastic flow of the workpiece material.
Hence, in addition to the interface friction condi-
tions, the flow characteristics of the material,
particularly the grinding speed, have a signifi-

cantly crucial influence on chip formation™’.

Material
outbursts

Elastic Elastic and plas-| Elastic and plastic defor-
deformation, |tic deformation, | mation and chip removal
friction grain/ (friction grain/ | friction grain/material

material  |material, inner | inner material friction

Fig. 2 Deformations and chip formation"!

However the material in grinding contact arc
deforms severely in forms of high strain and
strain rate considering that there exists strong re-
actions between the grains and the workpiece at
the instantaneously extreme-high speed in grind-
ing, especially in UHSG process. In this case,
instead of mere consideration of material static
deformation mechanism normally, strain rate
effect should be taken into account since the ma-
terials turn to be adhesive, namely the constitu-
tive relation of the materials is relevant to the
strain rate effect. Furthermore there exists strain
hardening, strain rate strengthening and thermal
simultaneously in grinding

softening effects

process. Adiabatic shearing will happen with the

lasting development of strain and strain rate:'?,
Substantially, according to the expressions of
shear strain and shear strain rate in Egs. (2 —
4)' it can be also theoretically understood that

shear strain decreases while shear strain rate in-
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creases with the increased shear angle attributed
to the increased grinding speed. Besides, both
shear strain and shear strain rate increase with the
decreased mean uncut chip thickness.

O = Qo +kly0_k2/V7}s}l(’\l (2)
y =2/ (sin2¢ + 2sin’ ptany, ) (3)

(CO'[(QD() + kY —

ky/ N uo e he ) o cosy, +siny,))y =
2/ (sin2¢ -+ 2sin’ gtany, ) )

7=10+ v, + cosy,/(hy »

where ¢ is the shear angle, y the shear strain, y
the shear strain rate, and y, the rake angle of the
cutting tool. ¢,k ,k; are constants decided by
the workpiece material, respectively;

Additionally, Ichida, et al''” even reported
experimentally that with the increased grinding
speeds, the shear angle increased and the shear
strain in the shear zone decreased resulting from
the fact that the chip thickness decreased and the
chip length increased. Consequently, the shear
zone become smaller and then the area of stress
distribution become smaller too due to the in-
creased shear strain rate.

Another dramatic phenomenon is size effect,
which means specific energy (or specific tangen-
tial grinding force) increases with decreased cut-
ting depth or mean chip cross-sectional area
(Eq. (518,

e.oc 1/(ht) (5)
where n=1 for precision grinding. The relation-
ship is logical insofar since it takes extremely
large energy to make smaller chips, but is valid
only so long as chip formation is the dominant
source.

Malkin"*!

material micro deficiency, while Shaw!*' ex-

considered size effect related to the

plained it in accordance with machining harden-

21 viewed size effect comprehen-

ing. Jin and Cai
sively influenced by strain hardening, strain rate
strengthening, thermal softening effects as well
as material deficiency, among which strain rate
strengthening played a major role in some cases.
Chen and Tang "'* identified that specific grinding
energy was the sum of specific cutting energy and
specific friction energy, and the size effect of the

specific cutting energy was induced when the

depth of cut or the workpiece feed speed was re-
duced and the average undeformed chip thickness
thus decreased. Accordingly the effects of the
shear strain and shear strain rate were strength-
ened while the temperature effect was weakened,
thus increasing the shear flow stress.

Furthermore, the critical thickness of chip
formation in grinding is influenced by grinding
speed variation as well, owing to the combination
effect of strain rate and temperaturet®*,

In particular, the strain rate may reach or
exceed that of the materials proper propagation
speed of plastic wave in UHSG. For the solid ma-
terials with the property of work hardening, at an
elevated grinding speed, the gradient of the mate-
rial stress-strain ( ge ) curve increases and the
proportion of plastic strain, which can turn the
finished surface to the one with worse roughness,
larger residual stress or greater work hardening
etc, gradually decreases (Fig. 3) and ultimately
the material deforms elastically rather than plasti-

L4 Moreover, for most of ductile materi-

cally
als, the plastic energy, contributing more than
90% to the totally consumed energy and most of
which is finally converted into heat, can also be
considerably decreased. Consequently, increasing
grinding speed sufficiently as high as the propaga-
tion speed of plastic wave causes the proportion of
the plastic deformation within the total deforma-
tion to become smaller than that in a conventional
grinding process, and thus high-quality surface
with minimized work-affected layer is expected to
be achieved. With respects to these, material de-
formation mechanism in UHSG is basically differ-

ent from that in the conventional grinding

process.
High-speed
Rich in
bnttleness machmmg
o
as =E H
(Hardness) Low-speed
machining
o % Rich in
: ! A P ductility
! RS ’ Propagation
! i E i pae \speed of
0 /'1 é IC ll)  Plastic wave

Fig. 3  Stress-strain diagram in machining of ductile

material?*
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3 Relevant Demands and New Com-
ponents Development of UHSG
Machine Tools

3.1 Relevant demands

The main functional modules of a UHSG ma-

chine tool are presented in Fig. 4.

Conditioning Measuring
Cooling Grinding machine Balancing
Spindle Infeed drives ||Grinding wheel|| Machine bed

Fig. 4 Functional modules of an UHSG machine tool™*

In order to ensure the grinding machine tool
with greater manufacturing capacities and higher
machining accuracy under UHSG., the machine
tool should have high performance spindle sys-
tems with high rotational speed and power %7,
Meanwhile some additional demands on the ma-
chine tool design for UHSG process are primarily
in the high acceleration capability and good accu-
racy of the machine axis. The machine bed, being
of good damping and thermal characteristics, is
extraordinary necessary and significant for ma-
chine tool design®***’. Grinding wheels for UH-
SG, considering superabrasives and high bonding
strength, as well as being balanced, are advisable
and crucial. High pressure coolant systems with
very special precision nozzles should also be con-
sidered and equipped, in which an air film exists
around the grinding wheel acting as a barrier for

the fluid to reach the contact area in UHSG.
3.2 Development of new components

3.2.1 Ultra-high-speed grinding motorized spin-
dle

Grinding motorized spindle, which possesses
a complex structure from the built-in motor, the
lubrication and coolant, and high performance
bearing technologies, is a key component for
grinding machine tools®*", UHSG process re-

quires the spindle with ultra-high rotational speed

and high power together with outstanding preci-
sion. Especially static, dynamical and thermal
characteristics are significantly involved.

The parameters power P, spindle rotational
speed n, and wheel diameter d, are decisive for de-
veloping or choosing high frequency spindles.
Small diameter of grinding wheel should be con-
sidered to decrease the power loss at a certain
grinding wheel velocity according to Fig. 5. On
one hand., combined with spindle rotational speed
and the interface dimension of shafts, wheel di-
ameter can be firstly determined; on the other,
wheel diameter ought to be 150—300 mm as soon
as possible, mainly concerning about the decrea-
sing of air friction power loss P ™.

P, =x"%. oL * o2 e dbS e 28/ 1.514 + 10%)
(6)
where pp is the air density and v, the dynamic vis-

cosity of air.

30 v,=500m/s -
PL.,7 =1 021'10. 10’lln:,45d82.35 ,/E‘\D
450mss oY
E Vs ?/d\:‘:\
\“T 20 - Vds=350 mm v =400 m/s /// il =~~~
Q; ed=325mm °* 4 L
§ Ad=250 mm
= v,=350 m/s
Al om0
% 10 - v, =300 m/s
e | T e
No whee
0 Il 1 1
10 15 20 25 30

Spindle rotational speed 7,/10° min™

Fig. 5 Small diameter of wheel considered to decrease

power loss under UHSG condition®®

Considering power loss P, the following

equation can be obtained.

PL.T]:PL+PK55+PSSP+P1 7
where Pgss is the power loss of coolant friction,
Pssp the power loss of cleaning {riction and P, the
power loss of spindles inner mechanical and elec-
trical friction. Especially, Pxss and Psgp are cruci-
al to be considered for many real effects on spin-
dle power.

For UHSG process, the specific tangential
grinding force F’, decreases compared with the
conventional grinding because of the multiply in-
creased grinding wheel speed. An estimated value

of F', can be achieved according to the preceding
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research results about UHSG. Based on Eq. (8),
the desired cutting power P. can thus be ob-
tained.

P.=F «bev/y (8)
where 7 is the motor efficiency. Grinding width
b, decided by the contact width of grinding wheel
and workpiece, should also be much smaller than
that of conventional grinding to decrease the spin-
dle power. Generally, 1 —4 mm is suitable and
frequently used in proceeding researches.

The total power P for high frequency spindle
can be represented as

P=P, +P. (9

According to the above analysis, three criti-
cal parameters for high frequency spindle can be
basically obtained. However, Inada, et al % de-
veloped a high frequency spindle in terms of the
specific material removal rate Q..

Fio=e cv,ca.*b/v,+p+F, (10)
F,=e.omev, *a, *»betana/(2 «v,) (11)
where g is the friction coefficient between grind-
ing grits and workpiece, F, the normal grinding
force, and « the abrasive half-apex angle cutting
into the workpiece.

Accompanying the above equations, the fol-
lowing equation is obtained to establish the rela-
tionship between the specific material removal
rate Q',, and the spindle total power P.

Qu=n+(P—P.)/Ce.ob
(147 p+ tana/2)) (12

According to Eq. (12), the spindle total
power P can be determined when the aims of the
specific material removal rate are preset.

Apart from the above discussed three critical
parameters, others such as spindle balancing,
high performance bearing, interface with grinding
wheel, motor cooling, bearing lubrication, natu-
ral frequency and spindle radius expansion etc.
should also be paid a lot of attention to. After the
high frequency spindle developed. much experi-
mental researches and analyses should be imple-
mented to estimate and improve the high frequen-
cy spindle.

3.2.2

Linear direct infeed drives (Fig. 6) have come

Linear direct feed drive

Power supply

Frame

Linear direct
Secondary p path transducer
permanent magnets

or short-circuit rods

Linear guides

Fig. 6 Linear direct drive technology ™%

under investigation and experienced a real break-
through for use in high-speed machine tools™"**,
Compared to conventional feed drives like using a
rotary motor and a ball screw or gear-rack, the
linear direct infeed drives have the potential to in-
crease machining speed and accuracy since they
can eliminate gear related mechanical problems
such as backlash, large frictional and inertial
loads, and structural flexibilities!*"™,

To develop or choose linear direct infeed
drives, the parameter maximum stroke speed v,
(here assuming linear direct infeed drives carrying
workpiece directly for longitudinal moving) needs
much attention. According to UHSG processes.,
the workpiece speed v, should increase propor-
tionally to the grinding wheel speed v, when exe-
cuting the high-productivity UHSG. Generally it
could be 60—200 m/min since the grinding wheel
speed increases several times and could be up to
500 m/s. In addition to this parameter, accelera-
tion should also reach 1—5 g decided by the max-
imum stroke speed and efficient stroke, consider-
ing the fact that vibrations will generate if the
value is too high. Moreover, positioning accura-
cy, efficient stroke, continuous force, control and
cooling deserve a lot of considerations, too.
3.2.3 UHSG wheels

In UHSG processes, considerably high cen-
trifugal forces and process forces are loaded on
the grinding wheel at one time™*. Meanwhile the
expansion of the wheel diameter varies exponen-
tially depending on the wheel rotational speed.
Consequently the amount of expansion will be ex-
tremely higher than conventional grinding. As a

result, the grinding wheel dynamic behavior plays
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a crucial and decisive role in UHSG. Besides,
comparatively high elastic deformation of the
grinding wheel takes place owning to the high
wheel and workpiece speeds, which is influenced
by contact stiffness and thus affects the material
removal mechanism and induces machining er-
rors. The contact stiffness mainly depends on
grinding operations, grinding parameters and
grinding wheel specifications such as stiffness
characteristics of the wheel %1,

Another significant property of the grinding
wheel is its damping characteristics that affect vi-
bration between the wheel and workpiece in con-
tact zone. Ultimately these characteristics result
in a change of depth of cut, leading to the loss of
form accuracy and surface quality. In addition,
some other special requirements like resistance to
fracture and wear, high rigidity, and good ther-
mal conductivity are also desirable for UHSG
wheels.

CBN and diamond superabrasive grinding
wheels, which normally consist of a body of high
mechanical strength and a comparably thin coat-
ing of superabrasive layer attached to the body
using a high-strength adhesive, are always em-

ployed in the UHSG processest™!,

suitability of CBN as a superabrasive material for

Especially the

UHSG processes is attributed to its extreme
hardness, as well as its thermal and chemical du-
rability and more wear resistance*%,

Additionally, the bonding is essential for the
superabrasives to be embedded in the body and be
retained under forces and temperatures occurring
in the grinding contact zone. Simultaneously, the
bonding must provide adequate space for chip re-
moval. Usually, four different types of bondings
are considered (Fig. 7). As shown in Fig. 7. vitri-
fied bonding, metallic bonding and electro-plated
bonding are comparably suitable for the UHSG
processes just in view of circumferential speed of
the grinding wheel though their corresponding
material removal rate is distinguished from each
other.

Electro-plated bonding system, where grind-
ing wheels are coated with a single-layer supera-

brasive CBN grain material, is abundantly en-

| Electro-plated bonding Q',,=1 00010 000 mm’/mms |[>

Vitrified bonding

=30 CBN grinding wheels
150 mm’/mms

Resin bonding
' =50-
150 mm*/mms

Metallic bonding
Q',.e=50-250 mm’/mms

Bonding type

Vitrified/bakelite
0',..=10-100
mm’/mms

Conventional grinding wheels

100 150 200 250 300
Circumferential speed of grinding wheel v,

Fig. 7 Bonding systems and associated material remov-

al rates"

gaged in UHSG due to its high-strength adhesivi-
ty?™% . Moreover, the maximum material re-
moval rates are attainable at grinding wheel speed
of over 200 m/s since this bonding system owns a
high-strength adhesive, high level of grain pro-
trusion and a large chip space. Particularly elec-
tro-plated grinding wheels are normally believe
not to employ dressing processes due to a single-
layer coating of abrasives.

Vitrified bonding system, although the po-
tential for its practical application has yet to be
fully exploited, permits grinding wheel speeds of
up to 200 m/s in conjunction with suitably de-
signed bodies. Compared with other types of
bondings, vitrified bonding system is considered
to be easy dressing meanwhile possesses high lev-
els of resistance to wear. The sharpening process
is simplified or even eliminated in applications be-
cause the structure of vitrified bonded CBN grind-
ing wheels leads to a subsequent chip space after
dressing®’’.

In recent years, researchers have given pref-
erence to brazed bonding single-layer superabra-
sive tools rather than galvanically bonding coun-
terpart in many applications owning to the distin-
guished performance of high grit exposure,
strong grit-bond adhesion and more control on
uniformity of grits’ spacing on the wheel sur-

faCe’SS 66

Pal, et al ' developed single-layer brazed

CBN wheels where CBN grits were uniformly
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spaced and strongly bonded (chemical and me-
chanical) on the peripheral steel shank by special
brazing technique (Fig. 8), and together with the
galvanically bonded wheel were employed to grind
bearing steel for comparison of grinding perform-
ance. It's concluded that the brazed-type wheel
when grinding bearing steel were more effective
and economical with less grinding forces and
without wheel loading over wide ranges of the
grinding parameters. It could achieve more mate-
rial removal rates. Ding, et al [® exploited a
brazed CBN abrasive wheel where the CBN grains
were distributed linearly in the working zones of
the abrasive wheels to investigate grindability and
surface integrity of cast nickel-based superalloy
(Fig. 9.

(b) Galvanic bonded wheel

Fig. 8 Surface topography of SEM micrographs L%

Tian, et al % developed a brazed single-
grain diamond grinding wheel for ultra-high-speed
grinding superalloy material in order to investi-
gate speed effect on critical thickness of chip for-
mation and grinding force. Chen, et al “*! used
brazed diamond wheels of two different grit sizes
to explore the grinding characteristics and remov-
al mechanisms in ultra-high-speed grinding of
three engineering ceramics. They concluded that
the brazed diamond wheels could be used for ul-
tra-high-speed grinding of ceramics with accepta-
ble surface roughness and energy consumption.

In addition to the need to select the appropri-
ate bonding for the grinding wheel, the body
should also meet some specific demands on geom-
etry and material. Due optimization aiming to
avoid excessive stresses in the body and achieve
the smallest possible total extension is indispen-
sably required considering the ultra high circum-
ferential speeds of the grinding wheel. In particu-
lar, the maximum stress in the wheel body must
not exceed the strength limits of the wheel body
material in the optimizing process. In addition,
the mass of the body should also be reduced to
move critical natural frequencies of the system in
the direction of higher rotational speeds as far as
possible.

In contrast to the conventional rectangular-
section body shape, the omission of the central
hole and the shape optimization by means of a de-
fined change in thickness over the radius are deci-
UHSG

wheels, which drastically reduces the maximum

sively important and necessary for
stress and strain and leads to a approximately
constant stress and strain level in the body
(Fig. 10).

Furthermore, the body material determines
the static and dynamic behaviors of the grinding
wheel as well. Currently, metallic materials,
mainly including steel and aluminum alloys, are
practically used for superabrasive wheels due to
their high strength. However, another material
suiting for UHSG wheel bodies is carbon fiber re-
inforced plastics (CFRP) (Fig. 11), which is dis-

tinguished by its extremely high strength and ri-
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62 400} 11 wheel Speed: 21)7000r/m 1400 g weight, CFRP material can provide some addi-
2 X Comparison stress g . . .
€% 300l 1300 E tional damping, although the reduced weight of
gg = wheel body increases the natural frequency of the
g5 200F HSG wheel 1200 G o )
3 g adial strain ~ wheel significantly. Particularly, although the
E 100k 1100
& 0 0 modulus of elasticity of CFRP is lower than that
0 50 100 150 200 of steel, its extremely low value in the specific
Wheel radius r,/ mm ) . . .
(a) Before-optimization vs. after-optimization weight results in a higher value of E/y-ratio
which can significantly suppresses radial expan-
Plant Radial Material: ~ Abrasive layer: . .
surface gurface  Al-based  CBN/diamond sion of the wheel body, and it means a preference
for the grinding wheel application (Table 1). Ad-
UHSG-wheel ditionally, extremely low coefficient value of line-

Without Optimized Sharp optimization Bonding type:
central hole number and by defined Galvanic
arrangement thickness variation
of flages across the radius

(b) After-optimization grinding wheel shape

Fig. 10 Optimization of the UHSG wheel body"*"

CFRP UHSG wheel (acc. to KREBS and RIEDEL)
Table 1

Fig. 11

ar expansion of CFRP indicates another advantage
in applying this particular material to the UHSG
wheel body.

Yamazaki, et al ™ distinctly concluded that
the maximum value of maximum principal stress
of core is decisively influenced by core material.
Moreover, the value using CFRP as core material
is only about 1/5 than that using hardened steel
as core material and 1/3 than that using titanium
as core material. In Fig. 12, the critical speed in
case (5) (612 m/s) is larger than that in case (4)
(518 m/s).

To further investigate the effects of wheel
body material on grinding process, especially the
CFRP behavior, Tawakoli, et al " experimen-
tally concluded that higher value of E/y -ratio of
CFRP resulted in a lower radial expansion. Addi-

Material properties of steel and CFRP °!

. Longitudinal Longitudinal Major Maximum Longitudinal
Body Density/ . . / - .
] B tensile E-modulus/ Poisson's longitudinal thermal expansion
material (g e+ cm™?) . . . . .. 0
strength/GPa GPa ratio strain/ % coefficient/(°C™")
Steel 7.85 1. 86 210 0.3 4.0 11.7X107°
CFRP 1.53 2.25—2.55 142—150 0.27 1.3—1.5 —0.9x10"°¢

tionally the higher damping property of CFRP
leaded to a reduction in grinding forces.
Van Brussel and Van''" gave the theoretical-
ly calculation of the amount of wheel expansion.
u=w « (1—2v) /(4 g+« E/y) (13)
where u is the displacement of wheel, ¥ the densi-
ty, w the angular velocity, r the wheel radius, v
the Poisson’s ratio, E the Young's modulus, and

g the gravitation acceleration.

Obviously, the value of wheel displacement
decreases as the value of E/y-ratio increases when
keeping other parameters constant. From this
equation, it can be achieved that the value of
wheel displacement increases squarely with angu-
lar velocity. Accordingly, amount of wheel ex-
pansion can be extraordinarily large under the

conditions of UHSG and results in a reduction in

the size of workpiece if the wheel infeed is with-
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out any compensation. Yui, et al ¥ investigated
effects of compensation on grinding dimensions
and tried a compensation method of workpiece
thickness based on calculated results by control-
ling the wheel infeed.

For the whole grinding wheel, dynamic bal-
ancing is obligatory before UHSG processes are
carried out since even little unbalanced mass can
induce great centrifugal forces and cause spindle
vibration, which influences grinding process re-
sults. Moreover some related performance inclu-
ding stress and strain of grinding wheel can be an-
alyzed with the help of finit element method
(FEM) to optimize the wheel shape. Further-
more some high precise sensors such as acoustic
emission can be employed to monitor the condi-
tion of the grinding wheel when implementing
UHSG processes practically. Subsequently the
grinding wheel should also go through some rota-
tional tests to demonstrate and ensure its safety
before used in UHSG process experiments.

3.2.4 Cooling

Although there exists high demand for re-
duction in cooling lubricants in terms of ecological
and economic aspects, distinguished from cutting
like turning, milling, and drilling in which re-
markable progress has been made in reducing cut-
ting fluids, UHSG brings in a quantity of heat
produced by air friction, cooling and cleaning flu-
id and grinding energy which may lead to much
thermal damage to the workpiece surface layer as

well as loading and wear of the grinding wheel,

resulting in micro-cracks and tensile residual
stresses at the ground surfaces that deteriorate
the surface quality and integrity of the ground

surfacet®7,

In this respect, a mass and efficient
coolant supply system plays a prerequisite and de-
cisive role in UHSG processes.

To deliver the cutting fluids in grinding
processes, previous studies have indicated that in
addition to coolant type, composition and filtra-
tion, especially coolant supply (nozzle position,
nozzle geometry, supplied flow rate and jet char-
acteristics) can affect process and process re-

725) - Therefore analyzing and optimizing

sults
cooling and lubrication during grinding, particu-
larly in UHSG processes, are extraordinarily es-
sential and important!7%,

However, there is no much necessarity to
deliver large volume fluids since the function of
lubrication decisively depends on fluids entering
the contact region, that is to say, no fluid ente-
ring the grinding zone leads to ineffective fluid de-
livery. To feature this, a critical term "effective
fluid rate” is generally used in many studies,
which indicates the quantity of cutting fluid pass-
ing through the grinding zone.

A theoretical model of fluid flow through a
porous grinding wheel based on experimental re-
sults was developed by Guo, et al™ to calculate
the effective flow rate by means of average tan-
gential velocity, fluid depth of penetration and
some other parameters. Engineer, et al®® directly
measured the effective flow rate using convention-
al fluid application by separating and collecting all
the fluid passing through the grinding zone and
the experimental values ranged from 5% to 30%
of supplied flow rate for different width of
wheels, nozzle positions and grinding conditions.

18877 indicated that the maximum

Akiyama, et a
film thickness was estimated to be 40 pm when
the cutting fluid was directed at some angle to the
wheel periphery thanks to the fluid carried into
the grinding zone by adhesion on the wheel pe-
riphery of air boundary layer, while 80 pm in case
of delivering the same volume of fluid at the same

velocity but with a nozzle positioned so that the
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fluid was directed straight towards the grinding
zone.

Air boundary layer is also investigated by
many research fellows since it reverses back cut-
ting fluids and thus influences grinding process a

) considered it as a product of two

lot. Inasaki ™
major air flows around the wheel surface: (i) air
flow in the circumferential direction; (ii) air
spouting in the normal direction to the wheel sur-
face induced by centrifugal force of wheel rotation
(Fig. 13), and ultimately hindered effective cool-
ant entry. Ebbrell, et al % investigated the
effects of the air boundary layer through measur-
ing the efficient volumetric flow rate (Fig. 14)
and the pressure and velocity of the boundary lay-
er and deemed that there existed a minimum gap
for the fluid passing through. Cutting fluid deliv-
ery was also optimized to maximize flow rate be-
neath the wheel. In comparison with tangential
nozzle and angular nozzle position, intermediate
nozzle position was proposed in terms of surface
texture and scatter about the target size, which
was contrary to the common opinion that nozzle

position should be tangential to the wheel periph-

ery as possible.

Suction
and
spouting

i Air barrier

Fig. 13 Coolant supply and air barrier in grinding"*

Fig. 14 Cutting fluid backing up due to boundary layer

effectst®

In order to make the coolant penetrate the air
barrier and consequently get to the contact zone,
Hryniewicz, et al " investigated the issue of flu-
id rejection on the wheel and concluded that there
existed a critical wheel speed V., below which
no fluid was rejected from the wheel and the value
was inversely proportional to the channel height
in the grinding zone A",

Grinding with control of coolant velocity
(3—17 m/s) (Fig.15), Ramesh, et al * experi-
mentally suggested the existence of threshold
flow rate below which the ground surface damage
was apparent. Coolant velocity control further
brought down this threshold through effective
penetration, introducing lubrication effect at the
grinding wheel-work interface and finally impro-
ving the surface finish.

Grinding wheel head
(power=10 kW)

Flow meter
(4 to 36 LPM)

Pressure gage

Changeable nozzle (0 to 4 bar)

(Area 15.14 to
50.26 mm®)

Fig. 15 Metered quantity nozzle design integrated to the
grinding wheel head"*"]

Banerjee, et al ©**) developed a twin jet nozzle
along with a simple working system for its imple-
mentation to help break the air layer before it
reached the grinding zone, keep air suction from
the sides, and force the adequate fluid into the
grinding zone (Fig. 16). By separating, collecting
and measuring fluid flow actually passing through
the grinding zone for different nozzle locations
and orientations, it was concluded that there exis-
ted certain locations around wheel periphery
where placement of the developed nozzle yielded
better efficient flow rate.

Use of high pressure cooling with optimal
nozzle geometry can help decrease the workpiece

B7] used a

surface roughness. Kovacevic, et al
free jet nozzle with a diameter of 0. 46 mm, from
which a water jet was sent out at a maximum
pressure of 380 MPa with a velocity of 365 m/s

and therefore a flow rate of only 3. 6 1/min.
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Nozzle

Attachment for horizontal, vertical
& rotational movement of nozzle

I
Fixed To volumetric ;
workpiece measuring Pivotal main axis of
cum fluid chute®Ylinder fluid jet nozzle

Fig. 16 Experimental set-up and the developed nozzle™!

Process forces decreased by 25% and surface
roughness decreased by 50% compared to conven-
tional flooding coolant supply.

However, comparatively few of the previous
researches are implemented under the condition of
UHSG, even high speed grinding (HSG). More
effects on grinding results will be brought in due
to more complicate and significant phenomenon of
the formation of air boundary layer in UHSG.
The increased velocity and strengthened momen-
tum of the reversed air flow deteriorate the cool-
ing condition and reduce the efficient flow rate to
a large extent with increasing grinding wheel ve-
locity multiply. According to the previous re-
sults, high velocity jet of cutting fluid is proposed
to penetrate the air boundary layer with less
quantity of cutting fluid, high pressure and con-
sideration of the nozzle geometrical shape and po-
sition.

Practically there is no entirely uniform state-
ments can be made as to high pressure cooling,
and detailed quantitative relationships between
grinding process parameters and necessary condi-
tions in high pressure wheel cleaning are not es-
tablished yet. Some related investigations on air
boundary layer and efficient flow rate in grinding
process should also need to be further carried out,
especially in UHSG. In future researches, cooling
methods including inner jet cooling which means
the combination of jet and grinding wheel inner
cooling for heat transfer enhancement, high pres-
sure nozzle towards the grinding zone together

with scraper plates and their combinations ought

to be considered.

4 Research Activities on UHSG Pro-

cess

1577 comparatively early in-

Ferlemann, et a
vestigated the UHSG processes based on the de-
veloped 500 m/s UHSG machine tool. He veri-
fied that the specific grinding forces decreased
with the increased wheel speed. Particularly the
reduced amplitude was conspicuous from 180 m/s
to 210 m/s, and machining efficiency of wheel
speed 340 m/s was up to three times as that of
wheel speed 180 m/s when keeping the same spe-

Additionally, Inadat’

claimed that specific grinding energy was im-

cific grinding forces.

proved with the increased wheel speed due to the
reduced maximum chip thickness, which was ex-
plained by that as much heat generated in UHSG
material FC200, the material emerged thermal
expansions and thus resulted in an increase in
grinding resistance, ultimately leading to the in-
creased specific grinding energy.

By means of UHSG, specific material remov-
al rates of 140 mm’/mms were attainable in
grinding operation at the grinding wheel speed
300 m/s, employing electroplated CBN grinding
wheels when narrow slots were applied to pump
rotors made of 100Cr6 hardened roller bearing
steel’™. Ramesh et al " indicated that the sur-
face finish was improved and the surface texture
of the ground ceramics was free from surface
damage. In addition, the grinding ration of the
diamond wheel was found to be almost doubled in
the case of grinding Al,O; and ZrO, at 160 m/s
compared to the case at 40 m/s.

1 ) employed the molecular

Shimizu, et a
dynamics simulation on the UHSG below and be-
yond static propagation speed of aluminum (v, =
200—500 m/s) (Fig. 17) and claimed that with
the increased grinding speed, plastic deformation
in front of the abrasive became smaller and smal-
ler and was hardly observed in Fig. 17(d). Mean-

while the number of the slip plane decreased fur-

ther and further. Particularly when the grinding
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(a) V=100 m/s

(b) V=200 m/s

(c) V=300 m/s

(¢) V=1 000 m/s
R ;
0.5 1.0 1.5 2.0

Traveling distance / nm
Fig. 17 Snapshots of atomic arrays in grinding process

simulation under various grinding speeds [?*

speed was sufficiently higher than the static prop-
agation speed of material plastic (Fig. 17(e)), at-
oms in the cutting chip had lost the crystallinity
and were in condition of melt rather than plastic
deformation. The number of the generated slip
planes to the depth direction of the workpiece
were few. They also concluded experimentally
that the tangential grinding force dropped down
once the grinding speed went beyond static propa-
gation speed of aluminum though the normal

force rose to a certain extent, and indicated the

decreasing of the grinding energy.

Ichida, et al ' indicated that the workpiece
(bearing steel) surface roughness at wheel speeds
higher than 200 m/s decreased by 20% — 30%
compared with that of the conventional wheel
speed of 60 m/s, which was considered to be
closely related to the reduction of the side swell-
ing formed along both sides of the groove with
the increased grinding speed according to Fig. 18.
Moreover, it was also observed that although the
tangential force decreased, the normal force in-
creased slightly with the increased speed, and
consequently the ration of normal force and tan-

gential force decreased.

Grinding direction Grinding direction

(c) v=220 m/s (d) v=260 m/s

Fig. 18 Typical SEM images of grinding grooves
formed at wheel speeds of 60 m/s, 180 m/s,
220 m/s and 260 m/s """

Linke, et al "*! made a combination of speed
stroke grinding and HSG with regard to sustain-
ability to boost both process performance and
workpiece quality. The experimental results con-
firmed that the combination of speed stroke
grinding and high speed machining can decrease
grinding energy, grinding power, and tool wear.
Although higher table speeds leaded to an in-
crease in workpiece surface roughness, it was ac-
ceptable in the scope of roughing operations. Mo-
reover, the worsening of surface roughness could
be slowed down through simultaneously applying
higher grinding wheel speeds. Tian, et al -
showed that the grinding speed affected the divi-

sion of grinding process and the critical thickness

of chip formation, meanwhile machinability was
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changed due to the speed effect and these changes
were caused by the alternative variation of the
leading position between the strain rate strengthe-
ning effects and the thermal softening effects.
Although there does have many investiga-
tions on UHSG processes, the grinding mecha-
nism at grinding speed higher than 200 m/s is not
sufficiently elucidated yet. The previous UHSG
results have shown that there really exists ex-
treme distinction in varying tendency of normal
grinding force, specific energy, surface roughness
and other parameters for different materials and
grinding conditions. Chip formation mechanism
for different materials especially related to diffi-
cult-to-machine materials such as titanium and
superalloy still needs more and further investiga-
tions to demonstrate the dominance of UHSG

technology.

5 Conclusions

Applying grinding technology can achieve
considerably good finish surface and outstanding
workpiece quality which could not be attained by
other machining methods. UHSG technology, by
means of elevated grinding wheel speeds and in-
creased workpiece speeds, can further improve
the machined workpiece quality together with sat-
isfying productivity just as the preceding process
analysis and previous experimental results indica-
ting. However in view of practical application,
grinding wheel speeds are personally thought to
be not reasonable and beneficial just as elevating
wheel speeds more and more. Besides economical
aspect, some crucial technologies including ex-
tremely high power spindles, suitable grinding
wheels, quantity of grinding heat, harder effi-
cient cooling, related measuring approach etc. An
abundance of further work and researches are nee-
ded to be taken up for the truth. State of the art
of the maximum practical grinding wheel speeds
are mainly 200—300 m/s for UHSG and some a-
vailable and significant results have been achieved
to demonstrate advantages of UHSG.

Despite this, the grinding mechanism at

grinding speed higher than 200 m/s is not yet suf-

ficiently elucidated. The previous UHSG results
have shown that there exists extreme distinction
in varying tendency of normal grinding force,
specific energy, surface roughness and other pa-
rameters for different materials and grinding con-
ditions. Chip formation mechanism for different
materials especially related to difficult-to-machine
materials such as titanium and superalloy under
UHSG still needs more and further investiga-
tions.

Some related equipments are therefore neces-
sary to realize UHSG technology. High speed and
superior performance machine tools are prelimina-
ry and crucial, which mainly consist of high speed
and power spindle systems, fast workpiece infeed
systems, good stiffness and damping machine
beds and especially good performance grinding
wheels. Additionally, the corresponding coolant
delivery methods and systems are also absolutely
Not least of all, improved UHSG

process needs much attention and investigation as

essential.

well.
especially  CBN

wheels with improved bonding systems are most-

Superabrasive grinding
ly employed in UHSG technology for their high
hardness, wear resistant and good bonding
strength. In addition to vitrified and electro-plat-
ed bonding systems, brazed bonding single layer
superabrasive tools are drawn more and more at-
tention in grinding, especially UHSG applica-
tions, due to its high grit exposure, strong grit-
bond adhesion and more control on uniformity of
grits’ spacing on the wheel surface. In addition,
CFRP material is supposed to be employed for the
grinding wheel body considering its superiority of
extremely low specific strength and good damping
characteristics. Furthermore, due to its low den-
sity, the gravity load and centrifugal stress from
grinding wheels are greatly decreased, which can
improve the natural frequency of the spindle sys-
tems.

Moreover, improved effective flow rate is de-
cisively important for UHSG application since a
quantity of the produced heat induces to thermal

damage. Currently there are no absolutely effi-
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cient coolant delivering methods although many
theoretical and experimental investigations have
been carried out in UHSG. In future researches,
cooling methods, including inner jet cooling
which means the combination of jet and grinding
wheel inner cooling for the effect of heat transfer
enhancement, high pressure nozzle towards the
grinding zone together with scraper plates and
their combinations, ought to be considered.

Extremely precisise and resultful in-process
measuring systems are also prerequisite to collect
related performance parameters in grinding due to
the feature that UHSG is a high-frequency and
high-precision machining method.

In addition, grinding process especially
process parameters are considerably significant in
UHSG. In particular, proper speed ratio and cut-
ting depth related to grinding force, specific ener-
gy, surface integrity and even chip formation
mechanism have a decisive influence on grinding
results.

Apart from experimental methods, modeling
and simulation of UHSG processes can be also
conducted to assess and optimize the process of
cutting and chip formation intuitively. FEMs and
molecular dynamic models are commendable ap-
proaches to simulate process status parameters
such as grinding heat, deformation, grinding
forces etc. Afterwards some experiments can be
implemented to verify the output simulation re-

sults and further for modification.
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