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Abstract
In micro-grinding, the effect of material microstructure on residual stress is significant since the depth of cut is usually smaller
than the average grain size. In this paper, the effect of crystallographic orientation (CO) on the distribution of residual stress
induced by micro-grinding is investigated. The COs and their volume fractions of workpiece material are quantified by Taylor
factor, based on which the models of flow stress and plastic modulus of polycrystalline materials are proposed. Then, the residual
stress is calculated based on the micro-grinding force and temperature derived from the flow stress, after the mechanical and
thermal loading followed by relaxation process, which are analyzed with the developed plastic modulus. Thereby, the compres-
sive analytical model of micro-grinding-induced residual stress is proposed considering the grinding parameters, wheel topog-
raphy, and material microstructure. In addition, micro-grinding experiments and residual stress measurements are conducted to
verify the models. The prediction of residual stress agrees well with the experimental result. Residual stresses are measured by X-
ray techniques, and the results illustrate that the COs of material would influence the state of stress. Finally, the sensitivity
analysis is carried out, with the result showing that the effect of CO on residual stress is significant.
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Nomenclature
A,B,C,m,n Johnson-Cook parameters
E Workpiece elasticity modulus
Kw, Kt Workpiece and wheel elasticity
CP Specific heat
b1 Burger vector
α1 Material constant
v Poisson’s ratio
V Wheel speed
Vw Workpiece speed or feed rate
loc Contact length of the rubbing plane
αcr The critical rake angle
φk Local shear angle

αk Local rake angle
βk Local friction angle
τs Shear strength in tangential direction
t Undeformed chip thickness
D Grit diameter
Cs Static cutting edge density
Cd Dynamic cutting edge density
Φ Angle between slip plane and cutting

plane in grain
φ1,φ2 Correction angles
σmech
ij ;σtherm

ij Mechanical and thermal stresses
h Plastic modulus
Sij Deviatoric stresses
K Uniaxial normalized radius of

the yield surface
ε̇xx; ε̇yy Plastic strain rate
Ftg Tangential force of single grit
Fng Normal force of single grit
ρ1 Density of dislocation
ρ Material density
K Thermal conductivity
npass The number of loading pass
ap The depth of cut
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lc The total contact length of the
primary heat source

T0, Tm, Tw Workpiece, ambient, and melting
temperature

w Cutting width
r The cutting edge radius
M1 Taylor factor of polycrystalline material
As, ks Parameters of wheel topography
ε̇0 Material constant
ε Plastic strain
ε̇ Plastic strain rate
ψ The cone angle of grit
α Thermal diffusivity
σ Total flow stress
Ω Angle between slip direction and

cutting direction in grain
ΔTwk Workpiece temperature rise
ψ Blending function
G Elastic shear modulus
α̇ij Back stresses
ε̇
p
eff Effective plastic strain rate

1 Introduction

With the rapid development of miniaturization, micro-
grinding technology has been widely used in the cutting edge
industries [1]. Micro-grinding-induced residual stress is a cru-
cial parameter and a key index for the surface integrity eval-
uation [2]. Prediction of the residual stress is inevitable to
control and improve the surface quality of the machined com-
ponents. However, the mechanism of micro-grinding-induced
residual stress and the influence factors are still not yet fully
understood. Therefore, it is a challenge for the engineers to
accurately predict the residual stress induced in micro-
grinding nowadays.

Numerous researchers have focused on investigating the
mechanism and the influence factors of residual stress induced
in the grinding process [3–7]. Thermal expansion and contrac-
tion, phase transition (for multi-phases material), and plastic de-
formation are the major causes for residual stress induced in
grinding [8]. Fergani et al. [9] suggested that temperature rise is
the main cause of tensile residual stress, which induces the ther-
mal expansion and contraction in grinding process, and devel-
oped a physics-based model of critical temperature for activating
the tensile residual stress. Afterwards, Shao et al. [10] developed
a model of residual stress distribution accounting for mechanical
and thermal loading using mathematical method, calculated the
mechanical and thermal stress history in grinding process by
assuming two-dimensional Hertz contact, and predicted the re-
laxation process of unloading based on the hybrid algorithm.
Finally, the predictive model of grinding residual stress was val-
idated by the experimental data. Shi et al. [11] investigated the

surface residual stress of dry grinding by the finite element meth-
od (FEM) and revealed themechanism that phase transformation
mainly causes compressive stress. Shen et al. [12] experimentally
investigated the variations of residual stress induced in grinding
of maraging steel. The results show that the mechanical effect is
dominant in dry grinding. In addition, Guo et al. [13] reviewed
the research of residual stress measurement methods over the
past 5 years. Zhu et al. [14] reported that the robotic grinding
process could solve the problem of precisionmachining of small-
scale complex surfaces and control the tensile residual stress by
decreasing the tangential force precisely

Grinding conditions, the topography and property of grinding
wheel, and cooling conditions are the three major influence fac-
tors of grinding residual stress [3]. The topography of grinding
wheel was modeled using a different method, and the effects on
grinding temperature and force were analyzed in Ref. [15–17].
The effects of grinding parameters on the residual stress distribu-
tion were experimentally analyzed in Ref. [18], and results show
that peak compressive residual stress increases greatly with the
growing wheel speed, and the penetration depth is positively
related to wheel speed and grinding depth. Wu et al. [19] sug-
gested that the high-speed grinding process could help substan-
tially improve the workpiece integrity by the controlled residual
stresses in a higher material removal rate. Jiang et al. [20] intro-
duced a residual stress volume model to evaluate the effects of
sequential cuts for the generated surface and subsurface residual
stresses. The mentioned investigations analyzed the mechanism
of residual stress and the complicated influence factors in the
grinding process. Although a micro-grinding process is similar
with a conventional grinding process, micro-grinding is distinc-
tive due to size and the crystal effect. In addition to thementioned
mechanism and influence factors, the effect of material micro-
structure on the mechanism of micro-grinding-induced residual
stress in the process needs to be considered.

Material microstructure covers grain size, dislocation den-
sity, phases, and crystal orientation. Ding et al. [21] investi-
gated the phase transition mechanism in micro-grinding-
induced residual stress generation and predicated the residual
stress by considering the effect of phase transformation using
FEM. The result shows that tensile stress decreases with the
transformation from ferrite to austenite, and the maximum
tensile stress is smaller when considering phase transition.
The phase transition model was built by fitting measured data.
In milling and turning process, the residual stress was predict-
ed considering grain size effect which was quantitatively
expressed byHall-Petchmodel [22–25]. The proposed predic-
tive model matches the trends of experimental measurements
well. Similarly, the Hall-Petch model could be utilized to an-
alyze the effect of grain size on micro-grinding-induced resid-
ual stress. Li et al. [26] proposed a crystal plasticity model
based on the texture representative volume element to predict
Bauschinger effect, which took the effect of COs into account.
However, this model incorporated into the FEM method was
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only used to simulate the relationship between strain and
stress during cyclic loading, but not residual stress induced
in machining. Wang et al. [27] revealed that the residual stress
relaxation had different influences on the dislocation density
and the strain energy within grain with different types of ori-
entation. However, the investigation just analyzed the effect
qualitatively. In Ref [28], the deformation mechanism is sug-
gested to be related to the formation of dislocations and stack-
ing faults and the distortion of atomic planes, and grinding
force model of the grinding of YAG single crystals is devel-
oped based on the deformation mechanism of a crystal solid.
Zhao et al. [15, 16] proposed a Taylor factor model to estimate
the effects of COs on micro-grinding process. In addition, the
force and temperature models were developed considering
Taylor factor, and the results show that the effects of COs
on micro-grinding force and temperature are prominent. To
the best of our knowledge, the COs of polycrystalline material
and its effect on the micro-grinding-induced residual have
never been investigated comprehensively.

In this paper, the plastic modulus and flow stress models
are developed with consideration of the Taylor factor, based
on which, the mechanical and thermal loading and relaxation

process are predicted. Therefore, the micro-grinding-induced
residual stress profile is obtained considering the material mi-
crostructure. Finally, the proposed model is validated by the
experimental data.

2 Analytical model

To understand the micro-grinding-induced residual stress
clearly, the paper analytically investigates this process by fo-
cusing on the flow stress and plastic modulus modeling, me-
chanical and thermal loading, and relaxation. The residual
stress flowchart is shown in Fig. 1.

As shown in Fig. 1, the original microstructure of workpiece
material, wheel geometry and properties, and process parameters
are the input parameters for the material constitutive model, the
micro-grinding force model, and the temperature model. In ad-
dition, the micro-grinding force and temperature are coupled by
flow stress model. Finally, the force, temperature, and plastic
modulus decide the mechanical and thermal stress distribution
and the residual stress after relaxation.

2.1 Microstructure analysis of workpiece

Alloy aluminum 7075-T6 is a single-phase metal with
face-centered cubic structure. In the chip formation pro-
cess of micro-grinding, the material dislocation slip is

Fig. 1 Residual stress flowchart

Fig. 2 Dislocation slip map in one slip system

Table 1 The process parameters of milling for the corresponding
Taylor factor

Process parameters Sample no.

1 2 3 4

Rotate speed (r/min) 8000

Feed rate (mm/tooth) 0.2

Depth of cut (mm) 1 1 2 2

Taylor factor 5.60 8.44 9.11 9.75
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the main plastic deformation. The dislocation slip map
in one slip system is shown in Fig. 2.where Φ denotes
the angle between shear plane and slide plane in grain;
Ω stands for the angle between slide direction and shear
direction in grain; φ is the shear angle, the normal vec-
tor of the shear plane is [1 0 ‐ cot φ], and the shear
direction is 1 0 tanφ½ �. The acting force on the shear
plane in the shear direction causes the crystal gliding of
the material which results in plastic deformation.
However, crystal gliding may not happen in the shear
plane but the slide plane, due to the lower energy
expended. As a result, the shear force and the deforma-
tion are decided by the angles between shear plane and
sliding plane. If the angle is 0°, the shear force is the
minimum.

Each crystal system has at least five activated different slip
systems, in which the slide plane orientation and slide direc-
tion are different. When crystal rotates, the normal vector of
slide plane and the vector of slide direction are calculated
according to the law: the normal vector nr of rotated slide
plane is nr =B × n; the vector of rotated slide direction mr is
mr =B ×m, and B = Z2XZ1.

Z1 ¼
cosϕ1 sinϕ1 0
−sinϕ1 cosϕ1 0

0 0 1

0
@

1
A;

X ¼
1 0 0
0 cosϕ sinϕ
0 −sinϕ cosϕ

0
@

1
A;

Z2 ¼
cosϕ2 sinϕ2 0
−sinϕ2 cosϕ2 0

0 0 1

0
@

1
A

ð1Þ

where ϕ1, ϕ, ϕ2 are Euler angles, which account for the COs
and are measured by electron backscatter diffraction (EBSD).
The Taylor factor model of single grain can be expressed as
follows:

M F ¼ ∑
N

i¼1
1= cosΦicosΩið Þ ð2Þ

where N refers to the number of total activated slip systems.
The Taylor factor model of polycrystalline material is
expressed as:

M 1 ¼ ∑
j¼1

N1

f j �M F
j ð3Þ

where fj is the orientation distribution function (ODF) of jth
CO, and N1 is the number of COs in the material.

Due to the different micro-textures in the rolling direction
(RD) and the normal direction (ND) of the AA7075-T6 plate
[29], the microstructures of samples 1 and 3 from RD and
samples 2 and 4 from ND are different. As a result, four
samples of AA7075-T6 are obtained by milling with different
process parameters from a single AA7075-T6 plate. The

Fig. 3 Stress resulting from mechanical load
Fig. 4 The predicted stress distributions under a mechanical loading and
b thermal loading
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process parameters and the corresponding Taylor factor cal-
culated from the proposed model are listed in Table 1.

2.2 Flow stress and plastic modeling

The flow stress model considering thermal and athermal ef-
fects is shown as follows:

σ ¼ Aþ Bεnð Þ 1þ Cln
ε̇

ε̇0

 !
1−

T0−Tw

Tm−Tw

� �m� �

þM 1α1Gb1
ffiffiffiffiffi
ρ1

p þ KHP=
ffiffiffiffiffiffi
Dd

p
ð4Þ

where A, B, C, m, and n are the Johnson-Cook parameters for

materials, ε is the effective strain, ε̇ is the effective strain rate,

ε̇ is the reference strain, which is 1 s−1 for alloy aluminum

Fig. 5 Calculation procedure
chart of residual stress
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[17], Tw is room temperature (20 °C), α1 is the geometrical
constant, M1 refers to the Taylor factor, b1 is the Burgers
vector, ρ1 denotes the dislocation density, and G is the elas-
ticity modulus. The Hall-Petch index KHP is computed by

KHP ¼ M 1

ffiffiffiffiffiffiffiffiffiffi
τb4Gb
1−vð Þπ

q
, τb = 0.057G, and v is the Poisson ratio.

All of the properties of materials refer to Ref. [15].
This research made an assumption that the hardening law is

linear. So the plastic modulus in the micro-grinding process is
the same with that in the hardening test. The constant B in the
Johnson-Cook model is equal to the plastic modulus under the
linear hardening condition. For the traditional calculation, the
constant B is obtained by fitting the experiment data. In the
research, h is given as the function of hardness, strain, and
microstructure as:

h ¼ Hv

0:927C
−AþM 1α1Gb1

ffiffiffiffiffi
ρ1

p þ KHP=
ffiffiffiffiffiffi
Dd

p� �
=εn ð5Þ

Under the assumption of the linear hardening law, the plas-
tic modulus is a constant for the same material. Therefore, the
plastic modulus calculated in the hardening test is the same
with that in the micro-grinding process. And the strain in the
hardening test is ε = 0.08.

Then, the total grinding force of single grit in tangential and
normal directions are calculated by

F tg ¼ F tg;shearing þ F tg;plowing þ F tg;rubbing

Fng ¼ Fng;shearing þ Fng;plowing þ Fng;rubbing

�
ð6Þ

where Fng , FtgFtg, shear, Fng, shear, Ftg, plowing, Fng, plowing Ftg,

rubbing, and Fng, rubbing are the forces in tangential and the
traverse directions.

The forces of the whole wheel are calculated as the multi-
plication of average single grit force and the number of active
cutting edges,

F t ¼ CdwlcF tg

Fn ¼ CdwlcFng

�
ð7Þ

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

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

The total grinding heat qt induced by the moving heat
source can be expressed as

qt ¼ F t V þ Vwð Þ= lc � wð Þ ð8Þ

The temperature response of the point M in the workpiece
can be described by moving heat source model [30]:

T X ;Zð Þ ¼
qw
πKw

∫0−lc f ζið Þ:exp −Vw X−lið Þ
2αw

� �
� K0

Vw X−lið Þ2 þ Z2
h i1=2

2αw

8><
>:

9>=
>;dζi

ð9Þ

where K0 is the second kind modified Bessel function and αw

is the thermal diffusivity of the workpiece.

2.3 Mechanical and thermal loading histories

The calculation of residual stress induced by mechanical and
thermal load considers the stress loading and stress relaxation
in micro-grinding. Based on the equivalent micro-grinding
conditions, the normal force Fng and the tangential force Ftg

Fig. 6 Schematic diagram of
micro-grinding: a miniaturized
CNC grinding tool, b single-pole
thermocouple of nickel chromium
and nickel silicon, c workpiece
with groves, and d micro-
grinding topograhpy
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of a single grit as well as the temperature field T are predicted
using the previously proposed model [31, 32]. During the
loading process, the mechanical stress is induced by the local-
ized interactions between abrasive grains and the workpiece.
At the local scale, the distributed loads including tangential
pressure p(s) and normal pressure q(s) are generated from the
normal force and tangential force of single grit respectively, as
shown in Fig. 3.

The stresses at any point A(x, z) are computed as follows:

σmech
xx x; zð Þ ¼ −

2z
π
∫a−a

p sð Þ x−sð Þ2

x−sð Þ2 þ z2
h i2 ds− 2

π
∫a−a

q sð Þ x−sð Þ3

x−sð Þ2 þ z2
h i2 ds

σmech
zz x; zð Þ ¼ −

2z3

π
∫a−a

p sð Þ
x−sð Þ2 þ z2

h i2 ds− 2z2

π
∫a−a

q sð Þ x−sð Þ
x−sð Þ2 þ z2

h i2 ds
σmech
xz x; zð Þ ¼ −

2z2

π
∫a−a

p sð Þ x−sð Þ
x−sð Þ2 þ z2

h i2 ds− 2z
π
∫a−a

q sð Þ x−sð Þ2

x−sð Þ2 þ z2
h i2 ds

σmech
yy x; zð Þ ¼ v σmech

xx x; zð Þ þ σmech
zz x; zð Þ� �

ð10Þ

where a is equal to the radius r of the single grit.
The Hertzian pressure p0 induced by the normal load of

single grit and the shear stress τ are calculated using Eq. (7).

p0 ¼
3Fng

2πa2
τ ¼ F tg

πa2
ð11Þ

The thermal stresses induced by temperature T are calcu-
lated based on the Timoshenko thermoelasticity theory [33],
which are given as [9]:

σtherm
xx x; zð Þ ¼ −

αE
1−2v

∫∞0 ∫
þ∞
−∞ Gxh

∂T
∂x

x; zð Þ þ Gxv
∂T
∂x

x; zð Þ
� �

dxdzþ 2z
π
∫þ∞
−∞

p tð Þ t−xð Þ2

t−xð Þ2 þ z2
� 	2 dt− αET x; zð Þ

1−2v

σtherm
zz x; zð Þ ¼ −

αE
1−2v

∫∞0 ∫
þ∞
−∞ Gzh

∂T
∂x

x; zð Þ þ Gzv
∂T
∂x

x; zð Þ
� �

dxdzþ 2z3

π
∫þ∞
−∞

p tð Þ t−xð Þ2

t−xð Þ2 þ z2
� 	2 dt− αET x; zð Þ

1−2v

σtherm
xz x; zð Þ ¼ −

αE
1−2v

∫∞0 ∫
þ∞
−∞ Gxzh

∂T
∂x

x; zð Þ þ Gxzv
∂T
∂x

x; zð Þ
� �

dxdzþ 2z2

π
∫þ∞
−∞

p tð Þ t−xð Þ2

t−xð Þ2 þ z2
� 	2 dt

σtherm
yy x; zð Þ ¼ σtherm

xx x; zð Þ þ σtherm
zz x; zð Þ

ð12Þ

where p tð Þ ¼ αET x;z¼0ð Þ
1−2v , α is thermal expansion of material,

and (Gxh,Gzh,Gxzh,Gxv,Gzv,Gxzv) are plain strain Green’s
functions [34].

In the micro-grinding process, thermal stress history is ob-
tained considering a single loading pass. However, the me-
chanical loading is repeated, because the grit travels at a speed
of (Vw + Vs) which is much higher than the feed rate Vw.
Moreover, the contact length lc is larger than the average dis-
tance between active grits l0. The number of loading passes is
given by Eq. (13)

npass ¼ lc=l0ð Þ Vw þ V sð Þ=Vw ð13Þ

At the depth of 0.04 mm into the workpiece, the predicted
stress distributions produced by mechanical and thermal load-
ing under the grinding condition (6.28 m/s wheel speed,
10 μm depth of cut, and 10 mm/min feed rate) are shown in
Fig. 4. The peak stresses appear near the tool tip, since the
force and temperature reach the maximum value.
Additionally, the adding value of the peak stresses induced
by mechanical and thermal loading is higher than the yield

stress of AA7075-T6. As a result, plastic deformation and
hardening are considered in the next section to get the true
stress distribution.

2.4 Kinematic hardening and relaxation process

To decide whether the plastic deformation occurs during load-
ing, the von Mises yield criterion is checked in material with
the effective strain and strain rate calculated as

εpeff ¼
ffiffiffi
2

p

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εpxx−εpyyð Þ2 þ εpyy−εpzzð Þ2 þ εpzz−εpxxð Þ2 þ 6 εpxzð Þ2

q

ε̇
p
eff ¼

ffiffiffi
2

3

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε̇
p
xx

� 	2
þ ε̇

p
yy

� 	2
þ ε̇

p
zz

� 	2
þ 2 ε̇

p
xz

� 	2r
ð14Þ

The material flow stress could be calculated by Eq. (1) and
the yielding criterion based on kinematic hardening is

F ¼ 3

2
Sij−αij
� �

Sij−αij
� �

−σ2 ¼ 0 ð15Þ
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where Sij = σij − (σkk/3)δij is the deviatoric stress, αij is the
backstress, and σ is flow stress, and the backstress

α̇ij ¼ Ṡijnmn
D E

nij.

The elastic strain rate is calculated as

ε̇xx ¼ 1

E
σ̇xx−v σ̇yy þ σ̇zz

� 	h i
þ αΔT εyy ¼ 1

E
σ̇yy−v σ̇xx þ σ̇zz

� 	h i
ð16Þ

The effective plastic strain rate is calculated as

ε̇
p
ij ¼

1

h
Ṡijnmn
D E

nij ð17Þ

where nij ¼
ffiffiffiffiffiffiffiffi
3=2

p
Sij−αij
� �

=K.
For the plastic loading, the strain rate is calculated as

ε̇xx ¼ 1

E
σ̇xx−v σ̇yy þ σ̇

*
zz

� 	h i
þ 1

h
σ̇xxnxx þ σ̇yynyy þ σ̇

*
zznzz þ 2τ̇

*
xznxz

� 	
nxx

¼ ψ
1

E
σ̇xx−v σ̇yy þ σ̇

*
zz

� 	h i
þ 1

h
σ̇xxnxx þ σ̇yynyy þ σ̇

*
zznzz þ 2τ̇

*
xznxz

� 	
nxx

� �

ð18Þ

Blending function ψ is developed by McDowell with the
hybrid algorithm [35]. The blending function is given as

ψ ¼ 1−exp −κ 3h=2Gð Þð Þ ð19Þ

where G is the elastic shear modulus and κ is an algorithm
constant. The plastic modulus h is significantly influenced by
the microstructure of the material.

After the loading process, the stress and strain should meet
to the boundary conditions as following

εxxð Þr ¼ 0 σxxð Þr ¼ f 1 zð Þ εyy
� �

r ¼ 0 σyy
� �

r ¼ f 2 zð Þ
εzzð Þr ¼ f 3 zð Þ σzzð Þr ¼ 0 γxz

� �
r ¼ f 4 zð Þ τxzð Þr ¼ 0

ð20Þ

To meet the boundary conditions, the stresses relax after
each cycle of loading, and the stress decrements as follows:

Δσzz ¼ −
σR
zz

M
Δτ xz ¼ −

τRxz
M

Δεxx ¼ −
εRxx
M

ð21Þ

where M is the relaxation steps.
In the stress relaxation process, twomaterial behaviors may

occur. For purely elastic relaxation, the increments stress for
σxx and σyy are calculated as

Δσxx ¼ 1þ vð Þ Δσzzv−EαΔTð Þ þ EΔεxx
1−v2ð Þ

Δσyy ¼ v 1þ vð Þ Δσzzv−EαΔTð Þ þ EΔεxx
1−v2ð Þ

ð22Þ

For elastic-plastic relaxation, the increments of stress for
σxx and σyy are calculated as

Δσyy ¼
−
v
E
þ 1

h
nxxnyy

� �
C−αΔTð Þ− v

E
þ 1

h
nxxnxx

� �
D−αΔTð Þ

− v
E þ 1

h nxxnyy
� �2− v

E
þ 1

h
nxxnxx

� �
v
E
þ 1

h
nyynyy

� �
 �

Δσxx ¼
D−

v
E
þ 1

h
nxxnxx

� �
Δσyy−αΔT

−
v
E
þ 1

h
nxxnyy

ð23Þ

where

C ¼ Δεxx þ v
E
−
1

h
nzznzz

� �
σ̇ *

zz−
2

h
Δτ*xznxznxx

D ¼ v
E
−
1

h
nzznzz

� �
σ̇*zz−

2

h
Δτ*xznxznyy

ð24Þ

The remaining stress on the ground surface is called micro-
grinding-induced residual stress, which is calculated after the

Fig. 7 a XRD patterns and b the 2θ − sin2ψ diagram of the 7075 samples

Table 3 The micro-grinding parameter combinations

Case
number

Wheel speed
(m/s)

Feed rate (mm/
min)

Depth of cut
(μm)

Taylor
factor

1 1.57 20 30 9.75

2 6.28 1 20 9.75

3 9.42 10 10 9.75

Table 2 The topography
parameters As Ks 2r (um) ψ [rad]

6.44e−5 02.62 26 2.11
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loading and relaxation process. The calculation procedure
chart of residual stress is shown in Fig. 5.

3 Experiments and measurements

Micro-grinding experiments were performed on a miniatur-
ized CNC grinding tool as shown in Fig. 6a. The structure
and the performance refer to Ref. [31].

The thermocouple method is utilized to measure the micro-
grinding temperature in this investigation. A contacting
single-pole thermocouple of nickel chromium and nickel sili-
con, as shown in Fig. 6b, are used to measure the surface
temperatures in the micro-grinding zone with the USB-TC01
capturing the data. The thermocouple are buried in the groves
on the workpiece, as shown in Fig. 6c. CBN grinding wheel
85412-BM was used with a diameter of 3 mm and 240~270
grits, the topography of which is shown in Fig. 6d. The wheel
topography was experimentally analyzed. The topography pa-
rameters (fitting parameters As and Ks, edge radius r, and cone
angle ψ) of abrasive grit are obtained (Table 2).

Due to the time and cost constraints of residual stress mea-
surement, only 3 groups of experiments were conducted to

measure the residual stress for model validation, and each
group was repeated 3 times. In addition, sample 4 with the
Taylor factor of 9.75 only was chosen for the experiments.
The micro-grinding parameter combinations are shown in
Table 3.

In this paper, the residual stresses were measured on the
PANalytical Empyrean X-ray diffraction machine. The
Empyrean is a basic theta-two-theta diffractometer with a
reflection-transmission spinner in place, which has an incident
beammirror and a fast linear detector (PixelMedipix 3D). The
work current and voltage of the X-ray tube source are 40 mA
and 45 kV with Cu anode, respectively.

For sample preparation, Struers electropolisher LectroPol-
5 was used to remove layers from the specimen. By adjusting
the input voltage to 50 V, the flow rate to 15 mm3/s, and the
polishing time to 60 s, a polishing depth of 15 μm was ob-
tained. The polishing depth was measured by the Dektak
profilometer. The residual stress was measured at a 15-μm
interval up to 0.1 mm depth into the workpiece.

The recorded normal stress in tangential direction on the
surface of specimen is presented for demonstration. Figure 7
shows the XRD patterns and the 2θ − sin2ψ diagram of the
7075 samples.

Fig. 8 The comparison result of case no. 1 in (a) x direction and (b) y direction

Fig. 9 The comparison result of case no. 2 in (a) x direction and (b) y direction
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As shown in Fig. 7a, the peaks occur at 2θ of 38.3852,
44.6012, 65.0696, 77.9190, and 82.2070 with the correspond-
ing height of 936.60, 72.03, 29.60, 10.01, and 51.10 counts.
The pattern is analyzed using the software of HighScorePlus,
and the single phase is aluminum with the PDF code of 01-
089-2837 and displacement [°2θ] of 0.004. Figure 7b shows
the 2θ − sin2ψ diagram obtained from the X-ray measure-
ments made at nine ψ angles. The slope of the 2θ − sin2ψ plot
is computed by the least square method [36], and the normal
stress is then obtained.

4 Model validation

The analytical model of residual stress is validated by exper-
imental data. The stress loading histories are calculated by Eq.
(6) and Eq. (8). After the machining tool passes, the released
stresses are calculated by Eq. (15) and (16). In addition, the
proposed Model 1, which considers the variation of Taylor
factor in the flow stress and the plastic modulus, is also com-
pared to Model 2, which takes Taylor factor as a fix value of
3.06 [37]. The predictions and measured data of residual stress

are compared as shown in Figs. 8, 9, and 10, in which, the
predicted data of residual stress are successive and the value of
any depth into workpiece could be calculated. The measured
data is compared to the predicted value plotted on the data
dash line on the same depth into workpiece.

From the comparison, it is observed that Model 1 is able to
match the measured data with a 10.3% average error in tan-
gential direction and a 19.7% average error in normal direc-
tion, while Model 2 cannot match the measured data with a
47.4% average error in tangential direction and a 45.2% aver-
age error in normal direction.

In Fig. 8, it is seen that the tendencies of σxx and σyy are
nearly the same which is due to the distribution of mechanical
stresses induced by micro-plastic deformation that are similar
in tangential and traverse directions. In addition, the difference
between the modeling and experimental residual stresses is
large at shallow depth for case no. 1. The possible reasons
are summarized as follows: (1) the surface oxidation in the
residual stress measurement; (2) the microstructure evolution-
induced residual stress which is not considered in the predic-
tive model. Furthermore, compressive residual stresses on the
machined surface are usually beneficial since they increase

Fig. 11 Residual stresses of different Taylor factor in (a) x direction and (b) y direction

Fig. 10 The comparison result of case no. 3 in (a) x direction and (b) y direction
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both fatigue strength and resistance to corrosion cracking im-
posed by stress.

The above comparisons indicate that predictions from the
proposed residual stress model considering the variation of
Taylor factor show a better agreement with the measurements.
Improved accuracy suggests that the proposed models of
Taylor factor, flow stress, and plastic modulus are effective
and reliable.

5 Effects of Taylor factor and grinding
parameters on residual stress

To better understand the effects of grinding parameters on
residual stress induced bymicro-grinding, the sensitivity anal-
ysis is conducted and presented in this section.

In addition, Taylor factor, as the parameter to quantify the
COs and the corresponding ODF of workpiece material, is
also chosen in sensitivity analysis of residual stress. Through
analyzing the sensitivity of residual stress to Taylor factor, the
effect of Taylor factor to the residual stress could be displayed
directly. As a result, it will be an effective method to direct the
material preprocessing.

Figure 11 shows the comparison between the residual stresses
under different Taylor factor and same grinding condition of 6.28
m/s wheel speed, 10 μm depth of cut, and 10 mm/min feed rate.
It is observed that compressive stress occurs on the machined
surface when the Taylor factor is in the range from 5.60 to 9.75
on both tangential and traverse directions; maximum compres-
sive stress decreases with increasing Taylor factor; and the pen-
etration of the residual stress profile decreases with increasing
Taylor factor as well. The results agree excellently with the ear-
lier result reported by Pen et al. [38]; the distributions of stress are
various with different COs. Higher values of stress were ob-
served in the regions of the dislocation emission with a higher
Taylor factor, and the stress layer was thinner under the 1 1 1ð Þ
1 1 0
h i

orientation setup with a lower Taylor factor than others.

In addition, Liang et al. [39] reported that compressive stress is
produced on the surface of nanometric cutting of the plastic
material, and the stress increases then decreases with the cutting
depth, which is in excellent agreement with the prediction.

Figure 12 shows the comparison of residual stress under
different wheel speed and same grinding condition of 10 mm/
min feed rate, 10 μm depth of cut, and 5.60 Taylor factor. The
results show that tensile stress occurs on the machined surface

Fig. 12 Residual stresses of different wheel speed in (a) x direction and (b) y direction

Fig. 13 Residual stresses of different feed rate in (a) x direction and (b) y direction
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when wheel speed is larger than a critical value; maximum
compressive stress decreases with increasing wheel speed on
both tangential and traverse directions; tensile stress occurs in
the subsurface and the maximum tensile stress decreases with
increasing wheel speed; and the penetration of the residual
stress decreases with increasing wheel speed as well.

Figure 13 shows the comparison of residual stress under
different feed rates and same grinding condition of 6.28 m/s
wheel speed, 10 μm depth of cut, and 5.60 Taylor factor. It is
observed that compressive stress occurs on the machined sur-
face when the feed rate is smaller than a critical value on both
tangential and traverse directions; maximum compressive
stress increases with an increasing feed rate on both tangential
and traverse directions. Moreover, the penetration of the re-
sidual stress slightly increases with the increase of feed rate.

Figure 14 shows the comparison of residual stress under
different depth of cut and same feed rate of 10 mm/min, speed
wheel of 6.28 m/s, and Taylor factor of 5.60. It is concluded
that compressive stress occurs on the machined surface in the
range from 5 to 20 μm on both tangential and traverse direc-
tions; maximum compressive stress increases with increasing
cutting depth on both tangential and traverse directions.
Moreover, the penetration of the residual stress increases sig-
nificantly with the increase of depth of cut.

6 Conclusion

In this research, an analytical model is developed for the pre-
diction of micro-grinding-induced residual stress incorporat-
ing the mechanical and thermal loading. Additionally, the
Taylor factor model is proposed to quantify the effect of ma-
terial CO on flow stress and plastic modulus model.

The predicted residual stresses from the proposed model are
compared to the measurement data. The results show that the
predictions from the model considering the variation of Taylor
factor agree better with the measurements with a 37.1% average

error in the tangential direction, and a 25.5% average error in the
normal direction. The discrepancy of themaximum tensile stress,
the compression stress, and the penetration of residual stress,
between the prediction and experimental result, is acceptable. It
can be drawn that the Taylor factormodel is capable of predicting
the effect of CO on the residual stress.

The sensitivity of the residual stress to the process parameters
is analyzed. The analysis shows that, with an increasing Taylor
factor, the maximum compressive stress decreases on both tan-
gential and traverse directions, and the penetration of the residual
stress slightly decreases; with an increasing wheel speed, the
maximum tensile and compressive stresses decrease on both
tangential and traverse directions, and the penetration of the re-
sidual stress slightly decreases; with an increasing feed rate, the
maximum compressive stress increases on both tangential and
traverse directions, and the penetration of the residual stress pro-
file slightly increases; with an increasing depth of cut, the max-
imum compressive stress increases on both tangential and tra-
verse directions, and the penetration of the residual stress profile
increases. It is illustrated that a more compressive residual stress
can be induced by micro-grinding under lower grinding wheel
speed, smaller Taylor factor, higher feed rate, and larger depth of
cut, within the exploded range.

Even though many factors are analyzed by experiment and
modeling, the critical factors to the final residual stress were
not analyzed in the paper. In the further analysis, it is neces-
sary to analyze the critical factor by response surface method-
ology (RSM) or analysis of variance (ANOVA).
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