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Abstract Ultrasonic vibration-assisted micro-end grinding
(UAMEQG) is a promising processing method for micro-parts
made of hard and brittle materials. Grinding force is one of the
most important parameters which can synthetically reflect the
grinding process. So, it is a key issue to establish a model for
the reliable prediction of grinding force in UAMEG. First, by
studying removal mechanism and the micro-topography of
grinding surface, the micro-end grinding zone is divided into
the following three grinding regions: main grinding region,
plowing grinding region, and sliding grinding region. Then,
the single-grain force model is developed under different ma-
terial removal modes, and the grinding force model of the
whole grinding wheel is established considering size effect.
To verify the correctness of the proposed model, contrast
grinding tests of silica glass with and without ultrasonic assis-
tance using micro-radial electroplated diamond wheel are con-
ducted. The theoretical predicted values of grinding force
match well with the experimental results. The grinding forces
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are significantly reduced, and ductile machining is easier to be
achieved.

Keywords Force model - Ultrasonic vibration - Micro-end
grinding - Size effect - Ductile machining

1 Introduction

Application of hard and brittle materials in abroad range of
industries, such as semiconductor, optics, micro-robot, micro-
electronics, and biomedical, has been steadily grown in recent
years. These materials, such as glass and ceramics, exhibit
many excellent properties, high hardness, superb dimensional
stability, high mechanical strength, and prominent thermal,
chemical, and wearing resistance [1, 2]. These properties
make them very suitable material for manufacturing of preci-
sion components such as camera lens, touch screens, wafers,
micro-electronic chips, micro-fluidic devices, and micro-
molds. Meanwhile, these properties make them difficult to
cut. In the cutting of hard and brittle materials with conven-
tional machining conditions, the chip formation is usually a
fracture process that damages the machined surface and leads
to unacceptable part quality [3].

Micro-grinding is one of the most important processing
technologies for machining of micro-parts of hard and brittle
materials. Ramesh [4] conducted high-table-reversal-speed
micro-grinding tests on different hard and brittle materials,
in which fine slots with 0.1-mm width and high aspect ratio
of 15 were produced. The lowest surface roughness obtained
of WC, Al,Os, and BK7 were 0.16, 0.32, and 0.52 um, re-
spectively. The lowest average surface roughness of 12.97 nm
was achieved in Rahman’s experiment [5], in which micro-
grinding of BK7 glass was carried out using micro-EDM-
fabricated PCD tool.
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But, there exist several challenges that lie in micro-
grinding, high grinding forces, which result in high heat
generation, severe surface damage due to brittle fracture,
and rapid micro-wheel wear [4, 6, 7]. It has been demon-
strated to be an effective method for solving the problems
above to assist ultrasonic vibration into machining pro-
cess. Akbari and Borzoie [8] investigated the ultrasonic
vibration effects on grinding process of alumina ceramic
by experiments. The tests results also indicated significant
improvements; surface roughness improved by 8 %, total
grinding force reduced by up to about 22 %, and work-
piece fracture strength increased by approximately 10 %
on average. Tawakoli and Bahman [9] conducted compar-
ative experiments of ultrasonic-assisted dry grinding and
conventional dry grinding of 42CrMo4, which demon-
strated considerable advantages of the former technology,
significant improvement on the R, parameter, and up to
60 % reduction of normal grinding force. Chen [10] con-
ducted an experimental study of the effects of ultrasonic
vibration on grinding surface roughness, showing that the
application of ultrasonic vibration to the grinding process
can lower the workpiece surface roughness. In Yan’s re-
search [11], comparative grinding experiments on surface
quality of nano-ZrO, ceramic were carried out using dia-
mond wheel in different condition, both with and without
ultrasonic vibration. The results show that the surface
quality is improved with ultrasonic assistance compared
with conventional diamond grinding. In addition, it is
easier for ultrasonic-assisted grinding to achieve material
ductile region removal. In Wang and Lin’s [12] research
on ultrasonic vibration-assisted cylindrical grinding of
hard and brittle materials, the models of grinding force
and material removal rate were developed and verified
according to the test. The result indicated that the grinding
force decreased as the amplitude and frequency increased
and the roughness decreased first and increased subse-
quently. But, the force model was developed on the basic
assumption that brittle fracture is the primary mechanism
of material removal, neglecting material plastic removal.
Zhang and Zhao [13, 14] conducted experimental study
and preliminary mechanism research on ultrasonic
vibration-assisted micro-end grinding (UAMEG) of silica
glass. Experimental result shows that grinding forces are
significantly reduced (up to 65.6 % of normal grinding
force, up to 47.7 % of tangential grinding force, up to
42.2 % of cross-feed directional grinding force) due to
the introduction of ultrasonic vibration; the surface quality
is significantly improved because of assisted ultrasonic
vibration. However, a comprehensive and systematical
force model needs further study to investigate the mecha-
nism of grinding force in UAMEG of brittle material.

In recent years, considerable work has been carried out
to develop a mathematical model for the grinding force.
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Hecker and Liang [15] developed the predictive models
for grinding force and power based on the probabilistic
distribution of undeformed chip thickness as a function of
the kinematic conditions, material properties, wheel mi-
cro-structure, and dynamic effects. Park and Liang [16]
developed a predictive model for the micro-grinding pro-
cess by combined consideration of mechanical and ther-
mal effects within a single-grit interaction model, while
the size effect of micro-machining was incorporated. This
model quantitatively predicted micro-grinding forces
based on micro-grinding wheel topography and material
properties including crystallographic effects. Chang and
Wang [17] focused on stochastic nature of the abrasive
wheel and tried to establish a force model of the grit
distribution on the wheel. But, the identification of the
grit density function is difficult, requiring correct assump-
tions for grit locations. A new grinding force model was
developed by Durgumahanti [18] which incorporated the
effects of variable coefficient of friction and plowing
force. This is based on the fact that chip formation during
grinding consists of the following three stages: plowing,
cutting, and rubbing. Equations for the total normal and
tangential force components per unit width of the grind-
ing, during these three stages, were established. The
plowing force components were modeled by performing
single-grit tests. Agarwal and Rao [19] built an analytical
model to predict the force and power of ceramic grinding
based on the undeformed chip thickness. The model was
validated by conducting experiments of silicon carbide,
which indicated that the proposed model was in good
agreement with the experimental data obtained from dif-
ferent kinematic conditions. Cheng and Gong [20] devel-
oped a predicting model of grinding force considering
crystallographic effects in micro-grinding of single crystal
silicon. Ductile-regime transition in micro-grinding pro-
cess of single crystal silicon was revealed; 20 and
100 nm were turned out to be two critical conditions
based on analysis of experiment results. From researching
summary of above, it is found that there is not a system-
atically theory achievement for force prediction in
UAMEG. Further research on modeling of grinding force
is important and necessary to UAMEG.

In this paper, an analytical model of the grinding force
in UAMEG is established considering size effect. The
proposed model is based on the material removal mecha-
nism and the micro-topography of grinding surface. In
order to verify the correctness of the proposed model
and reveal the grinding parameters on grinding forces
and surface quality, contrast grinding tests of silica glass
with and without ultrasonic assistance using micro-radial
electroplated diamond wheel are conducted. The grinding
forces are measured using a three-component dynamome-
ter. The surface characteristics are detected using the
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scanning electron microscope. The experiment results
demonstrate that grinding forces are significantly reduced;
surface quality is obviously improved due to ultrasonic
assistance in UAMEG. The predicted and the measured
values of surface roughness are in very good agreement.

2 Mechanism analysis of UAMEG

As shown in Fig. 1a, UAMEG consists of the following three
crucial motions: workpiece ultrasonic vibration, which is sim-
ple harmonic motion with small amplitude and high frequen-
cy; grinding wheel high-speed rotary motion; and high-
accuracy micro-feed motion. The coordinate system is defined
as follows: the x axis is in the direction of wheel precision feed
and workpiece ultrasonic vibration; the y axis is oriented in
cross-feed direction; and the z axis is normal to uncut surface
and in the direction of cutting depth, around which the grind-
ing wheel rotates at high speed.

For convenience, several hypothesis conditions are put
forward in this study; abrasives are well distributed with
uniform size, deformation and run out of the wheel are
negligible, the wheel end face is parallel to workpiece
surface, and ultrasonic amplitude and frequency keep
steady in machining process.

It can be detected by microscopic observation of grinded
surface that grinding zone between the wheel and material in
micro-end grinding is split into the following three grinding
regions, as shown in Fig. 1b: chip formation region, plowing
region, and sliding region.

1. In chip formation region, abrasives in exterior margin of
wheel end face encounter unmachined material and lead
to chip formation by fracture crack or shearing formation.
There exists a minimum undeformed chip thickness,
above which the material can be removed by fracture
crack or chip formation.

a

2. Inplowing region, abrasives in inner margin of wheel end
face lead plowing effects to the material that is below the
minimum undeformed chip thickness. Plastic deformation
and pileup of a part of material around the abrasive tip
occur in front of and on both sides of the abrasive along
scratching groove. When plastic deformation accumulates
up to the undeformed chip thickness, material can be re-
moved in form of chip formation. Elastic deformation
occurs beneath the abrasive tip in the shape of hemi-
sphere. Then, elastic recovery of material behind the abra-
sive tip occurs after the abrasive scratched over.

3. In sliding region, there exists no material removal but
elastic deformation and elastic recovery.

2.1 Material removal mechanism in grinding region I

As investigated in previous research [14], the instantaneous
abrasive cutting thickness () is defined as the distance be-
tween trajectories of the cutting abrasive and the former abra-
sive in the direction parallel to the surface. Real abrasive cut-
ting thickness is determined by the trajectories of a quite sev-
eral adjacent abrasives. For convenience, two adjacent abra-
sives are taken into account. The geometrical schematic of
instantaneous abrasive cutting thickness is shown in Fig. 2
and is mathematically modeled.

The time when the former abrasive (here defined as the
iy, abrasive) moves to point O and the cutting abrasive
(here defined as the iy, + Ist abrasive) moves to point N
is defined as start time. 75 is defined as the time when the
iy, abrasive moves to point B (x,z, y;5) along the dashed
line. At the same time, the center of the wheel moves to
point O;. Point A (x4, 1,4) is the intersection of trajectory
of the (i + 1)th abrasive and the extension line of /z;. The
(i + 1)th abrasive moves to point A, and the center of the
wheel moves to point O; , | at t,4.

‘\chlpformalian

region

\

"ploughing
| region

sliding
region

Fig. 1 Schematic diagram of UAMEG. a Coordinate system and b SEM of grinding surface
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Fig. 2 Geometrical schematic of instantaneous abrasive cutting
thickness

Based on the principles of geometry, instantaneous abra-
sive cutting thickness of the (i + 1)th abrasive at ¢4 can be
expressed as

i = \/ r? + L*=2rLeos|w(ta=A,)|-r M)

where A(A, = 1/mn) is defined as the time difference accord-
ing to the phase difference of these two adjacent abrasives,
which is equal to the time that the (7 + 1)th abrasive moves
from point N to point M; m is the quantity of all the abrasives
in the most exterior margin of micro-wheel end face; n is the
spindle speed; and L is the distance between O, and O; , .

L= X011 Xo; (2)

where x? and x#  are the x positions of the wheel center at 75
and ¢4, respectively, which can be further expressed as

xtgﬂ =Vl +A-sin(wf-tA)
" - (3)
Xo, = Vw'ip + A-51n(wf~t3)
Then, the line /0, can be given as
Io, : Yy, = (x,B—xtgl)tan(wx-tB) 4)

The trajectory of the (7 + 1)th abrasive in UAMEG can be
expressed by

{le = vyt + reos(wy(i=(i + 1)A,)) + Asin(wt)

Vi = rsin((i-(i + 1)4) (1=0,1,2..),

(5)

where wy (wr = 27f) is the angular frequency of ultrasonic
vibration.
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For the point A (x4, V;4) is the intersection of the trajectory
of the (i + 1)th abrasive and the extension line of /o, the
following simultaneous equations system can be derived:

-xtA — Vw'tA + r.cos(ws.(IA—At)) =+ A'Sin(Wf’tA)
v, = rsin(wy-(ta—4,))
ytA = xtA—xtgi) 'tan(ws'tB)

(6)

From the simulation results in previous research [14], it can
be seen that the instantaneous abrasive cutting thickness /
repetitively oscillates as analogous sine wave at ultrasonic
frequency, which indicates that intermittent cutting is achieved
in UAMEG from the view of single abrasive. In every ultra-
sonic period, when cutting abrasive withdraws from
unmachined material, instantaneous abrasive cutting thickness
keeps zero. The instantaneous abrasive cutting thickness in-
creases from zero when the cutting abrasive cuts into
unmachined material to a maximum value. Subsequently, it
decreases to zero at the point the cutting abrasive withdraws
from unmachined material.

In micro-machining, machining mechanism is colossal
influenced by the ratio of effective tool cutting edge radi-
us to undeformed chip thickness. For abrasive edge radius
tends to the same scale with the undeformed chip thick-
ness, a small fluctuation of undeformed chip thickness
significantly influences the grinding process [6].
Considering abrasive cutting edge radius, undeformed
chip thickness in micro-end grinding is proportional to
instantaneous abrasive cutting thickness, abrasive radius,
height of protrusion of abrasives, and cutting depth, as
shown in Fig. 3.

According to indentation test [21, 22], fracture crack initi-
ation and growing process can be demonstrated as follows:

a. As the indenter tip penetrates into the surface of the sam-
ple of brittle material under small load, the material ex-
hibits elasticity with formation of plastically deformed
zone in the form of a hemispheric enclave. The bottom
of this plastic zone is conserved under high residual
stresses.

b. With the increase of the load, a crack called median crack
is initiated from the bottom of plastic zone along the axial
direction of the load.

c. During unloading half cycle, the lateral crack is initiated,
oriented in the lateral direction to the load axis.

d. As unloading continues, lateral crack grows toward the
surface.

Considering analogous sine-waved instantaneous abrasive
cutting thickness, and analogizing crack theory above to
micro-grinding process, crack initiation and growing process
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Fig. 3 Abrasive cutting process a b _
under intermittent machining in h<0 Uncut h=0 Uncut
UAMEG shoulder shoulder
Workpiece Workpiece
c d
h>0 Unecut h >0 Uncut
shoulder
|_Lateral
crack
______ N“Median
) crack
Workpiece Workpiece

during abrasive-workpiece interaction in UAMEG can be dem-
onstrated as shown in Fig. 3. When / is zero, the abrasive with-
draws from the uncut shoulder and only slides on the machined
surface. As / increases the abrasive cuts gradually into uncut
shoulder material, the material exhibits elasticity followed by
formation of plastically deformed zone in the form of a hemi-
spheric enclave. When the maximum undeformed chip thickness
(tmax) exceeds the critical undeformed chip thickness (below
which chips will not form), chips are formed via plastic defor-
mation. At some / values, where #,,,, and cutting force are in
excess of the critical values of ductile-brittle transition, median
cracks initiate. Then, median cracks grow with % increasing. As
the abrasive passed, which is analogous to the unloading half
cycle, the residual stresses beneath the plastic zone propagate
lateral cracks. Then, the lateral cracks grow toward surface of

Fig. 4 Geometry of critical
condition of ductile machining

uncut shoulder, and thus, a part of uncut shoulder material is to be
removed via brittle pattern.

There exist three critical values of instantaneous abrasive cut-
ting thickness.

From Fig. 4, the maximum undeformed chip thickness #,.x
can be expressed as

tmax = Fa— (rﬁ + h2—2-ra-h-sin0max)

(7)

ro—a
o8Oy = —L

(8)

Ta

Here, h., is defined as the critical value of instantaneous
abrasive cutting thickness for median crack initiation, where

Abrasive fw

‘hy center _—
L Nin S
Ij

Uncut shoulder

A 4
max X
Surface
ap
machined
by former \\ P CI
abrasive - Ie v
( .HI \
Surface machined by Final machined surface

cutting abrasive
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the maximum undeformed chip thickness #,,. is equal to ¢.,
which is the critical undeformed chip thickness for ductile
brittle transition. Then, 4., can be expressed as

te = rq=(r2 + hea® =274 "hea SN0y ) (9)

When £, is less than ¢., there will be no fracture crack
initiation. In this case, material elastic flow and sharing for-
mation are the predominant material removal mode. When
fmax 18 larger than ¢., median crack initiates in the orientation
between which the included angle is @,,,y.

There exists a critical condition of ductile region grinding,
as shown in Fig. 4, where the median cracks and lateral cracks
can exactly get clear of the final machined surface. At this
condition, maximum material removal rate can be achieved
under ductile region grinding.

Arif [23] demonstrates that fracture of final machined sur-
face is predominantly influenced by the median crack. The
length of median crack is equal to seven times of the radius
of lateral crack [21], i.e.,

C,=17C, (10)

The critical condition that both of these two crack systems
approach the final machined surface can be given as

Cpecost = Cp. (11)

6 = arccos (1/7) = 81.79° (12)

As the 6 range from 0 to 81.79°, depth of damage due to
median crack remains more than damage depth due to radius
of'lateral crack. Beyond this limit of 6, C; is too small to reach
the final machined surface. Thus, if median cracks do not
approach the final machined surface, ductile machining can
be achieved.

From the geometry of Fig. 4, critical condition which ob-
tains final fracture-free machined surface can be written as

Cm.cos¢c+ra-cosec =7y, (13)
(C—te)cosp, + rycosp, = 1y (14)
(ra—t.)-cosp, = r,cosf, (15)
ri + het2=2+rgher-sinf, = ro—t, (16)

where ¢. is the critical undeformed chip thickness for ductile
brittle transition, r, is the radius of the abrasive, and /. is the
critical instantaneous abrasive cutting thickness for ductile
grinding.

From Lawn and Marshall’s [22] research, the critical me-
dian crack length C,, can be expressed as

KZ
Co =1 5] 1)

@ Springer

where L is the geometrical constant which depends on mate-
rial properties, H is the material hardness, and Kjc is the ma-
terial static fracture toughness.

Then, substituting Egs. (13) and (14) into Eq. (15), /., can
be expressed as

96' m ?
hey = ra-sinec—\/rg-(sinzec_l) + (ﬁ> (18)

1—cosf,

It can be seen from Eq. (14) that the critical median crack
length C,, leads to a limit to the critical instantaneous abrasive
cutting thickness /., under given abrasive radius r, and cut-
ting speed. This defines the upper limit of material removal
rate for ductile machining. Critical instantaneous abrasive cut-
ting thickness increases with the decrease of critical median
crack length. That means lower critical median crack length
improves material removal rate under ductile machining.

Malekian [25] researches the minimum uncut chip thick-
ness in micro-machining. The presence of a critical or mini-
mum uncut chip thickness is observed when the machining
operations are performed using a tool with a finite edge radius.
A stagnation point, which happens at a critical or stagnant
angle, 6,,, determines the value of the minimum uncut chip
thickness, namely,

hy = r4(1—cosB,,) (19)

Both minimum energy approach and infinite shear strain
approach are adopted to model the minimum uncut chip thick-
ness in micro-machining. Then, it came to the conclusion that

O = B, (20)

where [, is the friction angle between the workpiece and the
rake face during shearing and can be expressed as

W = tanf, (21)

where 1 is the friction coefficient and can be expressed as

T 3 */s
=A—|— 22
p=a- (o) 22)

where A is a constant determined by contact geometry; 7is the
critical shear stress at the interface, which may be an oxide
film; P is the normal load; and £’ is the effective elastic mod-
ulus of the contact materials.

2.2 Material removal mechanism in grinding region IT

As analyzed above, plowing is assumed to be the predominant
mechanism of interaction between abrasives and workpiece in
grinding region II. For modeling of the plowing force, it is
essential that the contact geometry be established precisely.
Bolshakov and Pharr [24] examined the significance of pileup
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for rigid conical indenters and found that if pileup is neglected,
the true contact area can be underestimated by as much as
60 %. Thus, a complete understanding of pileup, as well as
material springback, is crucial to establish accurately the con-
tact geometry. The degree of pileup is a unique function of the
strain-hardening exponent n, which can be conveniently de-
scribed as [26, 27] (in this section, # would be instead by
another letter)

¢ =d*/2 Rh (23)

where ¢? is a parameter, which has a simple physical interpreta-
tion in the limit of small penetration depths; it is the ratio of the
depth along which contact is made to the total depth of penetra-
tion, and ¢* >1 implies that material piles up. From Norbury and
Samuel’s experimental data [28], pileup is represented by the
normalized pileup parameter s,/h, where s,/h = ¢ — 1. Then,
the empirical relation between s/# and n can be expressed as

2(1-n)/n
s, 1 (2+n
_ -1 24
h 2( 2) (24)

In micro-hardness tests, the elastic recovery would occur in
the vicinity of remaining indentation impression after the in-
denter is removed so that the indentation size would shorten to
a certain degree [29]. Analogizing this phenomenon to abra-
sive scratching process, elastic recovery of the part of material
that impressed by abrasive tip but cannot be removed by chip
formation would lead to a certain contact area between flank
surface of the tip, as shown in Fig. 5. As demonstrated by
Gauthier [30] in the research of elastic recovery of a scratch
in polymethylmethacrylate surface, the elastically recoverable
height s, can be expressed as

[ 2¢ Oyield
=/ ——= 25
Se tand E° (25)

where ay is the plastic contact radius, c is the ratio of “hard-
ness” to yield stress, @ is the half apex angle of a conical tip,
and o4 is the yield stress.

Material springback was investigated in Arcona’s [31] re-
search on tool force model for precision machining. An

empirical model of material springback was developed to de-
scribe this phenomenon, in which the height of springback
was demonstrated to be of linear relationship with tool edge
radius and the ratio of material hardness to elastic modulus.
H
Se = klrf (26)
Under the plowing effect of abrasives arrayed in inner re-
gion of wheel end face, micro-cambered groove arrays are left
over as remnant in grinding region II.

2.3 Material removal mechanism in grinding region III

In grinding region I1I, sliding occupies the absolute influence
on mechanism of interaction between abrasives and work-
piece, as shown in Fig. 6. Unlike in grinding region II, there
exists no pileup phenomenon in front of tool tip above mini-
mum uncut chip thickness. Material encountering the abrasive
rack face is impressed and flows beneath the abrasive. Then,
material flows along the undersurface of tool tip and then
rebounds to the original height after the abrasive passes.

Because direction of main cutting speed of most abrasives
in grinding region III is approximately perpendicular to flank
of cambered grooves in grinding region II, surface with
grooves can be effectively smoothed due to material elastic
deformation caused by sliding effect. Moreover, if material is
removed in the way of fracture crack and the cracks extend
into machined surface in grinding region I, the remained
cracks cannot be removed in sliding process.

3 Force modeling of single abrasive

3.1 Individual abrasive force modeling in grinding region I
3.1.1 Below the minimum undeformed chip thickness

In micro-grinding process, the material below the minimum
undeformed chip thickness is plastically deformed under the

press of abrasive without chip formation, which is defined as
plowing effect. This plastic deformation is similar to the

Fig. 5 Abrasive-material plowing effect

Fig. 6 Abrasive-material sliding effect

@ Springer
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material deformation in spherical indentation process. Brinell
indentation hardness test was adopted to describe the single
abrasive interaction process (Fig. 7), for the material behavior
beneath a Brinell ball resembles the material deformation be-
low an abrasive. The Brinell hardness number (HB) is defined
as the ratio of load (Fginen) to the curved area of indentation as
follows:

2 Fgyi
HB = Brinell (27)

D) (D—\/W )

where D is the ball diameter and b is the impression diameter.
Then, the stress in plowing region can be associated with
Brinell hardness test. Considering the minimum undeformed
chip thickness and material springback, the central angle 6,
corresponding to material springback can be expressed as

r—Se

cost| = p (28)

Then, the including angle of plowing loading direction and
vertical can be expressed as

001
2

Oép:

(29)

Then, the real impression diameter of plowing effect b, in
UAMEG can be deduced as
b, = 2rsinay, (30)
by = b,siny, (31)

Then, the load F, that acts vertically to the plowing-
interacting surface between abrasive and workpiece due to
plowing effect in ductile removal can be expressed as

F@J_-HBﬂI<L_ (20245) (32)

Shear 1 JX\
d

tundef | dt ]

dF cg, y

workpiece

Plastic
deformation zone

Fig. 7 Geometrical schematic of single abrasive material in the main
grinding zone

@ Springer

In addition, friction is generated between the abrasive and
the workpiece due to relative movement. The circumferential
force, normal force, and radial force can be estimated by com-
bining the indentation effect with the friction as

Fegl = Fgp (sinup sin% + ucosapcos%) (33)
Fugl = Fap (cosozp—usina,,) (34)
Frgt = Fgp (sinap cos%—ucosapsin%) (35)

3.1.2 Above the minimum undeformed chip thickness

In micro-grinding of hard and brittle materials, material is
removed in the way of chip formation due to plastic deforma-
tion, when the maximum undeformed chip thickness is below
the critical undeformed chip thickness of crack initiation and
above the minimum undeformed chip thickness. Then, the
micro-cutting mechanism can be represented by applying
Merchant’s model to each of the infinitesimal undeformed
chip thickness elements [32, 33]. Considering a single element
of undeformed chip thickness, df;, corresponding to the asso-
ciated local friction angle, local rake angle, and local contact
angle in feed direction, the incremental circumferential force,
normal force, and radial force per unit undeformed chip thick-
ness element due to chip formation in the three-dimensional
simplified configuration can be expressed as

7cos(fBi—ay)

AF g = —SSP) _op, 36
= By, (36)
Tssin(G—y)
dF o0 = ——————— 37
e cos(; + fBi—a) (37)
Tscos(B—a;) .
dF, g = W) 38
&l cos(p; + Bi—ay) S0k (38)

where 7y is the shear strength of the material, (; is the local
friction angle, o is the local rake angle, 7; is the local contact
angle in feed direction, and ¢; is the local shear angle. As
shown in Fig. 8, n; has a relationship with the instantaneous
abrasive cutting thickness, which can be expressed as

R,—h
—oon [ Be
7, = CoS ( R ) (39)

g

The effective rake angle «y is negative when the unde-
formed chip thickness is less than the abrasive radius, which
can be expressed as follows according to geometrical relation-
ship of Fig. 7:

1%

R 40
s =sin — (40)
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Unprocessed

surface :
abrasive

o
interacting area

of abrasive-

workpiece

Processed
surface

Fig. 8 Schematic of single abrasive material in the main grinding zone

The critical rake angle . corresponding to the minimum
undeformed chip thickness can be expressed as

Qe =

=0, (41)

o 3

In UAMEG, the interacting area between the hemispherical
abrasive and workpiece changes with the fluctuation of the
instantaneous abrasive cutting thickness in sine wave. The
instantaneous chip formation force can be obtained by means
of double integral of incremental force per unit undeformed
chip thickness element over the interacting area. Then, the
overall circumferential force, normal force, and radial force
due to chip formation for individual abrasive can be expressed
as

a, Tscos(ﬂi_ai)
Fegar = J o |o cos(y; + Bi—ay) costdda; 42)
Tssin(B—a;)
F = | |22 Y gndoy 43
n.gel Jac 0 COS(Sﬁi-f—ﬂ,-—ai) nac; ( )
n Tscos(B—a;) .
Frgg = |2 [ 220000 Gingdidoy 44
.gcl Jac ] 0 COS(QOZ- +6i_ai) smn;dn;ac ( )

3.1.3 Above the critical undeformed chip thickness of crack
initiation

When the maximum instantaneous abrasive cutting thick-
ness exceeds the critical value of crack initiation, material
removal mechanism will be partially changed to be frac-
ture crack. Thus, grinding forces should be predicted in
the homologous way, namely, grinding force modeling for
brittle region removal. As analyzed above, crack, as well
as indentation loading, will grow with increasing of in-
stantaneous abrasive cutting thickness under brittle-region

removal. Final surface without crack remnants is desired
in processing of hard and brittle materials. Thus, model-
ing of grinding forces under brittle region removal is con-
ducted below the critical condition of ductile region
grinding given above for force prediction margin, at
which the maximum fracture force of ductile region grind-
ing is approached. In this case, from spherical indentation
research, normal load between abrasive and workpiece in
brittle removal at median crack length of C,, can be
expressed as

Foc, /s = c,,,/ s /) iyl <KCE1/2H fe) (45)

Then, considering friction effects in interacting surface of
abrasive and material, the circumferential force, normal force,
and radial force for individual abrasive grinding under brittle
removal can be expressed as

Fegni = Fyc, (sincpcsin% + ucosgoc) (46)
Fugp1 = Fic,(cosp.~psing, ) (47)
Frgnt = Fpc, (sinwccos%—ucosgpcsin%> (48)

3.2 Individual abrasive force modeling in grinding region
11

As demonstrated above, plowing effects is the predominant
mechanism of interaction between abrasives and workpiece in
grinding region II. However, according to the research results
of the spherical indentation process, material pileup should be
taken into account for force modeling to consider the plowing
effects. After initially sinking-in at small depth, the pileup
evolves and increases gradually as the indenter is driven into
the material, which can significantly affect the contact area of
interaction. The geometrical schematic of contact area in this
grinding region is shown in Fig. 5. Scratching depth a, in
grinding region II is assumed to be equal to the minimum
uncut chip thickness £, for all the plowing abrasives for sim-
plification. Then, maximum rake angle and maximum relief
angle can be given as

Sp2 1 ap2

- (49)

cosayp = 1=

cosf,, = I—SeT’z (50)

Then, the diameter of the contact area can be expressed as

Qpp + ﬁpl)

- (51)

byo = 2rsin<
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The load F,, that acts vertically to the plowing-interacting
surface between abrasive and workpiece can be expressed as

F,, = HBmr <2r— (2r)2—b§,2) (52)

In this grinding region, it is assumed that the abrasive tip
completely sinks into the workpiece material in the radial
direction. The circumferential force, normal force, and radial
force of individual abrasive can be estimated by combining
the indentation effect with the friction as

Fegn=Fp,» (sinap_2 + /,LCOSOép_Vz) (53)
Fogn=Fp (cosapﬁz—usinapg) (54)
Frgn=0 (55)

3.3 Individual abrasive force modeling in grinding region
I

As investigated above, it is assumed that there exists no pileup
phenomenon in front of tool tip in grinding region III. But, the
material springback should be considered for sliding force
modeling. As shown in Fig. 6, the contact diameter can be
given as

byz = 24/ r2—(r=s.)* (56)

Since the axis of sliding-interacting surface is vertically to
the workpiece surface, the normal grinding force of individual
abrasive is equal to the load F, acting vertically to the sliding-
interacting surface, which can be expressed as

Fn,g.s,?a = FS,3 = HBTCI‘(ZI’ (2]”)2b§_3> (57)

The circumferential force of individual abrasive can be
estimated by combining the indentation effect with the friction
as

Fc.,g,s,S = //st,S (58)

The radial force of individual abrasive can be expressed as
Fr.,g,s,B =0 (59)

In this section, the models of circumferential force, normal
force, and radial force of individual abrasive are developed,
respectively, for these three grinding regions defined above,
considering material brittle fracture, plowing effect, and slid-
ing effect.

@ Springer

3.4 Force modeling considering the size effect

UAMEG belongs to the micro-machining. Size effect is
the most essential difference between micro-machining
and conventional machining. So, the influence of size ef-
fect should be considered in the force modeling of
UAMEG. As demonstrated above, various theories with
respect to the mechanism of size effect have been pro-
posed, such as the intensified influence of plowing force
in micro-cutting, material-strengthening effect due to the
decrease of dislocation density, weakening of material-
softening effect due to the decrease of cutting tempera-
ture, material strain rate increasing, the enhancement of
strain gradient effect, and the influence of material surface
energy consumption.

An individual abrasive force model is developed above
considering the size effect from the point of the influence
of plowing force and sliding force. According to the in-
fluence mechanism of the plowing force in this section,
material-strengthening effect due to the decrease of dislo-
cation density into individual abrasive force modeling to
further take account of the size effect.

To characterize the material-strengthening effect in
micro-scale material cutting, Lai et al. [34] improved
the J-C material constitutive model based on the strain
gradient plasticity theory. J-C constitutive model is
widely used in the situation of large-strain gradient,
strain rate, and temperature, which characterize the ma-
terial flow stress. It can be given as follows:

Han(.i)] ()]
€0 Ter—To

(60)

oic = [A+ B(e)"]

where o)c is the plastic equivalent stress; ¢ is the equiv-
alent strain; ¢ is the equivalent strain rate; ¢ is the
reference strain rate; T is the melting temperature
of the workpiece material; 7, is the phase-transition
temperature of the workpiece material; and A, B, C,
m, and n are the constants.

The above equation indicates that material flow stress
has nothing to do with cutting scale in the J-C model. So,
to characterize the size effect, scale variable / is intro-
duced to consider the change of cutting dimension. The
improved J-C model can be expressed as

O'Zf(o'conval) (61)

where o.ony 18 equal to ojc, in macro-scale cutting,
g = 0jC.

According to Taylor dislocation model and strain gra-
dient plasticity theory, material plastic flow stress can be
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expressed as the function of dislocation density, which
can be given as

o = 3aGby/p = 3aGb,/p, + p, (62)

where « is the rake angle, G is the shear modulus (MPa),
b is the Burgess vector (nm), p is the dislocation density
of workpiece materials, p, is the geometrically necessary
dislocation density, and py is the statistical storage dislo-
cation density, which is measured by experiment under no
strain gradient. The relationship between traditional plas-
tic flow stress and statistical storage dislocation density is
expressed as

Geony = 3&Gb./p; (63)

To assess the total dislocation density, the coefficient
is introduced (according to the research of the Lai [34],
the value of x4 is 0.38). Then, the plastic flow stress can be
expressed as

3aGby/p + pls (64)

By substituting Eqgs. (63) and (64) to Eq. (62), o can be
rewritten as

o =

m
0 = Ocomvi/ 1+ <&> (65)

Ps

Geometrically, necessary dislocation density can be
expressed as

Pg = b (66)

where 7 is the strain gradient.

Then, the material constitutive equation considering statis-
tical storage dislocation density and geometrically necessary
dislocation density can be expressed as

18a2G*bn\ "
g = Uconv\/l + (Tn> (67)
conv

The traditional plastic flow stress can be represented
by the conventional J-C constitutive model. Then, the
material constitutive equation considering the statistical

storage dislocation density and geometrically necessary
dislocation density can be expressed as

1802G?*bn\"
o= UJC\/I + <#> (68)
0j-c

According to MelKote’s [35] research, strain gradient can
be obtained through the first deformation zone as follows

1
- 69
n=7 (69)
where L is the length of first deformation zone.

Substituting Eq. (69) to Eq. (68), the material constitutive
equation can be expressed as

1802G*b\"
o= UJ_C\/I + (267) (70)
o5 cL

Minimum undeformed chip thickness has a great effect
in micro-scale cutting, especially when the undeformed
chip thickness has the same level with micro-cutting edge.
So, the first deformation zone length L can be solved in
two cases, with and without chip formation. Kim et al.
[36] conducted the MD simulation of this phenomenon,
as shown in Fig. 9; when & = h,;,, the first deformation
zone length L can be expressed as

h
L= sin(¢) (71)
7cosay,
= 1—rsinay, (72)
hmin

where /% is the undeformed chip thickness, %, is the mini-
mum undeformed chip thickness, and ¢ is the shearing angle.

As shown in Fig. 9b, when & < hy,;,, Egs. (71)—(73) are
not suitable to calculate L, because the shearing angle and
the chip thickness ¢ can be seen as zero. Contact arc
length between tool nose and workpiece can be regarded
as the length of first deformation zone. So, the first de-
formation zone length L can be expressed as

R—h
arccos (T) TR
L=— 74
180 (74)
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Fig.9 Schematic diagram of machining region considering the tool edge
radius. a With chip formation and b without chip formation

In conclusion, the material constitutive model considering

the size effect of micro-cutting scale can be expressed as fol-
lows

. 1 22 1%
0= U<8767 T7L7 hmin) = UJC\/I + (&;7Gb> (75)
05 cL
e -7y \"
1+ Cln{ = - — 76
(E())] |: (Tmelt_TO) :| ( )

The Oxley model [37] is adopted to calculate strain and
strain rate, which is given as

oic = [A+ B(e)"]

1 cosQy,
€= - 77
2+/3 cos(p—ay,)sing (77)
where «, is the nominal rake angle.
Strain rate model is as follows:
- Coxley Vgcosay,  sing (78)

V3 cos(¢p+ ) to—ty

@ Springer

where Coyiey is the constant, v, is the abrasive speed, ¢, is the
undeformed chip thickness, ¢,, is the minimum undeformed
chip thickness, and «, is considered to be equal to the equiv-
alent plow rake angle o,

For convenience, the undeformed chip thickness in ma-
terial constitutive model above is characterized by indi-
vidual abrasive instantaneous chip thickness in the
UAMEG. Due to the influence of ultrasonic vibration,
when the interrupted cutting is realized, individual abra-
sive instantaneous chip thickness various in a high fre-
quency and the average chip thickness decreases dramat-
ically. The plastic flow stress is inversely proportional to
undeformed chip thickness in the above material constitu-
tive model. Therefore, with the abrasive chip thickness
decreasing in UAMEG, material plastic flow stress will
increase because of the size effect.

3.5 Modeling of overall grinding force of the wheel
3.5.1 Effective cutting ages on micro-grinding wheel end face

Randomness of the size and distribution of abrasives on
grinding wheel should be considered for development of
overall grinding force on the whole wheel end face. In
cylindrical grinding, the effective cutting edge number
of grinding zone is connected with grinding parameters.
Dynamic effective cutting edge number is a function of
static cutting edge density and grinding parameters. In
face grinding, effective cutting edge number is irrelevant
to grinding parameters in plowing and sliding zone, ex-
cept in the main grinding zone. But, the abrasives in the
main grinding zone account for a small percentage in the
total abrasives of whole wheel end face. For convenience,
the influence of grinding parameters on effective cutting
edge number in the main grinding zone is ignored in this
paper. Then, the effective cutting edge number is consid-
ered to be approximately equal to wheel static cutting
edge density, namely,

Ci=C, (79)

The static cutting edge density model presented by Hacker
[38] is adopted in this work, which is given as follows:

CS :ASZkS (80)

where C; is the static cutting edge density; A, and k; are the
constants, which can be determined via grinding experiments;
and z is the grinding depth.

The topography of micro-grinding wheel plays a cru-
cial role in modeling of the micro-grinding process with
high reliability. In Park’s [30] research of the wheel
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surface micro-structure, the values of A; and k, for fresh
tool and worn tool are obtained. In this work, the average
values of A and k; of fresh tool and worn tool are adopted
to calculate the expected value of chip thickness. The
average values of A, and k, are, respectively, 2.283 and
0.88735.

3.5.2 Grinding force modeling of grinding region 1

Below the minimum instantaneous abrasive cutting thick-
ness In the case of the cutting thickness below the mini-
mum instantaneous abrasive cutting thickness, plowing
effect plays a major role in the interaction between the
abrasive and workpiece materials. The abrasive in the
main grinding at the x axis is defined as the #y, abrasive.
The tangential force, normal force, and radial force of the
iy, abrasive are defined as F; 1, Fip1, and Fy, 1, respec-
tively. Then, the component force along the normal direc-
tion, x axis, and y axis of the total grinding force in the
main grinding zone can be expressed as

n
Fn‘pl = ZFm‘,gpl (81)
i=1

1
Figp1c08; 1 (82)
i=1

Fipr =

n

n

Fypt =Y Feignsin; (83)
i=1

where F), 1, Fy 1, and F,,,; are the component forces along
the normal direction, x axis, and y axis, respectively; 7; is the
cutting edge number of the main grinding zone; and 6; ; is the
rotation angle of the 7y, abrasive in main grinding zone.

The solution of n; and 6, ; can be given as

ny = Cs(27r,)V b*~4ac (84)

i=1,2m (85)

Above the minimum instantaneous abrasive cutting thick-
ness Based on the plastic shear theory, when the chip
thickness is above the minimum undeformed chip thick-
ness, shearing effect contributes mainly to the grinding
force between the abrasive and workpiece. The tangential
force, normal force, and radial force of the iy, abrasive
are defined as F; .1, Fyic1, and F,; ., respectively. Then,
the component force along the normal direction, x axis,

and y axis of the total grinding force in the main grinding
zone can be expressed as

ny
Fn‘cl = ZFm‘,gcl (86)
i=1

ni
FxA,cl = ZFri.gclcosai,l (87)
=1

n
Fy.cl = ZFci,gCISinei,l (88)
i=1

1

where F, .1, F o1, and F), .; are the component forces along the
normal direction, x axis, and y axis, respectively; n; is the
cutting edge number of the main grinding zone; and 0;; is
the rotation angle of the iy, abrasive in main grinding zone.
The solutions of n; and 0; ; are similar to Eqgs. (84) and (85).

Above the critical instantaneous abrasive cutting thickness
of crack initiation When the maximum instantaneous abrasive
cutting thickness is above the critical value of crack initiation,
the grinding force between the abrasive and workpiece is gen-
erated mainly due to brittle fracture. The tangential force, nor-
mal force, and radial force of the iy, abrasive are defined as
Feipt, Fuipm, and F,,;p;, respectively. Then, the component
force along the normal direction, x axis, and y axis of the total
grinding force in the main grinding zone can be expressed as

n
Fn,bl = ZFm',gbl (89)
i=1

ny

Fop = ZF vi,gb1€0S0; 1 (90)

i=1

ni
Fy7b1 = ZFCi’gbl sin@l-,l (91)
=1

l

where F), 51, Fyp1, and F,,;; are the component forces along
the normal direction, x axis, and y axis, respectively; 7; is the
cutting edge number of the main grinding zone; and 0; ; is the
rotation angle of the iy, abrasive in main grinding zone. The
solutions of n; and 6, ; are similar to Eqgs. (84) and (85).

3.5.3 Grinding force modeling of grinding region 2

Plowing effect plays a major role in the interaction between
the abrasives and workpiece in grinding region 2. It is as-
sumed in this work that the plowing effect leads to only plastic
deformation of materials rather than chip formation. The pro-
portion relationship between plowing zone area and sliding
zone area is varied with the change of grinding parameters
and ultrasonic vibration parameters. The boundary between
plowing zone and sliding zone also varies accordingly. For
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convenience, this boundary is assumed to be a straight line
and one of the chords of wheel circumference, which is de-
fined as the dividing line between grinding region 2 and grind-
ing region 3, as shown in Fig. 10.

The process of total force modeling of grinding region
2 can be illustrated as follows: firstly, all the abrasives in
grinding region 2 are considered to be evenly spaced and
distributed around the circumferences according to equal-
ly spaced radius. Secondly, the component force along the
normal direction, x axis, and y axis of the resultant force
of single abrasive forces of the abrasives distributed on
every circumference are calculated using the method of
discrete numerical quadrature. Finally, the three compo-
nent forces of total grinding force of grinding region 2 are
obtained by discrete integral of the calculated results of all
abrasive circumferences along the radial direction. As
shown in Fig. 10, the central angle of each circumference
decreases from outer to inner in grinding region 2. The
outermost circumference is defined as the first circumfer-
ence, and 6, ; » is defined as the rotation angle of the first
abrasive in this layer, which is given as

. rsiLZ
91_1'2 = arcsin
) 7

The length of the dividing line between grinding region 2
and grinding region 3 is defined as L, and the number of the
abrasives distributed on along the dividing line is defined as
ny. L and n; can be expressed as follows:

(92)

L= 2[ f—m—Lzﬂ & (93)
np = CoL = 2C, [rf,—(rs—Lz)z} /s (94)

The difference between the rotation angle of the first abra-
sives of adjacent two layers is defined as 20, ,. The rotation

Fig. 10 Schematic diagram of

angle of the first abrasive in the jy, circumference is defined as
0;.1,2. Then, 246, , and 0, , can be given as

T/,—6
A5 _ (a2 (95)

» n

Oi12="0112+ (—1)A0,, (96)

The arc length of the jy, circumference is defined as L;»,
and its central angle is correspondingly defined as 6;,. The
number of abrasives in the jy, circumference is defined as 7, ,.
Then, L;» 0;,, and n;, can be given as

T
02 =2(302) (97)
Liy=0;,mr 98
s s
njs = CSL]'; (99)

The difference of the rotation angle of adjacent abrasives in
the ji, circumference is defined as 246; ,. The rotation angle of
the iy, abrasive in the jy, circumference is defined as 6, ;».
Then, 46, and 0;;, can be given as
02
n 2

Ojir =101+ (i-1)Ab;,,

A0y — (100)

9j7,‘72€(9j’1‘2, 7T_9j‘112) (101)

The tangential force, normal force, and radial force of the
iy, abrasive in the jy, circumference are defined as F; g0,
Figp2, and F; g, respectively. Then, the component forces
of total grinding force in grinding region 2 along normal di-
rection and y axis direction can be expressed as

noonjo
Fn,p2 = ZZ Fni7gp2 (102)
J=1i=1
np njn
Fypp =3 Y Feigosinf;, (103)

j=1i=1
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Due to the symmetry of grinding region 2, the resultant
force in axis direction of single-grinding forces of all abrasives
in this grinding region is equal to zero, namely,

Fipp=0 (104)
where F), 5, F o, and F,,, are, respectively, the component
forces of total grinding force in grinding region 2 along nor-
mal direction, x axis direction, and y axis direction.

3.5.4 Grinding force modeling of grinding region 3

As mentioned above, in grinding region 3, workpiece material
experiences only elastic deformation under the sliding effect,
which produces pressure and friction effect between abrasives
and workpiece. The proportion of sliding zone area is also
influenced by grinding parameters and ultrasonic vibration
parameters. So, the dividing line defined in Sect. 3.5.3 is in-
troduced into this section. Then, similar to grinding region 2,
all the abrasives in grinding region 3 are considered to be
evenly spaced and distributed around the circumferences ac-
cording to equally spaced radius. The outermost layer is de-
fined as the 1 circumference. As shown in Fig. 10, 6 ;5 is
defined as the rotation angle of the first abrasive in the 1
circumference, and the difference between the rotation angles
of'the first abrasives of adjacent tow circumferences is defined
as 26, 3. The rotation angle of the first grain in jy, circumfer-
ence is defined as 6; ; 3.

_L2> (105)

s

. rs
01,3 = m—arcsin

(9113 ™/5)

ny

Aby 5 =

B

(106)
0513 = 0113-(~1)A015 (107)

In grinding region 3, the arc length of the jy, circumference
is defined as L, 5 and its corresponding central angle is defined

Control cabinet &

Ultrasonic
transducer

Micro-feed

stages generator

Fig. 11 Experimental setup. a The machine tool and b amplified drawings

Ultrasonic

as 0 3. The grain number of the abrasives in the jy, circumfer-
ence is defined as 7; 3.

91‘73 =7+ 2(7’(‘_0]"1’3) (108)
Lj_’3 = 9]‘7371'}"5 (109)
n;3 = CSLj73 (110)

The difference between the rotation angles of adjacent
abrasives in the jy, circumference is defined as 26 ;. The ro-
tation angle of the iy, abrasive in the jg, circumference is de-
fined as 9j,i,3'

0.

3
A =22

111
e (111)

0505 = 0515+ (—1)A05,  ie(1,n;3), 0;,3€(0;15,370;1,) (112)

The tangential force, normal force, and radial force of the
iy, abrasive in the jg, circumference are defined, respectively,
as Fi g3, Fuigss, and Fl; 3. Then, the component forces of
total force along normal direction and y axis direction in grind-
ing region 3 can be expressed as

nv3 - ZI:ESFmgsG (113)
Jj=li=
ny nj3
y,s3 - ZZ Fugs351n9]z3 (114)
j=1i=

Due to the symmetry of grinding region 3, the resultant
force in axis direction of single-grinding forces of all abrasives
in this grinding region is equal to zero, namely,

Fi =0 (115)

where F, 3, F, 3, and F), i are, respectively, the component
forces of total grinding force in grinding region 3 along nor-
mal direction, x axis direction, and y axis direction.
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3.5.5 Total grinding force modeling

As analyzed above, three component forces of the total grind-
ing fore of all abrasive in main grinding zone, plowing zone,
and sliding zone have been established, respectively. Based on
vector addition theory, the component forces of the total grind-
ing force of the wheel along normal direction, x direction, and
y direction can be expressed as

Fn = Fn,l + Fn,p2 + Fn,s3 (116)
F,= Fx,g1 (117)
Fy=Fyg1+ Fygn+ Fyga (118)

4 Experimental details
4.1 Experimental machine tools

The ultrasonic vibration-assisted micro-end grinding of silica
glass is conducted on a manual-developed machine tool, as
shown in Fig. 11, which is built for the purpose of realization
of the following three crucial motions in UAMEG: workpiece
ultrasonic vibration, high-speed grinding wheel rotation, and
high-accuracy feed motion.

Ultrasonic vibration of the silica glass sample, which actu-
ally is reciprocation harmonic motion with high frequency and
low amplitude, is created by a piezoelectric actuator with input
of sine voltage signal derived from an ultrasonic generator.
The vibration amplitude is amplified by a specially designed
acoustical waveguide booster to attain desirable vibration am-
plitude values on sample. The silica glass sample is adhered
and fixed onto a fixture, which is designed to be minimum
dimension and weight to limit distortion of ultrasonic wave-
form and loss of ultrasonic energy. Ultrasonic vibration of the
sample with tunable amplitudes (from 3 to 8.5 um) at 20-kHz
frequency can be achieved by changing input power from 0.2
to 0.8 kW.

High-speed and reliable rotating motion of micro-
diamond grinding wheel is created by a high-performance

Charge

Data acquisition e amplifier

board

-

Dyno Ware Wheel

Sample

Dynamometer

Fig. 12 Schematic of force measurement instrument
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Table 1  Design of experimental conditions of end grinding tests
Experiment no. A (um) n (r/min) a, (um) Vi (Lm/s)
1 0 18,000 2 100
2 6.5 18,000 2 100
3 7.5 18,000 2 100
4 8.5 18,000 2 100
5 8.5 8,000 2 100
6 8.5 27,000 2 100
7 8.5 36,000 2 100
8 8.5 18,000 1.5 100
9 8.5 18,000 2.5 100
10 8.5 18,000 1 100
11 8.5 18,000 1 40
12 8.5 18,000 1 70
13 8.5 18,000 1 130
14 0 8,000 2 100
15 0 27,000 2 100
16 0 36,000 2 100
17 0 18,000 1.5 100
18 0 18,000 25 100
19 0 18,000 1 100
20 0 18,000 1 40
21 0 18,000 1 70
22 0 18,000 1 130

spindle system. The micro-electroplated diamond grinding
wheel (radius 1000 pum) is installed on a high-speed spindle
(up to 50,000 rpm) with high spindle accuracy (within
1 pm).

High-accuracy micro-feed motion is created by a triax-
ial micro-feed system. It is assembled with two precision
grade linear motor horizontal stages with 3-pum position
accuracy and +0.4-pum bidirectional repeatability and a
precision grade servo motor vertical stage resolution with
+1-um accuracy and +£0.75-um bidirectional repeatability.

A three-component force dynamometer unit (Kistler
9256-C2) is used for the measurement of the grinding
forces, as shown in Fig. 12. The grinding forces generated
in grinding zone are to be converted into charge signal by
the piezoelectric dynamometer. The multi-channel charge
amplifier receives the charge signal from the dynamome-
ter and converts it into a proportional voltage. The built-in

Table 2  Material properties of silica glass sample

Property name Value
Hardness (GPa) 6.2
Young’s modulus (GPa) 820 x 10°
Fracture toughness (MPa/m” 2) 1.2
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high-pass filter is used to filtering interference signal from
spindle rotation. A data acquisition and analysis system
(DynoWare) are used for data collection and display.

4.2 Experimental conditions and process

To investigate particularly and contrastively the influence
of aided ultrasonic vibration and grinding parameters on
variation tendency of grinding forces and surface charac-
teristics, the single-factor experiment is set up and the
experimental grinding parameters are shown in Table 1.
The size of the silica glass sample is 50 x 20 x 3 mm, and
its material properties are shown in Table 2. The radius
and grain size of electroplated diamond grinding wheel
are, respectively, 1.5 mm and no. 270. To minimize the
influence of parallelism error of wheel end face and sam-
ple surface, the experimental system is adjusted using a
gradienter during assembling and clamping process, and
repeated fine grinding is conducted on sample surface
before every recorded test.

5 Results and discussion

5.1 Influence of ultrasonic vibration and grinding
parameters on grinding forces

In this section, according to the experimental parameters in
Table 1, contrastive experiments with and without ultrasonic

Table 3  Variation percentage of the grinding forces with/without
ultrasonic assistance

Experiment no. Variation percentage (%)

UAMEG CMEG
Wheel speed F, -39.6 -523
F, -15.9 -174
Depth of cut F, 179.0 99.2
F; 61.9 96.2
Feed rate F, 270.5 2583
F; 329 42.0
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Table 4 Material properties of

ALOs E (GPa) HV HB

Kic (MPa/m'?) G (GPa) 5107 m) Tonelt To

121 650 618

>4.8 109.7 0.471 2050 °C 20 °C

vibration is conducted. According to the result of grinding
force measuring and machining surface micro-structure, the
influence of machining parameters on grinding force and sur-
face micro-structure and intermittent cutting condition are
analyzed.

Figure 13a shows the grinding forces in contrastive exper-
iments with and without ultrasonic vibration under the grind-
ing conditions of n = 1.8 X 10% r/min, a, = 2 um, and
v, = 100 um/s, of which F,,, F,, and F,. denote the normal,
tangential, and cross-feed directional grinding forces, respec-
tively. It can be seen that the normal grinding force and the
tangential grinding force in experiments with ultrasonic vibra-
tion are much less than those in experiments without ultrason-
ic vibration, and approach the minimum value at ultrasonic
amplitude of 7.5 wm, and then increase with ultrasonic ampli-
tude increasing to 8.5 um. The influence of ultrasonic assis-
tance on cross-feed direction is relatively smaller.

Figure 13b shows the varying trends of normal and tangen-
tial grinding forces under different wheel speeds in both
UAMEG and conventional micro-end grinding (CMEG).
When wheel speed increases from 8000 to 36,000 r/min, the
normal grinding force decreases rapidly, while the tangential
grinding force decreases smoothly. When grinding wheel
speed increases, the instantaneous abrasive cutting thickness
becomes smaller, so the individual abrasive force is reduced as
well as the total grinding force.

Figure 13c¢ shows the varying trends of normal and tangen-
tial directional grinding forces under different depths of cut in
both UAMEG and CMEG. The normal grinding force and the
tangential grinding force increase with the depth of cut in-
creasing from 1 to 2.5 um. When the depth of cut increases,
the instantaneous abrasive cutting thickness is unchanged, but
effective rake angle of grains and the undeformed cutting
thickness increase, which leads to the increasing of the grind-
ing forces.

Figure 13d shows the varying trends of normal and
tangential directional grinding forces under different feed
rates in both UAMEG and CMEG. The normal grinding
force and the tangential grinding force increase smoothly
with the feed rate increasing from 40 to 130 pum/s.
Because the feed rate increases, the instantaneous abrasive
cutting thickness and the abrasive-workpiece contact area

Table S  Properties of TC4 in Johnson-Cook material model

A (MPa) B (MPa) C m n

862.5 331.2 0.012 0.8 0.34
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increase, which leads to the increasing of the individual
abrasive force and the total grinding force.

It is indicated from Table 3 that the variation percent-
ages of tangential grinding force with increase of wheel
speed, depth of cut, and feed rate in UAMEG are smaller
than in CMEG. The variation percentages of normal
grinding forces with increase of wheel speed and feed rate
in UAMEG are larger than in CMEG; meanwhile, the
variation percentage with increase of wheel speed in
UAMEG is smaller than in CMEG. It can be concluded
that aided ultrasonic vibration weakened the effect of in-
crease of wheel speed on variation percentage of normal
grinding force but strengthens the effect of increase of
depth of cut and feed rate. The aided ultrasonic vibration
enhances the effect of increase of all the three grinding
parameters on variation tangential grinding force.

5.2 Comparison of model predicted values
and the experimental values

The UAMEG experiments are conducted with Al,O5 sili-
ca glass sample. According to force modeling of
Egs. (119)—(121), the simulation calculation is achieved
under the same machining parameters. The undetermined
coefficient values are obtained by experimental data,
o = 2 x 10% x = 1.9 x 10'%, and Coyey = 4.6 x 10°.
To verify the correctness of the established model, the
model calculation results and the experimental measured
results are contrastively analyzed. The size of the silica
glass sample is 50 x 20 x 3 mm, and its property param-
eters are shown in Table 4. The hard alloy TC4 Johnson-
Cook material constitutive model parameter is adopted to

4 T T T
35 V  Ft—experiment ]
O Ft-model
3r A : ]
= Fy—experiment
g 25} O  Fy-model 1
S
2 2f :
£
25t 1
S
1r ]
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0 . . . .
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Depth of cut (um)

Fig. 14 Contrast diagram of grinding forces under different grinding
depth (v,, = 100 pm/s, n = 18,000 r/min, A = 8.5 pm)
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Fig. 15 Contrast diagram of grinding forces under different feed rate
(a, =2 pm, n = 18,000 r/min, A = 8.5 pum)

approximately characterize the micro-scale plastic proper-
ties of alumina ceramic materials in the main grinding
zone, as shown in Table 5.

F/n = (Fncnl + CnZ)CnS (119)
= (FxCa + Ca)Cis (120)
Fy= (Fy,Cyi +Cp2)Cya (121)

As shown in Fig. 14, the model calculation results match
well with the experimental results when the tangential grind-
ing force and cross-feed directional grinding force increase
with the increase of depth of cut when depth of cut increases
from 1 to 2.5 pum. When the depth of cut increases, the instan-
taneous abrasive cutting thickness is unchanged, but it will
lead to increasing of effective rake angle of grains and the
undeformed cutting thickness. Hence, grinding force
increases.

As shown in Fig. 15, when feed rate increases from 40 to
130 pm/s, the model calculation results of the normal grinding
force and the tangential grinding force match well with exper-
imental results; both showed a trend of gradual increase, and
the normal grinding force increases smoothly. When the feed
rate increases, the instantaneous abrasive cutting thickness
and the contact area of abrasive-workpiece increase. So, the
individual abrasive force and the total grinding force increase.

6 Conclusion

In this paper, an analytical model for predicting grinding force
considering size effect in UAMEG of silica glass is built, and
the experimental study is conducted to finally establish and
verify the proposed model. The conclusions are as follows:
According to the micro-topography of grinding surface, the
grinding zone between the wheel and material in micro-end
grinding is split into the following three grinding regions: chip

formation region, plowing region, and sliding region, and the
material removal mechanism under the three grinding regions
is investigated systematically.

Based on the different material removal modes and unde-
formed chip thickness, the single-grain force model is devel-
oped. Considering the size effect and the random distribution
of abrasives on grinding wheel, the grinding force model of
the whole grinding wheel is established. This model is vali-
dated by the experimental results of silica glass in UAMEG.

The grinding tests of silica glass using micro-radial
electroplated diamond wheel are conducted. The experiment
results demonstrate that the grinding forces are significantly
reduced. The predicted and the measured values of grinding
force are in very good agreement.
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