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Abstract Machining-induced residual stresses can signifi-
cantly influence the performance of machined parts, and many
scholars have contributed efforts to measure, evaluate, predict,
and control the distribution of residual stresses. In most pub-
lished researches, the residual stresses are analyzed as the
function of cutting parameters, tool parameters, or material
properties, but any of these parameters cannot decide the dis-
tribution of residual stresses solo and directly. And the com-
monly used evaluation criteria, like surface value, peak value,
and existing range, cannot reflect the overall distribution of
residual stresses. In this paper, a new approach to study this
issue was proposed, and the cutting loads, the cutting param-
eters, and the evaluation of residual stress field were unified to
the concept of energy and its mutual transformation with me-
chanical work. The effective cutting power on the machined
surface was analyzed, and the integral of strain energy density
over depth and the power of stored strain energy were sup-
posed to be the energy criteria of residual stress field. Face
milling experiments were carried out, and the cutting forces
and the in-depth residual stress distribution were measured.
According to the methodology proposed, the results showed
that with the increase of effective cutting power, the power of
stored strain energy increases with growing rate, which means
that the partition of cutting work stored as strain energy in-
creases simultaneously. And the integral of strain energy den-
sity over depth grows linearly with the effective cutting power
under the experimental conditions in this study.
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1 Introduction

Residual stresses in surface and subsurface layer of a ma-
chined component significantly influence the fatigue life, cor-
rosion resistance, and abrasive resistance of the parts [1-3].
And residual stresses are also a major cause of machining
distortion and dimensional instability for thin-walled struc-
tures [4]. Machining is the last manufacturing procedure for
many industrial products; thus, it is very important to accu-
rately predict and effectively control the machining-induced
residual stresses.

For the past several decades, many researches have been
carried out on machining-induced residual stresses. In most
studies, residual stresses are regarded as the function of cutting
parameters, tool parameters, or the properties of the workpiece
material [5]. In these studies, a group of parameters are cho-
sen, and after machining experiments, the value of surface
residual stress or the pattern of stress distribution are measured
and analyzed. In some researches, scholars proposed predic-
tion models in different forms, mostly based on data fitting
technology. El-Khabeery and Fattouh [6] studied the influence
of cutting speed, feed rate, and depth of cut on the value of
surface residual stress, and a second-order polynomial empir-
ical model was proposed to predict the surface stress. The
study of El-Axir [7] covered the influence of cutting speed,
feed rate, and the tensile strength of material, and a compli-
cated polynomial empirical model to predict the stress distri-
bution after machining was proposed. Capello [8, 9] carried
out a comprehensive study on the relation between machining
conditions and surface residual stress, taking into account the
influence of cutting parameters, the tool geometry parameters,
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and the chemical composition of workpiece material, and the
prediction model proposed specifies the variant effect of each
parameter. He et al. [10] used exponential model, which is
widely used in predicting cutting forces, to specify the influ-
ence of different cutting parameters and pre-stress on
machining-induced residual stresses. Intelligent algorithms
have also been introduced. Jafarian et al. [11] established
an intelligent system with artificial neural network and
genetic algorithm to improve surface integrity consider-
ing parameters like residual stresses and roughness. A
great many similar studies with various design variables
on different materials and different machining processes
have been published, and the conclusions are helpful to
understand the formation mechanism and distribution
law of machining-induced residual stresses from differ-
ent aspects. But as stated by Outeiro et al. [5], it is
difficult to achieve a unified conclusion on the influence
of a single parameter under the commonly used criteria
evaluating the machining-induced residual stresses, like
the value of surface residual stress, the peak value of
the tensile/compressive stress, the influencing range of
machining-induced residual stresses, and the depth of
the peak value.

Here, it might as well take the influence of cutting speed as
an example, which is among the most frequently studied in
this issue. In the research of M’Saoubi et al. [12] and
Arunachalam et al. [13], the surface residual stresses tend to
be more tensile with growing cutting speed, while the exper-
iments done by Outeiro et al. [5] and the finite element anal-
ysis of Zong et al. [14] showed an opposite trend. And in
Capello’s prediction model [8], the influence of cutting speed
is not considered as this influence is not significant according
to their former research. In analyzing the influence of many
other parameters, similar inconformity can be found. The dif-
ferences in experimental conditions and ranges of parameters
might be the main reason leading to the different conclusions,
or maybe, it is needed to look into this issue from other per-
spectives. One early research done by El-Khabeery and
Fattouh [6], with not so advanced measuring technology, in-
dicated the coupled influence of different parameter pairs.
This might not be enough. All the cutting parameters, tool
parameters, material properties, and maybe some other condi-
tions work synergistically to decide the distribution of residual
stresses.

It is widely accepted that the non-uniform plastic deforma-
tion caused by mechanical or thermal loads and changes of
phase or density are the main sources of residual stresses [3,
15]. In normal machining process, the temperature is
controlled much lower than the phase changing temper-
ature of the workpiece material, and thus the coupling
thermomechanical loads are often used as the main
sources of machining-induced residual stresses in the
theoretical analysis [16, 17]. Yao et al. [18] analyzed

@ Springer

the formation mechanism of machining-induced residual
stresses in detail and specified the effects of cutting forces
and temperature. Ma et al. [19] analyzed the evolution mech-
anism of the stress field during machining process with finite
element method, illustrating the three stress zones in front of
the cutting edge, along the reverse extension direction of the
shear deformation zone and near the machined surface due to
the cutting forces and temperature gradient. As cutting forces
are much easier to measure than stress and temperature distri-
bution, it is of practical significance if the stress distribution
can be predicted with measured cutting forces. But as a matter
of fact, most experimental studies on residual stresses did not
include the measurement of cutting forces, and most of those
that measured cutting forces just considered them as the func-
tion of cutting parameters and a reference for analyzing the
measured results of residual stresses [12, 20-22], while little
direct and quantitative analysis of the relation between cutting
forces and stress distribution is carried out. Outeiro et al. [5]
evaluated the surface residual stresses in function of the three
orthogonal components of cutting force and the temperature,
which might be a new clue to understand residual stresses.
Unfortunately, no obvious trend was found, and Outeiro
et al. concluded that cutting forces seem to be of small help
to predict residual stresses if being taken alone.

Following the analysis given above, there are two problems
need to be solved. Firstly, new physical quantities or concepts
that can connect forces, stresses, and temperature are needed
for the theoretical analysis on the formation mechanism of
residual stresses. Secondly, the commonly used criteria of re-
sidual stresses can only reflect limited aspects of residual
stress distribution, leaving the overall state of stress field un-
revealed, and new criteria are needed to fill this gap. The
solution of these two problems may come to the same exit,
the concept of energy, the work, and their reciprocal
transformation.

In this study, the power of work done to the work-
piece and its effective partition on the machined surface
are analyzed and calculated, which can be analyzed as
the function of cutting forces, speeds, and the cutting
edge radius of the tool. A large partition of work done
to the workpiece may dissipate as heat and result in the
large-gradient temperature field. And another partition
of the cutting work is stored in the workpiece material.
The residual stress field is supposed to be the outward
manifestation of the stored energy. The integral of strain
energy density over depth and the power of stored
strain energy are proposed to be the energy criteria of
machining-induced residual stresses. A group of experi-
ments were performed, and the cutting forces and the
in-depth distribution of residual stresses were measured.
The cutting power items were analyzed, and the residual
stress distribution of each test was evaluated with the
proposed energy criteria.
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2 Theoretical analysis
2.1 Effective cutting power in face milling

Power is the rate of mechanical work, and cutting power is
often calculated with the cutting parameters and the corre-
sponding cutting force components that can be measured with
a multi-channel dynamometer or be predicted with empirical
or theoretical models [23, 24]. Shao et al. [25] proposed a
simplified prediction model for cutting power, where the tan-
gential component of the cutting force, as well as the corre-
sponding cutting power, is divided into two parts and estimat-
ed with empirical models, respectively. Though the sources of
the power consumption were not specified clearly in this re-
search, the prediction model infers that the total cutting power
can be divided into the power needed to remove certain vol-
ume of workpiece material (termed as chip formation power in
this paper) and the power consumed due to the frictional
movement between tool and workpiece (termed as frictional
power in this paper).

It is not difficult to achieve a real-time measurement of
three-directional cutting forces with currently available tech-
niques, and in this study, we proposed a method to calculate
cutting power with the measured cutting forces. A simplified
three-dimensional calculation diagram of cutting forces and
speeds is shown as Fig. 1, where F,, F,, and F are the total
cutting forces along feeding (x), peripheral (y), and axial (z)
directions, respectively, which can be measured directly with a
three-directional dynamometer; F¥. is the frictional force be-
tween the machined surface and the relief face of the tool, and
Fr, and FF,, are the components of £ along x and y directions,
respectively; F, and Fc, are chip formation forces in xOy
plane; v, and v, are the speeds of the engaged tool tip along
feed and peripheral directions, respectively, and v, is the resul-
tant velocity in xOy plane; ¢ is the angle between v, and v,. It
is worthy of notice that the frictional movement between
formed chip and the rake face of the cutting tool may also
contribute to the three-directional cutting forces, but as it is

Feeding (x) dir. Vi
Peripheral
(v) dir.
Axial

(2) dir.

Insert in .

cutting

Uncut
specimen

Machined
surface

difficult to accurately predict the chip flow velocity and direc-
tion in milling, in this study, this component was not specified
in the calculation of cutting power. The frictional force in
Fig. 1 is assumed to be just acting on the machined surface
and can be calculated directly with the measured axial cutting
force.

Based on the analysis above, the components of cutting
power can be calculated with Eq. (1).

Pr =Py +Pc
PF = FFVr
Pc = Feovx + Fovy = (Fye Fr)ve + (Fy=Fry)vy

Fr=puF,, vr=1/v)2€+v§

Fge = Fgcosp, Fpy= Fgsing, ¢ = arctan(vy/vx)

(1)

where Pr is the total cutting power; Pr. is the frictional power;
Pc is the chip formation power; (4 is the friction coefficient
between tool and workpiece material under cutting conditions.

It is worthy of notice that not all the cutting power is done
to the machined surface. The work done by Fc, and F¢, are
mostly on the chip and is taken away continuously during
machining process; however, due to the rounded cutting edge,
part of the material in front of the cutting edge may flow
downwards and become part of the machined surface, and a
separation point exists ahead of the stagnation zone [26-28],
as shown in Fig. 2. The experimental research carried out by
Ozturk and Altan [27] showed that the height of separation
point from the nominal machined surface (a) is a variable
decided by the cutting conditions like tool edge radius (r.),
depth of cut (?), cutting speed (v), and the value of the separa-
tion angle (€) lies between 56° and 64° under the conditions of
their experiment. Much experimental and theoretical research
still needs to be done to model the material behavior during
machining process and to predict the accurate position of the
separation point. For the time being and as an approximation,
the separation angle can be assumed to be a constant, {=60°,
and the height of the separation point from the nominal ma-
chined surface (@) is approximately equal to one half of the
edge radius, a~(1—cosf) r.=0.5r,.

Chip

Material that

flows upwards .
P Stagnation Zone

Material that

flows downwards ~ Seperation point

Fig. 1 Simplified model for the cutting forces and velocities in face
milling

Fig. 2 Schematic of material flow with rounded cutting edge (similar to
the figure in Guo et al. [28])
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It can be assumed that the work done by chip formation
forces to the material that flows downwards is one source of
the stored energy in machined surface layer. And the effective
cutting power on machined surface can be expressed as

Eq. (2):

Ve

a
PEZPF—F?PC:PF-F%PC (2)

2.2 Energy criterion of stress distribution

It has long been recognized that the cold work done on a
specimen may be transformed into heat and stored energy,
and the partition of cold work into heat and stored energy
depends on the deformation process [29]. Actually, the resid-
ual stress field is an important source of stored energy. The
material with tensile or compressive residual stress stores en-
ergy like the spring being stretched or compressed.

Cutting process itself is a typical large strain, high
strain rate plastic deformation process, but for the object
in this study, the machined surface and subsurface layer,
the plastic strain is far smaller than that in the shear
deformation zone where severe shear deformation hap-
pens. Figure 3 shows the plastic strain simulation results
in face milling of SCM440H, performed with the profes-
sional metal cutting simulation and optimization soft-
ware, Third Wave Systems AdvantEdge. The cutting pa-
rameters are as follows: cutting speed is 100.53 m/min,
feed per tooth is 0.2 mm, and depth of cut is 0.4 mm.
And the Power Law material model of SCM440H and
the other FEM settings were the same with Liu et al.
[30], which has been proved of acceptable accuracy.

For the residual stress field, the material is in elastic defor-
mation state. As the plastic strain in machined surface is small,
to simplify the problem, the following theoretical analysis
does not take into account the plastic deformation history dur-
ing machining process, and the deformation is assumed to be
within linear elastic range. In addition, the commonly used
metal material can be regarded as isotropic material. Based
on the basic laws of elastic mechanics, the strain energy

density of one certain point in the residual stress field can be
expressed as follows:

1 1 1
WR = 50' e = EO’,‘jE,‘j = ﬁ(f,‘j[(l + V)Uij_yo-kk(sij}
E v
201 +v) [ 200+ <oy

3
where Wy is the strain energy density; o is the stress tensor,

and oy (i, j=1,2,3) means the components of stress tensor in
three-dimensional space; ¢ is the strain tensor, and €;; (i, j=1,2,
3) means the components of strain tensor in three-dimensional
space; ¢; is Kronecker J, whose value is 1 (when i=j) or 0
(when i#j); E is the Young’s modulus of the material; v is the
Poisson ratio of the material.

With Eq. (3), one can calculate the strain energy of the
residual stress field with residual stress tensor (or the strain
tensor). But with currently available measuring techniques, it
is difficult to identify all the components of strain or stress
tensor in machined surface. For the commonly used X-ray
diffraction method, which can only detect the surface residual
stresses in most engineering materials, the practical technique
is as follows: (a) measure the stresses in two perpendicular
directions on surface, (b) remove a thin layer of material with
electro-polishing, (c) measure the stresses on new surface, and
(d) repeat steps b and c until the stress distribution tend to be
stable. Thus, a simplified expression is proposed to estimate
the strain energy density with easily accessible components of
stress tensor, shown as Eq. (4).

1 1
WRr = = ORR*€ERR = EO’%{R(Z) (4)

2
where oy is the resultant stress of the measured two stress
components in two perpendicular directions (or, and og,),

and opr = /0%, + aiy; err is the residual strain corre-

sponding to ogg.

The distribution of residual stresses can be assumed to be
uniform for the surface machined with the same parameter
within planes parallel to the machined surface, so the strain
energy density is a function of the depth from machined

Fig.3 Estimation of plastic strain
on the machined surface with
FEM simulation. a FEM
simulation setup. b Simulated
plastic strain after milling

Plastic
Strain

Chip

» \
Cutting \
zonc

Specimen

Machined surface

(a) FEM simulation setup
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(b) Simulated plastic strain after milling
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Table 1  Chemical composition of SCM440H (% in weight)

C Si Mn P S Cr Mo Ni Cu

041 025 077 0.021 0018 109 016 0.08 0.09

surface (z). The integral of the strain energy density over
depth, which can reflect the quantity of stored energy within
the machined surface and subsurface layer caused by machin-
ing process, is the first energy criterion and can be calculated
with Eq. (5):

WRI == JO WR<Z)'dZ (5)
where Wy is the integral of the strain energy density over
depth, whose dimension is (m/t), and the unit in ST (kg-m-s)
unit system is (N/m); z is the influencing depth of machining-
induced residual stresses.

The second energy criterion is defined as the power of
stored strain energy, which means the strain energy stored into
the workpiece material in unit time during the machining pro-
cess. And it can be calculated with Eq. (6):

PR = WR['VC'b (6)

where Py is the power of stored strain energy, whose dimen-
sion is (m L?/t%), and the unit in SI (kg-m-s) unit system is
Watt; v, is the cutting speed; b is the uncut chip thickness, i.e.,
the instantaneous width of cut.

The fraction of the partition of cutting work stored as strain
energy (o), as a function of effective cutting power, can be
calculated with Eq. (7):

a(PE) :PR/PE (7)
For the two energy criteria mentioned above, Py is to mea-

sure the accumulation rate of energy stored as strain energy

Fig. 4 Setup for milling process
and cutting forces measurement
Milling tool

Work Table

during the cutting process, reflecting the properties of the ma-
chining process, and Wy is to measure the overall stress state
of the machined surface and subsurface layer, which is the
final outcome of a certain cutting process.

3 Experiment procedures

To show the validity of the energy criteria, face milling exper-
iments were carried out. The workpiece material used was
SCM440H, a low-alloy steel in Japanese Industrial Standard,
and its chemical composition is listed in Table 1.

Nine specimens, whose dimensions are 80 mmx30 mmx
6 mm, were prepared with SCM440H. The top surfaces of all
workpieces were ground with same parameters, and before
machining, annealing process with argon gas protection was
performed to remove initial stresses. The milling experiment
was performed on a DMG machining center, DMU 60
monoBLOCK. The specimen was fixed onto a specially de-
signed fixture with melt adhesive and then the fixture was
bolted to a Kistler 9257B dynamometer, as shown in Fig. 4,
and the sampling rate of cutting forces was set as 5000 Hz.
The cutting forces signal from the dynamometer was ampli-
fied by Kistler 5070A Amplifier and then processed with data
processing software, Dynoware and Matlab. A 32-mm diam-
eter, two-teeth milling tool was chosen, and carbide inserts
were used. The radial and axial rake angles of the milling tool
were 2.5° and 5°, respectively; the lead angle was 0°, and the
cutting edge radius was 0.04 mm.

To limit the number of tests while fully covering the influ-
ence of cutting parameters like cutting speed, feed per tooth,
and depth of cut on machining-induced residual stresses. A
three-factor and three-level orthogonal experiment design was
utilized. The cutting parameters of each test are listed in
Table 2. Dry cutting conditions were kept in all experiments.

o> Feeding (x) dir.
Peripheral (y) dir.
Specimen : .
(SCM440H steel) Fixture Axial 2) dir.
Dynamometer Computer
(Kistler 9257B) &
Processing

Software

Kistler Dynoware

i

Amplifier
(Kistler 5070A)
A

Cutting Forces
Signal
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Table 2  Combinations of cutting parameters

Test no. Spindle speed [rpm] Feed per tooth [mm] Depth of cut [mm]

1 1000 0.10 0.2
2 1000 0.15 0.3
3 1000 0.20 0.4
4 1400 0.10 0.3
5 1400 0.15 0.4
6 1400 0.20 0.2
7 1600 0.10 0.4
8 1600 0.15 0.2
9 1600 0.20 0.3

After milling process, the residual stresses were measured
with X-350A X-ray diffraction stress analyzer, produced by
Handan Stress Technologies Co., Ltd. CrK« tube (20 kV,
5 mA) and 2-mm diameter collimator were used (211), crystal
plane was chosen, and the 26 scanning range was set as 152°
to 161°. In order to determine the residual stresses in the sub-
surface layer, the electro-polishing technique was used. The
in-depth distribution residual stresses along x (feeding) and y
(peripheral) directions (or, and og,, respectively) were mea-

sured at the central point of the workpiece, as shown in Fig. 5.

4 Results and discussion
4.1 Analysis of cutting forces

The cutting forces changed periodically during the milling
process. Figure 6 shows the original measured data for test
no. 1 within one cutting cycle. As the residual stresses at the
central point of the specimens were studied, the cutting forces
at central line was calculated by averaging the 20 points of the
originally measured data near the central line in each cutting
cycle and then averaging these central values of all the stable
cutting cycles. The results are shown in Fig. 7, where Fc, Fc,
and F,c are the cutting forces along feeding, peripheral, and
axial directions at the central line, which are the same with
radial, tangential, and axial directions in the tool coordinate
system, respectively.

Fig. 5 Measurement of the in-
depth distribution of residual
stresses. a Measurement of
surface stresses. b Measurement
of subsurface stresses

120

|
|
100 !
.
WY

o
[«

B D
oS O

Y
S

A
S

Cutting forces per cycle [N]
[}
(e

N
S

0.02 0.03
Cycle Time [s]

Fig. 6 Original measured data of the three-directional cutting forces

4.2 Measured residual stress distribution

After machining, the in-depth distribution of residual
stresses along feeding and peripheral directions was mea-
sured, and the resultant residual stress was calculated, as
shown in Fig. 8. The residual stresses along the two
directions change approximately simultaneously for each
test. The machining-induced residual stresses in feeding
and peripheral directions are both tensile at the machined
surface and fall off to a maximum compressive state with
the increase in depth, after which the compressive stress-
es decrease and approach a steady value next to zero in
near workpiece substrate. The energy criterion, Pg and
Wr1, were calculated with Egs. (4)—(6).

4.3 The influence of effective cutting power

A key factor for the calculation of cutting power with mea-
sured cutting forces is the friction coefficient (1) between
SCM440H (workpiece material) and cemented carbide (tool
material). Lan et al. [31] carried out experiments on the ma-
chining of SCM440H with cemented carbide inserts, and the
results indicated that 1 is dependent on the cutting parameters,
or more exactly, the consequent temperature, the normal
stress, and the speed of relative movement. Further research
on building an accurate model still needs to be carried out, yet

(a) Measurement of surface stresses
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(b) Measurement of sub-surface stresses
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Fig. 7 Three-directional cutting forces at central line

for a simplified qualitative analysis, in this study, p was set as
a constant 0.65.

The Young’s modulus of SCM440H is 2.1x10'" Pa.
And at the central line, the speed of tool tip in feeding
direction (v,) is equal to the feeding speed (vy), and the

speed of tool tip in peripheral direction (v,) is equal to
the main cutting speed (v.):

vy =vi=Nf,n
Ve = mDn

(8)

=
Il

where N is the number of teeth (=2); f, is feed per
tooth; n is the spindle speed; D is the diameter of tool
(=32 mm).

With the data in Table 2 and Fig. 7, and Egs. (1) and (2), the
items concerning the effective cutting power were calculated.
The influence of effective cutting power on the value of sur-
face residual stresses and the variables about the stored strain
energy were analyzed, as shown in Fig. 9.

According to Fig. 9a, with the increase of the effective
cutting power, the tensile residual stresses on the machined
surface tend to become larger. According to the commonly
accepted formation mechanism of machining-induced residu-
al stresses [3, 32], the stress curves shown in Fig. 8 indicate
that the thermal loads and frictional loads play the main role in
deciding the stress distribution pattern under the experimental
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Fig. 8 In-depth distribution of machining-induced residual stresses
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conditions of this study. And these loads are all in positive
correlation with the effective cutting power calculated with
Eq. (2).

Figure 9b, c indicates that under the designed experimental
conditions, the power of strain energy increases at growing
rate with the increase of effective cutting power. The discrete
data in Fig. 9b can be fitted with a second-order polynomial,
as Eq. (9), and correlation coefficient R*=0.849.

Pr = 0.0002P%—0.07Pg 9)

where Py and Pg are in Watt.

The experimental research of Hodowany et al. [33] shows
that for the representative rate-insensitive and rate-sensitive
materials and under different strain rates, with the increase
of cold work and the consequent plastic strain, the fraction
of'the rate of cold work dissipated as heat () firstly decreases,
then reaches a relatively steady state, and later becomes larger
with the further increase of plastic strain. In normal machin-
ing, the temperature is not very high and it can be assumed that
no phase change and chemical reaction happen in this process.
Thus, it can be further assumed that the cold work done during
machining process either dissipates as heat or be stored in the
residual stress field, i.e., a+(=1. As analyzed, the plastic
strain in the machined surface layer is not very big, and thus,
in normal cutting process, « for the machined surface may lie
in the range where it increases with the increase of effective
cutting power, which may qualitatively explain the curves in

Fig. 9b, c. And a specific research into the partition of cold
work into heat and stored energy for SCM440H material un-
der cutting conditions will be carried out in the future.

Figure 9d shows that the stored strain energy within the
machined surface and subsurface layer is approximately in
direct proportion to the effective cutting power. The calculated
data can be fitted with Eq. (10) with a fine correlation coeffi-
cient R*=0.917. The cutting power is in positive relation with
cutting speeds. With larger speeds, the cutting power grow
larger, but the time to machine unit volume of material and
to generate the corresponding unit area of machined surface
become smaller, which achieves a delicate balance to form the
linear relation. The proposed criterion Wy might be useful in
predicting the stress distribution.

Wi = 0.1094Pg (10)

where Wy is in newton per meter, and Pf is in Watt.

5 Summary

In this paper, a new approach to evaluate, analyze, and predict
the machining-induced residual stresses was proposed. The
cutting parameters, the cutting loads, and the evaluation of
residual stress field are unified to the concept of energy. The
effective cutting power on the machined surface was ana-
lyzed, and the integral of strain energy density over depth

20

Fig. 9 The influence of effective 600
power on residual stress 500 4
distribution. a Influence on
surface stresses. b Influence on
power of stored energy. ¢
Influence on rate of cold work

400 A

300 A

stored as strain energy. d
Influence on integral of strain
energy density over depth
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and power of stored strain energy were supposed to be the
energy criteria of machining-induced residual stresses. With
the theoretical analysis and the experimental results in this
paper, the following conclusions can be drawn:

(1) The residual stress field is a strain energy field. The over-
all distribution state of residual stresses, including the
value and existing range, is correlated to the amount of
energy stored. Thus, the proposed energy criterion, the
integral of strain energy density over depth and the pow-
er of stored strain energy, can be used to evaluate the
stress distribution.

(2) Under the experimental conditions of this study and
many other machining experiments, the surface residual
stresses are tensile, which indicates that the frictional
force and thermal effects play the main role in deciding
the final stress distribution.

(3) For normal machining process (or at least the conditions
in this study), as the plastic strain of the machined surface
is small, the fraction of partition of mechanical work
stored as strain energy tends to be larger with the increase
of effective cutting power. And the consequence of this
trend is that the power of stored strain energy increases at
growing rate with the increase of effective cutting power.

(4) With the increase of effective cutting power, and to some
extent the corresponding decrease of time consumption
to generate unit area of machined surface, the integral of
strain energy density over depth, which measures the
amount of energy, increases approximately linearly in
this study.

The analysis of energy criteria and cutting power may pro-
vide a new approach to analyze and model the machining-
induced residual stress, as they can reflect the relation among
cutting parameters, cutting loads, and stress field. And more
successive research will be carried out to confirm the feasibil-
ity of the method.
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