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Abstract. In themicro-grinding of single-crystal copper, the effect of crystallography becomes significant as the
wheel works intra-crystalline. To quantify the effect of crystallographic orientation (CO) related to the cutting
direction on themicro-grinding process, this article presents a Taylor factor model by examining the number and
style of activated slip systems. Then, the flow stress model of monocrystalline material is developed considering
the variation of the Taylor factor. Furthermore, the models of chip formation and rubbing forces are derived
from the flow stress model, while the plowing force is predicted by the Vickers hardness. Then, the overall
grinding force model of the whole wheel is developed by incorporating the process parameters and the wheel
properties. Finally, micro-grinding experiments are conducted to verify the model, using only the Taylor factor
as the variable. The proposed analysis is also compared with the previously reported model, which considers the
Taylor factor as a constant of 3.06. The comparison between the two predictions and experimental data shows
that the consideration of Taylor factor variability improves the accuracy of prediction.
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1 Introduction

Within the mechanical micromachining process, micro-
grinding is commonly the final step of manufacturing parts.
Micro-grinding force, as the main factor on the surface
integrity of parts, deserves a comprehensive investigation
by considering the process conditions, micro-grinding
wheel properties, and the effect of microstructure.
Understanding and controlling the micro-grinding force
is necessary to improve the quality of parts’ surface.
Although a micro-grinding process resembles a traditional
grinding process, this process is distinctive due to the size
effect in micromachining.

In micromachining, the depth of cut is usually less than
the grit edge radius; the specific cutting force increases with
decreasing chip thickness, which is depicted as the size
effect. Many researchers have investigated and explained
the phenomenon in the past decades. Lucca et al. [1] and
Fang [2] attributed size effect to the plowing effect of tool
with high rake angle when the undeformed chip thickness is
less than the tool edge radius. Some other investigations
also contributed to the explanation of edge radius effects
[3–5]. Nakayama and Tamura [6] attributed the size effect
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to the subsurface plastic deformation and material
strengthening effects. Atkins [7] and Subbiah and Melkote
[8] cited material separation as the contributing factor to
the size effect. Zhang et al. [9] investigated the size effect of
specific cutting energy in mechanical micro-cutting. The
results showed that the deformation coefficient of chip
thickness and specific cutting energy increases with the
ratio of uncut chip thickness to cutting edge radius
decreasing due to the extruding of the round cutting edge.
Chen et al. [10] analyzed the cutting surface quality in
microball end milling considering size effect. The authors
concluded that the surface roughness Ra decreases with the
increasing of depth of cut for size effect points. The smaller
undeformed chip thickness would intensify the plowing
effect, and then increase the surface roughness. Liu et al.
[11] experimentally investigated the size effect of tool edge
on the chip formation. The result showed that the chip
deformation increases sharply with the decrease in the
depth of cut when the depth of cut is reduced to less than
the tool edge radius. In the micro-grinding process, single
grit interaction is similar to micromachining with a high
negative rake angle. Shaw [12] conducted a Brinell
indentation hardness test to demonstrate the single grit
interaction and calculated the stress in the plowing region.
Park and Liang [13] modeled the grinding force by
considering plowing effect and the tool edge radius, based
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Table 1. Johnson–Cook parameters and constants for
single-crystal copper used in equation (3) [25].

A (MPa) B (MPa) n C m

330 53.7 0.56 0.026 1.04
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on the investigation that the deformation of material
crushed by a Brinell ball resembled the behavior of material
grinding beneath a grit. Except the size effect, the
crystallographic effect becomes significant as the depth
of cut is less than the average grain size of workpiece
material in the micromachining process.

Both the crystallographic orientation and size have
important effects on the micromachining processes. Hall
[14] and Petch [15] presented the Hall–Petch relationship
to quantify the effect of grain size on the flow stress of the
polycrystalline material. Hughes and Hansen [16] further
modified the flow stress model by adding the effect of
dislocation density. However, in the model of the flow
stress, the effect of CO is taken as a fixed value of 3.06 [17],
which didn’t consider the variation of CO. Numerous
contributions have experimentally investigated the effect
of CO on process behaviors, such as cutting force and
surface finish. Ueda and Iwata [18] analyzed the effect of
CO on the chip formation mechanism in the cutting of
single-crystal b-brass. The investigations found that the
shear angle, the cutting force, and surface integrity varied
with the variation of cutting direction with respect to CO of
workpiece material. Wu et al. [19] conducted a set of
micromachining experiments on single-crystal copper
materials to investigate the effect of material micro-
structures on cutting force. The results proved that CO has
an essential impact on the cutting force and the burr
formation. Lawson et al. [20] experimentally investigated
the effect of crystallographic anisotropy on the orthogonal
cutting of single-crystal aluminum. Li et al. [21] investi-
gated the relationship between CO and micro-cracks of Ti-
47Al-2Cr2Nb alloy. Results show that the CO is adverse in
the nearly g-microstructure and becomes advantageous in
the fully lamellar microstructure. Xu et al. [22] investigated
the effect of CO on the surface generation of aluminum in
nano-cutting employing the molecular dynamics simula-
tion. The authors concluded that the minimum uncut chip
thickness is relatively small and the surface quality is
better in the specific cutting direction. Cutting forces, chip
morphology, shear stresses, shear angle, and effective
coefficient of friction were seen to vary with CO. To
investigate the effect of CO on micro-cutting force, Zhao
et al. [23] presented a Taylor factor model to quantify the
CO of cutting plane in themicro-cutting of monocrystalline
material with a single grit. However, the cutting direction
with respected to the CO is not considered in the Taylor
factor model. In addition, the authors didn’t calculate the
overall force of the grinding wheel and the rubbing forces.

This article aims to propose a quantitative and physics-
based analysis about the effect of CO on the micro-grinding
forces. The newTaylor factor model is proposed to examine
the number and style of the activated slip systems, which
are determined by the CO of machining plane and the
cutting direction on the workpiece. In the predictive model
of micro-grinding force, the Taylor factor contributes to
the flow stress and then affects the chip formation and
rubbing force, which contributes to the plowing force by
influencing the hardness. Flowing by the micro-grinding
force of the single grit proposed, the overall micro-grinding
force of the whole wheel is extrapolated based on the
grinding wheel geometry.
2 Materials characterization

Copper is a face-centered cubic (FCC) material. Three
single-crystal copper materials ((100), (110), and(111))
were prepared for the study with dimension 10� 10� 1
mm3. Electron Back Scatter Diffraction (EBSD) was used
to observe the microstructure. The CO of the three samples
were analyzed by the TSL OIMData connection 5 software
and depicted by the OIM micrographs, which are shown
in Figure 1.

Single-crystal copper shows anisotropy on the different
cutting planes and cutting directions in micro-cutting.
In the investigation, six cutting directions were chosen
with two crystal directions of each sample tested using
EBSD, as shown in Figure 2. In the investigation, CO
is presented by Miller indices [24]. For example, [h k l] is
parallel to the grinding direction, while (u v w) is
perpendicular to the grinding plane.

The Johnson–Cook parameters of single-crystal copper,
which are referred to in reference [25], are listed in Table 1,
and the additional material properties for modeling forces
are provided in Table 2.

3 Calculation methods

3.1 Flow stress calculations

Flow stress includes thermally activated stress and
athermal stress based on the dislocation theory [31], which
is given by

s ¼ s0 þ s1; ð1Þ
where the thermally activated stress s0 denotes the flow
stress with a dislocation density of zero. Johnson–Cook
model [32] considers the effects of strain, strain rate, and
temperature on the shear plane, which is given by

s0 ¼ AþB e
nð Þ 1þ C ln

_e

_e0

 !
1� T 0 � Tw

Tm � Tw

� �m� �
: ð2Þ

The computations of strain and strain rate in this work
are calculated based on Oxley’s model [33]. The athermal
activation stress model was proposed by Hughes et al. [16],
who represented the effect of dislocations as follows:

s1 ¼ Ma1Gb1
ffiffiffiffiffi
r1

p
; ð3Þ

where M is the Taylor factor, G is the shear modulus of
material, a1 is the material constant, b1 is the burger vector
of dislocations, and r1 is the total density of dislocation.
The modified material model of micro-grinding is



Fig. 2. Cutting direction in the crystal coordinate system.

Fig. 1. The CO of the three single copper samples.
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proposed as follows:

s ¼ AþBenð Þ 1þ C ln
_e

_e0

 !
1� T 0 � Tw

Tm � Tw

� �m� �
þMa1Gb1

ffiffiffiffiffi
r1

p
: ð4Þ

However, M is taken as a constant of 3.06 in Hughes’
model.
3.2 Modeling Taylor factor

Crystals with an FCC structure are inherently anisotropic
and have a number of independent slip systems, which
results in the active deformation textures. The activation
condition of the slip systems plays a significant role in
describing the variations of the plastically deformed zone,
the plastic shears, and the dislocation density. Each crystal



Table 2. Additional material properties used in the model.

Parameters Description Values Reference

E Modulus of elasticity 129.8MPa [26]
v Poisson’s ratio 0.343 [26]
r Density 8960 kg/m3 [27]
a Thermal diffusivity 18E-6 °C−1 [26]
Cp Specific heats 386 J/kg °C [26]
k Thermal conductivities 401W/m °C [27]
Tmelt Melting temperature 1084.62 °C [27]
a1 Material constant 0.24 [28]
b1 Burgers vector 0.308 nm [29]
r1 Dislocation density 5E-4 nm−2 [30]

Table 3. The 12 slip systems of the FCC crystal.

Plane (111) Plane ð111Þ
Direction ½011� ½011� ½110� Direction ½011� ½101� ½110�
Plane ð111Þ Plane ð111Þ
Direction ½011� ½101� ½110� Direction ½011� ½101� ½110�
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system owns a different number and style of slip systems. In
the FCC crystals, the slip planes belong to the family
{111}, while the slide direction belongs to the 011 family.
According to the different unique planes and directions in
these two families, the FCC system can be classified into 12
slip systems. The 12 slip systems of FCC lattice are
summarized in Table 3 [34].

The Schmidt factor was proposed by Schmidt and Boas
[35] to investigate the tensile yield stress in the tensile test
of material, which is related to the COs of material.
Moreover, mcmc=1/(cos F cos V) which is the reciprocal
of the Schmidt factor of most orientation advantageous
slip systems in grain, changes with the variation of the
CO of the monocrystalline material. In the uniaxial
drawing, the formula M=mc is built, and the calculated
value of mc varies with different polycrystalline deforma-
tion models [36].

In this article, the following assumptions are made:

1.
 Taylor factor is proposed for the tensile test with low

strain rate, nearly 10; this article assumes that it is valid
in machining with high strain rate, nearly 104.
2.
 The inverse of the Schmidt factor is referred as the
Taylor factor, which is proposed for the tensile test in the
single slip, this article assumes that it is valid in multi-
slip.
3.
 This article assumes that the total Taylor factor of
multi-slip is a linear additivity model of the activated
individual Taylor factors.

During the micro-grinding process, the chip formation
and plowing forces are caused by the material dislocation
slip. The formula of the Taylor factor is as follows:

M ¼
Xm
i¼1

1=ðcosðFi þ ’1ÞcosðVi þ ’2ÞÞ; ð5Þ
where F is the angle between the slip plane and cutting
plane in grain,V is the angle between the slip direction and
cutting direction in grain, ’1 is the angle between the
tangential plane and shear plane, ’2 is the angle between
the tangential direction and cutting direction and m
represents the total activated slip systems.

Specific energy can be obtained in terms of the Taylor
factor, the shear angle, and the hardness, as follows:

Ksp
cut ¼

Mtcr

tan’
�H

3
ð6Þ

where ’ is the shear angle calculated using the parallel-
sided shear zone model.
3.3 Modeling of mechanical effects in micro-grinding

In modeling the individual grit interaction, the geometry of
grits is simplified and the different shapes have been used to
present the cutting edge such as pyramid by Badger and
Torrance [37], cone by Law et al. [38], and sphere by Show
[39]. The difference between these approximations is little
since the cutting depth with respect to the grit diameter is
so small [40]. The research assumes the abrasive grit shape
to be a sphere. In addition, a mathematical framework for
the individual grit interaction in micro-grinding is
proposed involving micro-cutting, plowing, and rubbing
components, as shown in Figure 3.

The tangential and normal forces of individual grit are
obtained by integrating the infinitesimal elements, with the
intermediate variable shear angle, the strain, and the strain
rate calculated in terms of the slip line field theory [33].
Park and Liang [13] proposed the calculative method of



Fig. 3. Single grit interaction illustration.
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chip formation and plowing forces, while the authors
neglected the rubbing force at sliding contact between the
workpiece and the grit.

The rubbing force results from the elastic or elastic–
plastic contact between grit wear flat area and the
workpiece surface [41]. It is experimentally proved that
the normal force varies with the wear area [42]. Shao [43]
proposed an analytical approach to calculate the normal
and shear stress in the wear flat area. The tangential force
Ftg,rubbing and the normal force Fng,rubbing are estimated by
integrating the normal stress and shear stress, respectively:

Ftg;rubbing ¼ b ∫
lOC

0

swdx

Fng;rubbing ¼ b ∫
lOC

0

twdx

;

8>>>><
>>>>:

ð7Þ

where b is the width of the grit,

swðxÞ ¼ s0ððloc � xÞ=locÞ2 for 0 < x < loc

twðxÞ ¼ t0 for 0 < x < locð1�
ffiffiffiffiffiffiffiffiffiffiffiffi
t0=s0

p Þ
twðxÞ ¼ mswðxÞ for locð1�

ffiffiffiffiffiffiffiffiffiffiffiffi
t0=s0

p Þ< x < loc

;

8><
>:

ð8Þ
For the individual grit, the sliding length of wear flat

area could be calculated by equation (9) as

loc ¼ 2rð1=cosðu=2Þ � 1Þtanðu=2Þ; ð9Þ
where r and u are the radius and cone angle of individual
grit, respectively.

In the process, the flow stress is related to the yield
strength of material and the microstructure strengthening,
which is presented by equation (10) as

s0 ¼ AþMa1Gb1
ffiffiffiffiffi
r1

p
; ð10Þ

and t0 is given by t0 ¼ s0=
ffiffiffi
3

p
.

3.4 Modeling the wheel topography

The overall micro-grinding force is calculated based on the
shape of the grit edges and the wheel topography. Hacker
[44] presented the static cutting edge density with
equation (11)

Cs ¼ AsZ
ks ; ð11Þ

whereCs is the dynamic cutting edge density, Z is the radial
distance into the wheel, which is equal to the maximum
undeformed chip depth, and As and ks are the adjusted
parameters related to the grit size obtained from the
experiment. Various techniques such as profilometry,
imprint method, scratch method, and microscopy have
been developed to drive the topography of a grinding wheel.
Hecker [44] provided the common relationship between
static and dynamic cutting edge density.

The model of dynamic cutting edge density Cd is
presented in

CdðZÞ ¼
CsðzÞ

1þ CsðzÞ
4

tanðuÞ
tanðezÞ

X3

Z
;

ð12Þ

where u denotes the cone angle of grit, ez is the infeed angle
related to the dynamics of micro-grinding, and tanðezÞ ¼
V w

V

ffiffiffiffiffi
ap
Dw

q
. The preceding cutting edge kinematically hides the

next incoming small cutting edges, which makes a small
portion of the cutting edges contact with the workpiece
during grinding. The chip thickness is represented by the
Rayleigh probability density function (p.d.f) f(x, X)=
(x/X2)exp(� x2/2X2) [45], with the Rayleigh parameter

X ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

apV w

2V lcCdtanðuÞ
q

. The expected value and the variance for
the p.d.f areE(x) =1.253X and var(x)=0.429X2. The radial
distance into the wheel Z is represented as

Z ¼ EðxÞ þ 3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
varðxÞ

p
: ð13Þ



Table 4. The parameters of the micro-grinding process in
the single-factor experiment.

Parameters Micro-grinding

Workpiece
material

Copper

Tool edge
radius

12mm

Depth of cut 10mm
Wheel speed 2.355m/s
Feed rate 10mm/min
Workpiece
orientation

ð001Þ 2761
� �

001ð Þ 12191
� �

110ð Þ 17517
� �

110ð Þ 181617
� �

111ð Þ 82310½ � 111ð Þ 24118
� �
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Then, the total chip formation force is calculated as the
multiplication of average single grit force and the number
of active cutting edges,

Ft;shear ¼ CdwlOBFtg;shearing

Fn;shear ¼ CdwlOBFng;shearing

�
ð14Þ

where the contact length of the shear plane lAB is given by
equation (15),

lAB ¼ 0; t � tcr;

lc � lOB; tcr � t;

�
ð15Þ

where the total contact length lc is expressed as lc=
(apDe+8RrFngDe(Kw+Kt))

1/2, ap is the depth of cut, De is
the effective diameter, Kw, Kt are the workpiece and wheel
elasticity, respectively.

The contact length of plowing plane lOB is given by
equation (16)

lOB ¼ r acr � sin�1 ðt� rÞ
r

� �
; t � tcr;

rðacr � anomÞ; tcr < t;

8<
: ð16Þ

Similar to chip formation force, the total plowing
and rubbing forces are also calculated as the multiplica-
tion of average single grit force and the number of active
cutting edges. Then, the total grinding force is calculated
as

Ft ¼ Ft;shearing þ Ft;plowing þ Ft;rubbing

Fn ¼ Fn;shearing þ Fn;plowing þ Fn;rubbing

:

�
ð17Þ

4 Experiment method

To verify the assumption, the experiments of micro-
grinding single-crystal copper were conducted with the CO
as the only variable and the micro-grinding parameters
including wheel speed, federate, and the depth of cut as the
constants. The arrangements of the inputs are listed in
Table 4.

Micro-grinding experiments were conducted on a
miniaturized machine tool without coolants as shown in
Figure 4a. A Kistler 9256C2 MiniDyn was used to measure
the forces. The configuration of the micro-grinding
experiment is shown in Figure 4b. The experiments were
carried out using a CBN grinding wheel 85412-BM with a
diameter of 3mm.

The wheel topography of 85412-BM with 240–270 grit
number was experimentally analyzed. The cutting edge
radius (r) and cone angle (c) of abrasive grit were
measured by the 3D digital microscope. Based on the
experimental data presented by Zishan [46], a nonlinear
regression analysis was performed to calculate the static
cutting edge density with the constants (As and ks)
obtained. The topography parameters of 85412-BM and
the spindle specification are listed in Table 5.
5 Results and discussion

5.1 Calculated and experimental results

The Taylor factor is calculated using equation (5) with
the COs of samples provided in Figure 2. Then the
flow stress is computed using equation (4) with the
constants of Johnson–Cook and Hall–Petch equation
provided by Tables 1 and 2. Strain and strain rate are
calculated based on the methodology presented in
reference [33].

The values of Taylor factor, shear angle, flow stress, and
specific energy calculated in the procedure of predicting the
micro-grinding force are listed in Table 6. As an important
mechanical property, Vickers hardness was measured by
the digital Vickers hardness tester HVS-1000Z. The mean
values of Vickers hardness of the six samples are also listed
in Table 6.

Therefore, the chip formation and plowing forces of
the single grit in the tangential and normal directions can
be obtained by the model proposed in reference [23]. The
rubbing force of single grit is calculated using equation (7).
Then, the force model of the single grit interaction is
extrapolated to the force model of the whole grinding
wheel, based on the grinding wheel topography. Finally,
micro-grinding forces in tangential and normal directions
are calculated by equation (17).

Experimental data were collected from the six cases.
Because the vibration of spindle rotating with high rpm
generated noise in the force signal, a fast Fourier
transform (FFT) analysis was performed for the output
signals of the no micro-grinding region and the micro-
grinding region to identify the frequency range of the force
signal, as displayed in Figure 5. Take Case 2 as an
example. The results show that the vibration of the
spindle rotating with 15,000 rpm is around 264Hz, and the
frequencies of the micro-grinding force signals are below
200Hz. To block the noise of the rotational spindle, all
measurement signals were filtered with a low-pass filter, as
shown in Figure 6. Then, the mean value and standard
deviation of the tangential and normal forces are
calculated.



Table 5. The wheel topography parameters of 85412-BM and the spindle specification.

Item Grinding spindle Grinding wheel

Specification TYP: SLF Fraureuth FS33-60/0.15.1 Cubic boron nitride
Nr: 6939 High-speed electroplated
Voltage: 48 V As: 3.22
Maximum rotating: 60000 min−1 Ks: 0.89
Power: 170 W 2r(um):26
Moment: 6N cm c [rad]:2.11

Fig. 4. Schematic of (a) a miniaturized machine tool, (b) an illustrated experimental configuration, and (c) an enlarged view of the
micro-grinding process.

Table 6. The calculated Taylor factor, shear angle, flow stress, and specific energy.

Slip plane (001) (001) (110) (110) (111) (111)
Slip direction 2761

� �
12191
� �

17517
� �

181617
� �

82310½ � 24118
� �

Taylor factor M 25.16 6.18 6.16 4.94 2.53 2.74
Shear angle ’ (rad) 0.51 0.51 0.51 0.51 0.51 0.51
Flow stress s (MPa) 7.79e9 7.67e9 5.89e9 2.82e9 6.85 e9 4.51e9
Vickers hardness (HV) 50.20 50.20 57.30 57.30 60.80 60.80
Specific energy Ksp

cutðMPaÞ 1.85e5 1.80e5 1.02e5 5.91e3 1.41e5 5.67e5
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5.2 Model verification

In order to analyze the effect of CO related to cutting
direction on micro-grinding forces, the proposed force
model considering the variation of Taylor factor is
compared to the previously reported model in which
Taylor factor was taken as the constant of 3.06. The
comparison between the predictions and the experimental
data is shown in Figure 7, where Ft and Fn refer to
tangential and normal force respectively.

The force model considering the variation of Taylor
factor performs well in terms of capturing the trend and



Fig. 5. FFT analysis for the output signal of (a) no micro-
grinding region and (b) micro-grinding region in the micro-
grinding process.

Fig. 6. Experimental data of micro-grinding after filtering.

(a) Tangential force 

(b) Normal forces 

Fig. 7. The comparisons between predictions and experimental data.
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(a) Contribution of forces in tangential direction  

 
(b) Contribution of forces in normal direction 

Fig. 8. The contribution of grinding forces in tangential and normal directions.
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magnitude of the experimental data, with errors less than
8%in the tangential direction and 7% in the normal
direction. The error bars representing the standard
deviation indicate that the error between predictions
and experiments is acceptable. The forces predicted by the
model considering the Taylor factor as a constant of 3.06
does not capture the trend of the experimental data with
the varying CO and cutting direction. The maximum
errors between the measured data and predictions exceeds
32% in the tangential direction and 19% in the normal
direction. It is found that the two forces predicted on the
same plane are the same in different cutting directions
using the model considering the Taylor factor as 3.06.
By comparing the errors of the two predictions, it is drawn
that the proposed force model, which considers the
variation of Taylor factor, is able to improve the accuracy
of prediction. Moreover, it is concluded that the proposed
Taylor factor is reasonable in the quantitative analysis of
COs. Thereby, the assumption made for the Taylor factor
was verified.

From the analysis above, it is found that the forces on
the cutting plane of (111) are the minimum both on
tangential and normal direction biggest, the cutting plane
of (110) are the medium, and the cutting plane of (100) are
the maximum.

To understand the machining mechanism, it is
necessary to analyze the components and the correspond-
ing contributions to micro-grinding force. Figure 8 shows
the contributions of three components to the forces in both
normal and tangential directions.

In the micro-grinding condition, the chip formation,
plowing, and rubbing forces are the contributors to both
forces in tangential and normal directions. The results also
show that the contributions vary with the Taylor factors.
When the Taylor factor is large enough, the effect of chip
formation provides the primary contribution to both
forces, while the contribution to normal force is less than
that in tangential force. When the Taylor factor is small
enough, the effect of plowing provides the primary
contribution to both forces. Moreover, the normal force
is affected by plowing and rubbing forces more significantly
than tangential force. In the calculations, the plowing force
is related to the hardness of material while the chip
formation and rubbing forces are affected by the Taylor



Fig. 9. The relationship between Taylor factor and flow stress as
well as specific energy.

Fig. 10. The influence of CO on Taylor factor.
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factor. In the mechanism, the anisotropy of the monocrys-
talline material is determined by the COs. In other words,
the hardness is related to CO in the normal direction and
the Taylor factor is related to CO in the tangential
direction. The data listed in Table 6 show that the hardness
increases when the Taylor factor decreases for different
cutting planes. Therefore, the contributions vary with the
Taylor factors.

5.3 Sensitivity analysis

Figure 9 depicts the relationship between the Taylor
factors and the flow stress as well as specific energy
resulting from the proposed model, which suggests that the
Taylor factor has a significant positive correlation with the
flow stress as well as specific energy.

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 system
with high M will not be activated. Take one case for
example, when the tool grinding on the (100) surface, and
the slip plane is (111), the relationship between the Taylor
factor (M) and the angle (V) between the cutting direction
and slide direction is displayed in Figure 10.

6 Conclusions

This article provided an analytical model to predict micro-
grinding forces, which includes the chip formation,
plowing, and rubbing forces, by considering the process
parameters, wheel properties, and microstructure of
the workpiece material. The Taylor factor model was
developed to estimate the number and style of the
activated slip system(s), which are determined by the CO
of the grinding plane and cutting direction in plastic
deformation under some assumptions. Then, the flow
stress and specific energy models were derived from the
Taylor factor model.

The proposed force model was validated by conduct-
ing micro-grinding experiments and compared to the
model considering the Taylor factor as a constant. The
result showed that the proposed model considering the
variability of Taylor factor is able to capture the trend
and magnitude of the experimental data with the varying
CO and the cutting direction, and improves the accuracy
of the force model. Meanwhile, the assumptions proposed
in this article are verified: the Taylor factor model is
valid in machining with high strain rate, taking the
inverse of the Schmidt factor as the Taylor factor is
effective in multi-slip, and Taylor factor of multi-slip is a
linear additivity model of the activated individual Taylor
factors.

The sensitivity analysis showed that the flow stress and
the specific energy in micro-grinding single copper are
affected by CO with respect to cutting direction signifi-
cantly. The contributions of three components to the total
force indicate that the mechanism is related to the CO of
material. It can be drawn that the plowing effect plays a
much significant role in the micro-grinding process. The
reason for the prominent plowing effect of the micro-
grinding can be attributed to the size effect.
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