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Abstract In the micro-grinding process, owing to the size
effect, the effects of material microstructure on the grinding
force are more significant through the variation of material
flow stress. Currently, the variation of material flow stress
resulting from the change of crystallographic orientation dur-
ing the micro-grinding has not been well examined. In this
paper, a new predictive model for the variation of flow stress
due to the process-induced change of crystallographic orien-
tation is developed, which is based on the Taylor factor as
determined by calculating the activated slip systems, thus
quantifying the way crystallographic orientation affects both
the number and the style of activated slip systems. Moreover,
the predicted force is compared with previous reported exper-
imental data on monocrystalline copper. As a result, the fol-
lowing findings are obtained from the comparison between
the predicted result and the experimental data: (1) The predict-
ed microgrinding force agrees well in trend with the experi-
mental force, suggesting that the approach for predicting the
grinding force based on the Taylor factor is feasible; (2) In the
microgrinding of single-crystal materials, the feed rate direc-
tion relative to the crystallographic orientation has great ef-
fects on the flow stress and hence on the grinding force.
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Effective rake angle

Critical rake angle

Nominal rake angle

The depth of cut

The cutting edge radius

The minimum undeformed

chip thickness

A chip formation point on the grit edge
Local shear angle

Local rake angle

The angle between local shear force
and the local total force

Local friction angle

Workpiece, ambient, and melting
temperature

The local cutting width

Tangential chip formation force
Johnson—Cook parameters

Normal chip formation force
Tangential plowing force

Normal plowing force

Shear force on AB

Force normal to AB

Chip formation force

Thrust force

Friction force in boundary lubrication
Resultant force in boundary lubrication
Normal load in boundary lubrication
Shear strain of all dislocation
Conventional Taylor factor

Verified Taylor factor

Cutting specific energy

Brinell hardness

Indentation force
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D Grit diameter

o Total flow stress

o) Thermally activated stress

o1 Athermal activation stress

€ Plastic strain

€, Effective strain

£ Plastic strain rate

M, Total Taylor factor

Ts Shear strength

£0 Material constant

o Constant

b, Burger vector

p1 Density of dislocation

/ The length of the shear plane

Vs Shear velocity

F,F, Total single grit force in the tangential
and normal directions

v Poisson’s ratio

p Density

K Thermal conductivity

Cp Specific heat

Ay Cutting width

Vv Cutting speed

P Angle between the normal direction
of slip plain and grinding plain in grain

Q Angle between slip direction and grinding

direction in grain

1 Introduction

In recent years, an increase in the demands for micro components
is shown in various industries. Mechanical micromachining is
one of the best fabrication methods that create micro parts with
complex dimensional features [1-4]. During these processes, the
microgrinding is typically the final process step and it has a
competitive edge compared with other fabrication processes.
Besides, the microgrinding process is defined as the grinding
with the ratio of the depth of cut [5] to the grit radius smaller
than 1. Therefore material microstructure, grit edge radius, and
undeformed chip thickness are in the same order of magnitude.

In conventional grinding process, grinding force is ana-
lyzed from three components—chip formation, plowing, and
sliding. The sliding force is caused by the elastic or elastic—
plastic contact of grit wear flat area with the workpiece surface
[6]. Experimental investigations proved that the grinding force
varies with different wear area [7]. In micro-grinding, the sin-
gle interaction between the grit and a workpiece is more im-
portant because the microgrinding process is the cumulative
outputs of numerous single-grit interactions. In this study, the
micro grinding process shares the individual grit interaction
model with microcutting in terms of the high negative angle
and high strain rates, only considering both microcutting and

@ Springer

plowing mechanisms along with associated friction effects at
the contact interface [5].

In the microgrinding process, due to the size effect, the
influences of material microstructure on the grinding force
are more significant through the variation of material flow
stress. The grinding force relates not only to the geometry of
grain and material mechanical properties but also to the wheel
surface topography. In this work, only the change in forces
due to workpiece material anisotropy is considered since the
other effects are already studied and can be included to the
model afterwards [8—10].

Crystallographic orientation (CO), along with the grain size
and grain boundary, has significant effect on the grinding force,
temperature, and the part’s quality. It was proved by Wu et al.
[11] that crystallographic orientation had an important impact
on the grinding force and the burr formation. Specifically, mak-
ing the dislocation movement direction obliquely upward in
front of the grinding direction was conducive to the reduction
of the grinding force and the burr formation. Patten et al. [12]
carried out the experiments on single-crystal silicon carbide and
reported the variations of the forces due to the changes in CO.
Sharif et al. [13] conducted experiments using the single-crystal
synthetic diamond tool with different CO on its rake face, while
the workpiece material was single-crystal silicon. The cutting
and thrust forces showed the variations with respect to the tool’s
different CO and the surface finish of the workpiece was affect-
ed by the CO as well. Furthermore, Lee et al. [14] and Zhou
et al. [15] reported the variation of surface roughness with the
change in the CO caused by the diamond turning of the single-
crystal copper. The crystallographic nature of the grinding force
variation was also analyzed based on a microplastic model, and
the analytical results revealed that the shear strength of a crystal
was not constant for a given material but varied with the crystal
orientation.

Basically, the above mentioned investigations [11-15] have
qualitatively analyzed the effect of CO on the machining pro-
cess, whereas a quantitative model has not been developed. At
the same time, in the prediction of the flow stress, the Taylor
factor affected by CO is developed as a fixed value [5, 16-20].
Consequently, the relationship between CO and grinding force
has not been identified accurately, thus it is significant to de-
velop a model to investigate the effect of CO on grinding
force. Demir [21] presents a Taylor factor model to predict
the forces and the cutting specific energy. This model is po-
tentially applicable to the calibration of milling force models.

In this paper, a new predictive model for the variation of
flow stress due to the process-induced change of crystallo-
graphic orientation is developed. Taylor factor, connected
with the CO and shear angle, is determined by calculating
the activated slip systems. In a mechanistic computation, the
Taylor factor contributes to the flow stress that influences the
grinding force, which also incorporates the prominent
plowing effect in the microgrinding cases.
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2 Mechanical physical modeling and calculation
2.1 Modeling the single grit interaction in micro-grinding

The micro-grinding process shares the individual grit interac-
tion model with microcutting in the terms of the high negative
angle and high strain rates, by considering the microchips as a
series of elements with infinitesimal width, and it is also hy-
pothesized that there is no heat loss along the primary and
secondary heat zones, based on the assumption that there is
no coolant in microgrinding [22].

2.1.1 Prediction of chip formation force

In this investigation, the abrasive grit shape on the wheel
surface is assumed to be a spherical shape. Based on the
assumptions, a mathematical framework for the individual grit
interaction in the micro-grinding is started by assuming that
the two-dimensional processes involve the microcutting and
plowing phenomena, as shown in Fig. 1.

In micromachining, there are three important rake angles:
(i) a negative rake angle (o) that changes according to the
varying depth of cut; (ii) a critical rake angle (), which is the
transition point from the microcutting and plowing; and (iii)
the nominal rake angle ().

The effective rake angle (ay) is negative in the case where
the undeformed chip thickness is smaller than the cutting edge
radius. The instantaneous rake angle is obtained from a geo-
metrical relationship as follows:

. -1 —r )
s — - 1
g = sin ( . (1)
where ¢ is the depth of cut and r is the cutting edge radius.

The critical rake angle can be determined by the minimum
undeformed chip thickness and the cutting edge radius accord-
ing to following equation:

Fig. 1 Single grit interaction
illustration

. o1 taTT
Qlgr = Sin (T) (2)
where .. is the minimum undeformed chip thickness.

It should be noted that all the rake angles here have nega-
tive values. When the undeformed chip thickness ¢ is larger
than ¢, the material removal mechanism is the chip formation
and this microcutting mechanism can be represented by ap-
plying the Merchant model [23] to each of the infinitesimal
elements. The incremental chip formation force can be
expressed as

TSCOS(ﬂk_Ctk)
chip = — dtix
singcos(, + Br—ax) (3)
TSCOS(,@/{_OZ/C)
ip = — dtx
sing; cos(py + B—a)

where & represents a chip formation point on the grit edge, and
the shear angle (¢;) also changes with the infinitesimal rake
angle (o) and can be got from the Oxley model [26]. Besides,
T, 18 the shear stress, b is the local cutting width, and 3y is the
local friction angle, which can be achieved from Eq. (4)

B = Ok + cu—py (4)

where 6, is the angle between the local shear force and the
local total force. The geometrical relationship between the
angles is provided in Fig. 2.

From the geometrical relationship, the unit depth of cut can
be expressed as follows:

dty; = rcosaydoy, (5)

The local width of the cut for each individual grit can be
expressed as follows:

b = 2rcosay (6)

Through the integration of the incremental tangential and
normal forces per unit width in the two-dimensional

Ftg,plow

tnom

plowing zone
Fng plow
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Fig. 2 Geometrical model for v 4

cutting force Cutting direction
0
B

simplified configuration, the chip formation force of each grit
can be calculated. Then the total tangential and normal force
can be expressed as

When < t,om,

1)

sin 75c08 (=)
th,chip = .
e sing,cos (i + Br—au)

212 cos Zadoy

~1(tr)

Ts‘Sin(/Bkiak)

sin” =
Frg chip = / - 2r%cos 2ayday,
Oer singcos (¢ + Br—ou)

(7)

When > t,om,

F o /a T‘vcos(ﬁk_ak)
tectip = ae SINPLCOS(p + Br—oy)
Tscos(f—a) (t=r(1 + sina))r
singcos(p + f—a)

2r*cos 2aydaoy

(8)

R /a Tssin( By~ )
ng,chip = Qler Sin@kcos(@k + ﬂk_ak)
Tssin(f—a) (t=r(1 + sina))r
sinpcos(p + G—a)

2r%cos 2adoy

The terms ¢, 3,and « in Eq. (8) represent the nominal
values of shear, friction, and rake angles, respectively.

Fig. 3 Simplification of the
plowing effects into a spherical
indentation [5]

!

Enlarged drawing

2.1.2 Prediction of plowing force

In the Brinell test, the spherical tip is pressed against the
workpiece surface, in which the plastic deformation zone sim-
ilar to the stresses at the rounded tool and the workpiece in-
terface in Fig. 3 is created. The Brinell hardness number (HB)
is defined as the ratio of the load (£},) to the curved area of the
indentation as follows:

Fy
HB =
7Dt

(10)

where D is the ball diameter, and ¢, is the critical undeformed
chip thickness. In this analysis, the indentation force acting in
the direction of «, with respect to the normal direction is
attributed to the plowing force and friction between the grit
and the workpiece is also generated by the relative movement.

The tangential and normal plowing forces per grit can be
estimated by combining the indentation effect with the friction
reaction as follows:

Figpow = F (Cpsa*upsmoz)
Fugplow = Fp(sina + u,cosc)

(11)
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where u,, is the plowing friction coefficient, and u, = tan 3.

The total single grit force in the tangential and normal
directions is the sum of the forces caused by chip formation
and plowing, namely:

Fy= th,chip + th,plow

12
Fn= anﬁchip + an,plow ( )

2.1.3 Flow stress model of single-crystal material

Flow stress can be divided into thermally activated stress and
athermal stress based on the dislocation theory [24], which is
given by

o=o0¢+0 (13)

where the thermally activated stress o represents the flow
stress with a dislocation density of zero. In order to integrate
the effect of temperature, strain, and strain rate, the Johnson—
Cook model is adopted to represent the material deformation
behavior on the shear plane, which is given by [25]

oo = (A+Bs")<l +Clng> (1—<%>m> (14)

The strain and strain—rate computations used in this work
are based on Oxley [26] and the strain along the shear plane
(tool-chip interface) is given by
- 1 COSQy

2V/3 singycos(pp—x)

(15)

The strain rate along the tool-chip interface is given by

é %(c‘%) (16)

where C is a constant, / is the length of the shear plane
(I=dt/sinpy) and V is the shear velocity related to the cut-
ting velocity (V) by following equation:

COS
Vi=V—m—"— 17
+ =V eosloan) "
The athermal activation stress model is proposed by Huges
et al. [16] to represent the effect of dislocations as follows:

o, =M a1Gb1\/p; (18)

where M T is the Taylor factor, v, is the material constant, G is the
shear modulus of material, b is the burger vector [16] of dislo-
cations, and p; is the total density of dislocation. The modified
material model of the microgrinding is proposed as follows:

0" =0+ M a1 Gbi\/p; (19)

2.2 Modeling of Taylor factor
2.2.1 The microplastic model

The physical theory of the Taylor factor has been developed
and investigated based on the microplastic model [27].

The virtual work equation of single-crystal deformation
can be formulated by [27]:

ode,, = 7.dI’, (20)

where dI; is the shear strain of all dislocation, and 7, is the
critical shear stress of the activated slip system.

The effective strain de,, is connected to the shear strain of
all dislocation by Taylor factor M.
dr
—=M (21)
de,

Therefore, the relationship between the normal stress and
shear strength can be expressed:

o=Mr, (22)

2.2.2 Proposed model of Taylor factor

Schmidt. E et al. [28] proposed the Schmidt factor to investi-
gate the tensile yield stress in material tensile test. Based on
the critical shear stress formula 7. = (F/A) cos @ cos €2, the ten-
sile yield stress can be formulated as

Oy = MTe (23)

where m.=1/(cos® cos?) is the reciprocal of Schmidt factor
of slip system with the most orientation advantageous in grain
and m, varies with the change of polycrystalline crystallo-
graphic orientation. In the investigation, crystallographic ori-
entation is presented by Miller’s indices [29]. For example,
[h k 1] is parallel to the grinding direction, while [u v w] is
perpendicular to the grinding direction.

[001]
[-210]
I
I
[111]g — (111)
D
grinding direction ! Q
<. A 110
grinding plane [100]

[010]

Fig. 4 Angles between the slip system direction and grinding direction
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Table 1  The 12 slip systems of FCC crystal [11]

Plane (111) Plane (111)

Direction [011] [110] [011] Direction [011] [101] [T10]
Plane (111) Plane (111)

Direction [011] [I01] [110] Direction [011] [101] [110]

In uniaxial drawing, the formula M=m, is built and the
calculated value of m,. varies with different polycrystalline
deformation models [30].

During the micro-grinding process, the plastic formation of
the grinding chip is caused by the material dislocation slip. In
one slip system, the sketch map is shown in Fig. 4, where ®
denotes the angle between the normal direction of the slip plane
and the grinding plane in grain; {2 stands for the angle between
the slip direction and the grinding direction in grain; and @ is
the shear angle, which is assumed to be 10” in this paper. The
formula of the verified Taylor factor can be express as follows:

*

M (24)

1
- /cos(<1>+4,9)cos(Q+<p)

“Slip” refers to the movement of dislocations on certain
crystallographic planes along certain crystallographic direc-
tion. The combination of slip plane and slip direction is called
the “slip system”, and each crystal system has a different
number of slip systems. In the FCC crystals, the slip planes
belong to the {111} family and the slip direction belongs to
the <011> family. Considering the different unique planes and
directions in these two families, it can be concluded that the
FCC system has 12 slip systems and the 12 slip systems of
FCC lattice are summarized in Table 1.

Therefore, the Taylor factor can be expressed as

M| = Z 1/ (cos(® + p)cos(Q + ) (25)
where, n refers to the total activated slip systems.
@ (b) (©)
[100] [100]
[100]

[100] 1T [110]

Fig. 5 Single-crystal copper workpieces. a <100>. b <111>. ¢ <110>
(1]
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Table2  Johnson—Cook parameters for materials and constants used in
Eq. (19) [31]
Material A B n C m x; b

p
(MPa) (MPa) (nm) (r;m’2)

Copper 90 292 031 025 0.553 024 0308 5x10°*

2.2.3 Specific energy

Specific energy can be obtained in terms of the shear strength,
the shear angle, and the hardness, as follows: [21]
Mg _ H

— 26
tanp 3 (26)

Sp__
cut —

where 75 is obtained from flow stress as shown in Eq.(9), and
the flow stress is related to Taylor factor. However, it is dif-
ferent from the Demir’s method [21], in which 7y=Mr,
where 7, is the slip resistance.

2.3 Predicting cutting forces for oblique machining
conditions

The main difference between oblique machining and or-
thogonal machining is that the chip flow direction is in
general no longer normal to the cutting edge and the pro-
cess is three-dimensional. The slope of the tool cutting
face relative to the cutting velocity is one of the most
important parameters in determining the cutting force. In
oblique machining, it is not obvious which slope should be
considered. Various equations which have been proposed
for determining this direction are now considered. Lin and
Oxley obtained equations for three components of cutting
force Fc,Fp and Fj in terms of normal plane values of
shear angle [26]. The unit vector ¢, 7, and 7 are along the
three mutually perpendicular force component directions
Fc,Frpand Fg respectively. So, the new Taylor factor can
be included in the prediction model of cutting forces
oblique machining conditions. Therefore, the resultant
cutting force R in vector form is

R=Fcé¢ + Fri + Fgit (27)

The sense of both the side cutting edge angle C and the
inclination angle i is to make the chip flow away from the axis
of rotation of the work then P, P,, and P can be expressed as
follows:

Table 3  Additional material properties used in the model [31]

Material E v H p K Cp T
(GPa) (Brinell) (kg/m®) (W/m°C) (J/kg°C) (°C)

Copper 129.8 0.343 131 8960 399 386 1356
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Table 4 Machining parameters of single-crystal copper [11]

The depth of cut t (um) 14,3.5,7,10, 14
Cutting speed v (m/min) 6

Cutting width Ay (um) 71.4

Cutting edge radius 7 (pum) 5

Table 5 The Taylor factor of different grinding orientations

Cutting plane (100) a11) (110)
Cutting direction [001][010] [110] [112] [110][001]
MT 12.6834 61.3005 55.7638
Py =F¢

Py, = FrcosCy + FgsinCy (28)

P>, = FrsinCy—FrcosCy

3 Model validation and discussion
3.1 Material parameter definition

Copper is a face-centered cubic (FCC) material. There are
three single-crystal coppers (<100>, <111 > and <110>) that
are tested with their crystal structures displayed in Fig. 5. In
this figure, the upper surfaces are denoted by the crystal planes
of (100), (110), and (111), which are perpendicular to the

crystallographic orientation of <100>, <111>, and <110> in
the crystal structure, respectively.

For the workpiece material, Johnson—Cook parameters of
the material flow stress used for model validations are listed in
Table 2 and additional material properties used to model
forces are provided in Table 3.

3.2 Process parameter definition

The effects of undeformed chip thickness are investigated in
the microcutting of single-crystal copper. Five undeformed
chip thicknesses are considered, among which the unde-
formed chip thickness less and larger than as well as approx-
imate to the cutting edge radius are selected. The cutting pa-
rameters are listed in Table 4.

3.3 Force prediction and comparison

The tangential and normal force under the given conditions
can be predicted using Eq. (12) with the chip formation force
and plowing force first computed using Egs. (7), (8), and (10).
Furthermore, the flow stress is computed using Eq. (19), and
then 7y is calculated using Eq. (9). The effects of strain, strain—
rate, and temperature as well as CO are considered in the flow
stress equation and the equivalent rake angle is calculated by
the undeformed chip thickness as well as tool edge radius
angle using Eq. (1). Then, the Taylor factor is obtained from
Eq. (25). And the resultant value of the predicted Taylor factor
is presented in Table 5:

The experimental data used in this work are obtained from
Xian et al. [11].The comparison between the predicted grind-
ing force and experimental grinding force is shown in Fig. 6,
where FT is the tangential force and ¢ is the depth of cut.

Fig. 6 The comparisons between 10
prediction and simulation

——— prediction <100>
9 { —* prediction <110> =
— prediction <111>
8 | — experiment<100> B
—+— experiment<110>
7 H — experiment<111>

FT(N)

4 6 8 10 12 14

@ Springer



3354

Int J Adv Manuf Technol (2017) 90:3347-3355

the relationship between CO and M*

10

M*

0 0.2 0.4 0.6 0.8 1
cos®cos

Fig. 7 The influence of crystal orientation on M*

As the grit advances, the workpiece materials of the contact
region between the grit and the workpiece slip along the slip
planes with low Taylor factors. The comparison result shows
that (1) the predicted micro-grinding force agrees well in trend
with the experiment force, (2) the cutting force of the
<111 >workpiece is the maximum and that of <100 > workpiece
is the minimum both in experiment and prediction, and (3)
Taylor factor has a significant effect on the cutting force. And
it would be very useful to assess the effect on the specific
energy [21]. The reasons for this deviation can be attributed
to the determination of constants in the JC model, accurate
determination of the tool edge radius as well as its change with
the aggravation of the tool wear, the variation of dislocation
density, and the estimation of process conditions such as
friction.

the effect of CO on Ft
11 T T -

—+— phi=0°
—— phi=10°
—— phi=20°

—e— phi=30°

10

—o— phi=40°

Ft(N)

0° 10° 20° 30° 40° 50° 60°
Omega

Fig. 8 The influence of crystal orientation on grinding force
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3.4 Crystallographic orientation effect
3.4.1 Effect of crystallographic orientation on Taylor factor

Typically, the slip is restricted to a few of (symmetry-
related) slip systems consisting of a slip plane and a slip
direction, and it generally occurs when the local stress
projected to the plane exceeds a critical value. Besides,
the activation of one slip system depends on the cutting
direction, and the initially activated slip system(s) may
show single-slip or multi-slip activity. The plastic slip
activity in the full model is defined as the sum of the
absolute values of the plastic slip along all slip systems.
If the resistance to this sliding is very high, the slip sys-
tem with high M* will not be activated. The relationship
between the Schmidt factor and M* is displayed in Fig. 7.

3.4.2 Effect of crystallographic orientation on grinding force

The effect of crystallographic orientation on grinding
force is given as in Eq. (7-8). It is assumed that the value
of & is fixed as [0°10°20°30°40°] and the corre-
sponding 2 is ® to 60°. The variation of grinding force
is represented with the increase of €2. and the variation of
tangential force with crystallographic orientation is pro-
vided in Fig. 8.

It can be seen from Fig. 8 that the crystal orientations have
an obvious effect on the micro tangential grinding force.

4 Conclusion

The micro-grinding process of monocrystalline copper has
been investigated, with the emphasis put on the effects of
crystallographic orientation on the chip formation force
and plowing force. The predicted result and experiment
data indicate that the tangential grinding force of the
<111> workpiece and the <100> workpiece is respective
the maximum and the minimum at the same depth of cut.
Meanwhile, the predicted result matches well in trend
with the experimental result when the crystallographic
orientation is considered in the model, while the deviation
between the experiment and prediction explains the dislo-
cation density, which is variational in the machining pro-
cess and regarded as a fixed value in the model.

The following conclusions are drawn from this study.
In micro-grinding process, the Taylor factor has positive
correlation with the variation of flow stress, and it plays a
significant role in the grinding force. There are two ele-
ments that must be considered in the calculation of the
Taylor factor: one is the number of the activated slip sys-
tem and the other is the Schmidt factor of the activated
slip system. In addition, the Schmidt factor in the paper is
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calculated by considering not only the angles between the
grinding direction and slip system but also the shear an-
gle. Moreover, whether the slip system is activated or not
depends on its Schmidt factor of grinding direction. In
other words, a larger Schmidt factor makes it easier for
the slip system to be activated.
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