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Abstract

Five-axis milling makes it possible to control the relative pose between a tool and surface normal of a workpiece, and is widely
used in manufacturing. In this study, an experimental investigation of the application of parameter inversion for residual stress
adjustment in five-axis milling has been conducted based on two methods: an orthogonal experiment with interaction of factors
and a random setting of the expected residual stress. The results of the orthogonal experiment with interactions of factors show
that the significance of the influence of the machining parameters on the residual stress obtained with parameter inversion is
similar to the experimental results. The results of the experiment with a random setting of the expected residual stress show that
the average of the difference between the measured and expected results for the 30 cutting conditions is only 0.3951 MPa, which
indicates that residual stress prediction using parameter inversion is statistically effective. Moreover, the results show that using
parameter inversion, the correctness of the prediction of compressive and tensile residual stress is 73.33%, which is higher than
the 50% value that is achievable without any adjustment. Overall, the results of the experimental investigation in this paper show
that residual stress adjustment based on parameter inversion is applicable for five-axis milling, which shows the potential of this
adjustment method for industrial applications.

Keywords Machining - Orthogonal experiment with interaction of factors - Residual stress - Parameter inversion

1 Introduction

Five-axis milling makes it possible to accurately control
the relative pose between a tool and the surface normal of
a workpiece, which is very useful for improving the cut-
ting conditions of the tool insert and enhancing machining
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efficiency and geometric accuracy. It has been widely
used for manufacturing parts with complex surfaces, such
as die surfaces and integral impellers. It is worth noting
that when machining these complex surfaces using five-
axis milling, the angle between the tool and the surface
normal of the workpiece cannot be set arbitrarily, as it is
constrained by the overall shape of the workpiece to avoid
interference between the tool and workpiece. However,
when machining surfaces with a large radius of curvature,
such as turbine blades and controllable-pitch propellers,
the angle between the tool and surface normal of the
workpiece can be set in a wide range. In these cases, a
cutting tool with an annular cutter can be used. Compared
to ball end milling, machining with an annular cutter is
more efficient, particularly for machining large parts.
However, these types of parts (e.g., turbine blades and
controllable-pitch propellers) bear alternating loads in ser-
vice, which means that residual stress in the machined
surface layer of the parts will impact their service life
[1]. Because machining is usually used as the final
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procedure to guarantee the geometric accuracy of parts,
residual stress induced by milling will directly affect the
service life of the parts. Therefore, research on residual
stress adjustment for five-axis milling using an annular
cutter is important.

Machining-induced residual stress is affected by both me-
chanical stress and thermal stress [2]. The distribution of me-
chanical and thermal stress is influenced not only by the am-
plitude of the cutting force and the cutting temperature but
also by their distribution area [3, 4]. In general, the cutting
force amplitude, cutting temperature, and their distribution
area are determined by the geometry of the uncut chip. For
example, in external turning, the geometry of the uncut chip is
generally determined by the feed rate and depth of cut. The
cutting speed can affect the shear angle, which will also affect
the geometry of the uncut chip. Huang et al. [5] experimen-
tally investigated the effects of the cutting speed, feed rate, and
depth of cut on the temperature penetration depth using a
physical vapor deposition method. The results indicated that
even though the cutting force increases with increasing feed
rate, the maximum cutting temperature decreases. This is be-
cause the distribution areas for the cutting force and cutting
heat increase with increasing feed rate, which results in a
reduction in the maximum cutting temperature. For theoretical
modeling, Komanduri and Hou [6] constructed an analytical
model of the cutting temperature field for orthogonal cutting
by introducing mirror heat source. Based on their work,
Huang and Yang [7] improved the model by introducing the
heating time, which is affected by the contact length of the
heat source. However, the contact length of the heat source is
affected by the uncut chip thickness and shear angle, demon-
strating the importance of the uncut chip geometry for the
cutting temperature field. Based on the above temperature
field model, Huang et al. [8] constructed an analytical model
of the stress field during orthogonal cutting. The computed
stress field is more consistent with photoelasticity experimen-
tal results than traditional models. This stress field model
could provide more accurate stress inputs for residual stress
models. Huang and Yang [9] then improved the analytical
model for the residual stress based on the above stress field
model by introducing initial conditions, making it possible to
obtain a unique solution for the residual stress during stress
relaxation procedures. This improved residual stress model
established mapping relationships between the input parame-
ters and residual stress, which can be used to analyze the
mechanism by which the input parameters influence the resid-
ual stress. With the introduction of a multivariable decoupling
method, Huang and Yang [10] investigated the influence of
parameters including the shear angle, depth of cut, and rake
angle on the residual stress. The results show that in theory,
when the tool geometry and workpiece material are un-
changed, the residual stress is determined by the cutting speed
and the geometry of the uncut chip.

@ Springer

For milling processes, even though the geometry of the
uncut chip is more complex than in orthogonal cutting, it
can be determined by five machining parameters: the feed
rate, front obliquity, side dip angle, depth of cut, and residual
height (note that the residual height represents the cutting row
spacing in milling processes). Similarly, when the tool geom-
etry and workpiece material are unchanged, the residual stress
induced by milling can be determined by the cutting speed and
the geometry of the uncut chip. Therefore, there are a total of
six machining parameters that determine the machining-
induced residual stress, which is very similar to the six spatial
degrees of freedom necessary to determine the endpoint of a
gesture for a robot; the cutting speed, front obliquity, and side
dip angle correspond to rotational degrees of freedom, while
the feed rate, depth of cut, and residual height correspond to
translational degrees of freedom. Note that because three-axis
or four-axis milling cannot be used to control the angle be-
tween a tool and the surface normal of a workpiece when
milling a curved surface, they cannot be used to control the
geometry of the uncut chip. Therefore, in theory, they cannot
be used to control the residual stress during milling of a curved
surface.

The importance of residual stress for the service life of parts
has been emphasized by numerous studies. Chen et al. [11]
investigated the role of residual stress in stress corrosion
cracking at neutral pH. The results indicate that the tensile
residual stress is a large mechanical driving force for crack
nucleation and short crack growth. Withers [12] reviewed
the effect of residual stress on fatigue. The results showed a
series of the effects of residual stress on plastic collapse, frac-
ture, fatigue, thermal fatigue, creep cavitation cracking, and
stress corrosion. To obtain parts with a longer service life for
industrial requirements, it is important to be able to predict the
expected residual stress. Then, in order to obtain the desired
residual stress, it is necessary to determine the input parame-
ters that correspond to the desired residual stress. However,
for machining-induced residual stress, the existing studies
have typically focused on constructing the mapping relation-
ships from the machining parameters, tool parameters, and
workpiece material to the residual stress. For example,
Arrazola et al. [13] presented recent advances in modeling
metal machining processes. These studies have tended to es-
tablish a model to predict the residual stress with known input
parameters. Brinksmeier et al. [14, 15] proposed a concept
called Process Signatures, which aims to solve the inverse
surface integrity problem in machining process, i.e., to find
appropriate cutting parameters based on surface integrity.
Because in actual machining processes, it is necessary to de-
termine the input machining parameters that correspond to an
expected residual stress. Huang et al. [16] addressed this prob-
lem by proposing a method to control machining-induced re-
sidual stress using parameter inversion, which could be used
to compute the input machining parameters (e.g., the cutting
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Table 1 Tested values for each

machining parameter 1 2 3 4 5 6
Feed rate (mm/  Cutting speed Front Side dip Residual height ~ Depth of cut
tooth) (mm/s) obliquity (°) angle (°) (mm) (mm)
1 0.02 400 6 0 0.005 0.5
2 0.06 800 10 3 0.01 1
3 0.09 1300 14 6 0.02 1.5
4 012 1900 18 9 0.04 2
5 0.14 2500 22 12 0.07 25
Table 2 Cutting conditions and corresponding residual stresses (the

speed and feed rate) based on the desired residual stress. Using
the computed input machining parameters, the expected resid-
ual stress can be achieved. However, the method in that study
is focused on orthogonal cutting and an analytical model for
the residual stress, and requires further research for the pur-
pose of industrial application. In this study, residual stress
adjustment based on parameter inversion for five-axis milling
using an annular cutter is studied and verified.

1.1 Nomenclature

Olndex of output (residual stress)

AInput parameter

a;oReference value for A;

H(ayo, aso, ..., ay, ..., ayo)Reference value of O computed
USIng @y, @20, -5 A0y -+ -5 Ano

O(A))Fitting function for O with A;

AO" Change in O caused by a change in A;

2 Establishment of parameter inversion
for five-axis milling-induced residual stress
adjustment

2.1 Fitting curves for the input parameters
and residual stress

According to the theory of parameter inversion for resid-
ual stress adjustment proposed in a previous paper of
Huang et al. [16] (as mentioned in Section 1), reference
values for the input parameters and fitting curves for the
input parameters with the residual stress should be deter-
mined. For the five-axis milling in this study, there are six
input machining parameters: the feed rate, cutting speed,
front obliquity, side dip angle, residual height, and depth
of cut. When the cutting tool and workpiece material are
unchanged, the residual stress can be determined using
these six machining parameters. To construct fitting
curves for these machining parameters with the residual
stress, each parameter was assigned 5 values, as listed in
Table 1, in which the reference values for the machining

cutting condition for the reference machining parameters and resulting
residual stress is in italics)

No. 1 2 3 4 5 6 Average
Feed Cutting Front Side  Residual Depth measured
rate  speed  obliquity dip height of cut residual
(mm/ (mm/s) (°) angle (mm) (mm)  stress
tooth) ©) (MPa)

1 014 1300 14 3 0.02 L5 -9.23

2 012 1300 14 3 0.02 1.5 - 1491

3 009 1300 14 3 0.02 1.5 —4.58

4 0.06 1300 14 3 0.02 1.5 - 17.69

5 002 1300 14 3 0.02 1.5 19.74

6 0.09 2500 14 3 0.02 1.5 - 1.66

7 0.09 1900 14 3 0.02 1.5 10.27

§ 009 1300 14 3 0.02 15 5.24

9 0.09 800 14 3 0.02 1.5 5.49

10 0.09 400 14 3 0.02 1.5 —13.51

11 0.09 1300 22 3 0.02 1.5 —27.01

12 0.09 1300 18 3 0.02 1.5 —16.66

13 0.09 1300 14 3 0.02 15 3.89

14 0.09 1300 10 3 0.02 1.5 6.68

15 0.09 1300 6 3 0.02 L5 7.69

16 0.09 1300 14 12 0.02 1.5 2.80

17 0.09 1300 14 9 0.02 1.5 10.46

18 0.09 1300 14 6 0.02 1.5 8.37

19 0.09 1300 14 3 0.02 1.5 246

20 0.09 1300 14 0 0.02 1.5 -2.95

21 0.09 1300 14 3 0.07 1.5 19.61

22 0.09 1300 14 3 0.04 1.5 14.58

23 0.09 1300 14 3 0.02 15 29.61

24 0.09 1300 14 3 0.01 1.5 -17.15

25 0.09 1300 14 3 0.005 1.5 23.33

26 0.09 1300 14 3 0.02 25 29.79

27 0.09 1300 14 3 0.02 2 13.43

28 0.09 1300 14 3 0.02 1.5 7.92

29 0.09 1300 14 3 0.02 1 -5.39

30 0.09 1300 14 3 0.02 0.5 36.12

Average residual stress for the reference machining parameters (after
removal of the maximum and minimum values): H(a,o, dz9, dz0, A4,
aso, ago) = (5.24 +3.89 + 2.46 + 7.92)/4 = 4.88 MPa
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Fig. 1 a Cutting tool (Sandvik
annular cutter, No. 600-1045E-
ML1030), b machine tool
(Kikron UCP 800 Duro), and ¢
workpiece (nickel aluminum
bronze alloy) used in this study

parameters are given in italic. Note that in this paper,
reference values were selected based on the requirement
of semi-finishing in five-axis milling. It depends on the
requirement of the users. A series of cutting conditions
can then be designed, as summarized in Table 2. Note that
the reference machining parameters are repeated 6 times:
in rows 3, 8, 13, 19, 23, and 28.

For the milling processes using the cutting conditions
in Table 2, a Sandvik annular cutter (No. 600-1045E-
ML1030) was used to machine a nickel aluminum bronze
alloy with a Kikron UCP 800 Duro machine tool, as
shown in Fig. 1. Three workpieces were used. To reduce
positioning error for each clamping, the cutting area was
successive for each five cutting conditions listed in
Table 2. The residual stress measurements were based
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on the energy-based method improved by Jin et al. [17].
In that study, an improved energy-based method was pro-
posed to measure the equi-biaxial residual stress of bulk
materials using spherical indentation. More details on this
method can be found in [17]. The residual stresses were
all measured using the same equipment, as shown in Fig.
2. Therefore, systematic errors are the same for all of the
measurement data in this study. Moreover, for each cut-
ting condition, the residual stress was measured at nine
sample points (the total number of sample points for all
cutting conditions is thus 9 x 30 = 270), and the average
values are used to represent the residual stress corre-
sponding to each cutting condition (original measurement
data is provided in Table 8 of the Appendix). This
allowed a higher reliability of the mapping relationship
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Fig.2 Setup for the measurement
of residual stress based on the
energy-based method

between the measured residual stress and machining pa-
rameters to be obtained. The average residual stress for
each cutting condition is listed in the rightmost column of
Table 2.

As shown in Table 8 of the Appendix, the difference
among the data from the nine sample points is large. The
first reason is that the sample points in the same case are
selected in different positions in the area machined using
the same cutting parameter. The data of the sample points
was not repeatedly measured in the same position because
the residual stress measurement method (energy-based
method) used in this paper will generate a small hole in
the measured position, which will disturb the original dis-
tribution of machining-induced residual stress. The theory
to predict machining-induced residual stress is based on
the theory of elastoplastic mechanics; therefore, the work-
piece material is considered as a homogeneous and isotro-
pic medium. Based on this hypothesis, for the same cut-
ting parameter, the residual stresses on different positions
of machined surface should be the same. However, the
actual material is not a homogeneous and isotropic medi-
um, which will cause the machining-induced residual
stress on different positions of the machined surface to
not be always the same. In this paper, in order to reduce
the difference of machining-induced residual stress caused
by the inhomogeneity of workpiece material, the experi-
mental samples were selected in the adjacent area in the
same casting material. Even though the inhomogeneity of
the workpiece material is always existing, the difference
among the data from the nine sample points cannot be
avoided. To some extent, the average value of the nine
sample points is used to “homogenize” the workpiece ma-
terial. Except for measurement errors, the variance and

isplaceme®t sensor

standard deviation reflect the inhomogeneity of the work-
piece material. Its research should be the task of the cast-
ing of material and belongs to the subject of material. The
intention of this paper is to provide the knowledge of the
adjustment of machining-induced residual stress based on
the hypothesis of elastoplastic mechanics.

Using the experimental data in Table 2, fitting curves
for each machining parameter and the residual stress
could be obtained using the smoothing spline fitting meth-
od in Matlab, as shown in Fig. 3. Using the Matlab func-
tion “feval(fitmodell,x)”, the value of the fitting function
for each input parameter “x” could be computed.

2.2 Linear inversion for adjustment of five-axis
milling-induced residual stress

According to the theory presented by Huang and Yang
[16] that was discussed in Section 1, the general equations
for parameter inversion for residual stress adjustment are
in the form of Egs. (1)—(5). For the five-axis milling in
this study, the six input parameters of cutting speed, front
obliquity, side dip angle, feed rate, depth of cut, and re-
sidual height are represented by A;, A,, Az, Ay, As, and Ag,
respectively. Their reference values are represented by
ayg, A0, d30, Aa0, As0, and ag, respectively. The corre-
sponding reference residual stress is represented by
H(ayg, azo, azo, as0, asg, dgo). Changes in the residual
stress caused by changes in the input parameters are rep-
resented by A0, AO*, A0 AOY AO™, and AO™,
respectively. These changes in residual stress and their
corresponding input parameters can be calculated using
the smooth spline fitting curves presented in Section 2.1.
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Fig. 3 Smooth spline fitting curves for the input parameters with residual stress. a Cutting speed vs. residual stress, b feed rate vs. residual stress, ¢ front
obliquity vs. residual stress, d side dip angle vs. residual stress, e depth of cut vs. residual stress, f residual height vs. residual stress

The expected residual stress is represented by C,. More
details regarding parameter inversion can be found in
[16]. Note that the equations for parameter inversion can
also be used to calculate the residual stress when the input
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parameters are known. In this case, the parameter Cy in

Eq. (4) is an unknown parameter.

AO = f AON

i=1

(1)
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Table 3 Input parameter levels
Symbol of input parameter Input parameter Level 1 Level 2 Level 3
A Cutting speed 300 mny/s 650 mm/s 1500 mm/s
B Feed rate 0.06 mm/tooth 0.09 mm/tooth 0.13 mm/tooth
C Depth of cut 1 mm 1.6 mm 2.2 mm
D Side dip angle 0° 4° 8°
E Front obliquity 50 10° 15°
F Residual height 0.004 mm 0.02 mm 0.05 mm
AN = O(A;))—H(a10,a20, .., @0y ., @no) (2) factors, an orthogonal table with L27(313) is used. More details
on using orthogonal experiments with interaction can be
AO = O-H(aio, ax, -, o, ---, ano) (3)  found in [18]. Correspondingly, the design of the orthogonal
0=0C, 4) experiment with interactions of factors is summarized in
Table 4.
AON = Ci(i=1,2,....,n1) (5)

3 Verification of residual stress adjustment
for five-axis milling based on an orthogonal
experiment with interaction of factors

In this section, to investigate the effectiveness of param-
eter inversion for reflecting the influence of machining
parameters on residual stress, an orthogonal experiment
with interactions of factors is conducted. This experiment
can reveal the degree of influence of a machining param-
eter on the residual stress by the order of the residual
stress range for each machining parameter. Thus, if the
orders obtained with the experiment and parameter inver-
sion are similar, it can be concluded that parameter inver-
sion is effective to reflect the mechanism.

3.1 Design of the orthogonal experiment
with interaction of factors

In the orthogonal experiment with interaction of factors, three
input parameter levels are investigated, as listed in Table 3.
Interactions between the cutting speed and feed rate (A x B),
cutting speed and depth of cut (A x C), and front obliquity and
feed rate (B x E) are investigated. According to the principles
for the design of orthogonal experiments with interaction of

3.2 Results of the orthogonal experiment

From the experimental design in Table 4 and input parameter
levels in Table 3, the cutting conditions for the orthogonal
experiment were determined, and are listed in Table 5.
Machined workpieces produced using these cutting condi-
tions are shown in Fig. 4. Residual stress measurements were
again obtained based on the energy-based method. For each
cutting condition, nine sample points were measured, and
their average was used to represent the residual stress of the
machining parameter (thus, the total number of sample points
for all cutting conditions is 9 % 27 =243). The original residual
stress measurement data can be found in Table 9 of the
Appendix.

In Table 5, the expected residual stresses were obtained
using parameter inversion, as discussed in Section 2. Note that
parameter inversion can also be used to calculate the residual
stress from known input machining parameters. The residual
stress range corresponding to each machining parameter re-
flects the degree of influence of that machining parameter on
the residual stress. The descending order of the residual stress
ranges of the machining parameters in Table 5 indicates that
the order obtained with parameter inversion is very close to
that in the experiment, with the exception of two parameters:
residual height and depth of cut. Therefore, to some extent,
parameter inversion is able to reflect the mechanism of

Table 4  Design of the orthogonal experiment with interaction of factors for five-axis milling

1 2 3 4 5 6 7 8 9 10 11 12 13
Cutting Feed Cutting Cutting Depth  Cutting speed x depth of Cutting Side  Front Residual Error Front Error
spee- ra- speed % speed % of cut (front obliquity x speed % dip oblig- height obliquity
d te feed rate ~ feed rate  cut feed rate) depth of an- uity x feed
cut gle rate
A B AXxB A X B C AxC(BxE) AxC D E F BxE
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U

Fig. 4 Workpiece machined using the cutting conditions in Table 5

influence of the machining parameters on the residual stress.
Also, based on the comparison, for further research, the theo-
retical model should be improved for more accurate results.
It is worth noting that the ranges obtained using parameter
inversion for the interaction columns (including columns 3,4, 6,

~ R

B\ N

7,and 12) in Table 5 are equal to zero, which means that there is
no interaction between these parameters based on the prediction
of parameter inversion. This is because in the theory of residual
stress adjustment based on parameter inversion, the fitting
curve for a machining parameter with the residual stress is a

Table 6  Expected residual stress (Cp) and assignment of change in residual stress (C;, i = 1, 2,..., 6)

1 2 3 4 5 6 7

Cy (for residual Cy (for feed rate  C; (for cutting C, (for front C; (for side dip Cs (for depth of  C (for expected

height AQ*s AO" (MPa))  speed AOM obliquity AO*  angle AO* cut AQ"s (MPa)) residual stress O

(MPa)) (MPa)) (MPa)) (MPa)) (MPa))
1 2635 —22.56 -17.59 3.46 5.87 31.24 31.65
2 10.55 —22.56 —17.70 3.89 5.89 31.24 16.19
3 1845 —-9.46 -17.59 2.81 3.49 8.55 11.13
4 —12.03 —9.46 —34.50 —31.89 —2.42 -7.51 -9293
5 10.55 —22.56 -34.10 —31.89 —-7.83 -10.27 -91.22
6 —344 —22.56 —20.01 —31.89 —17.83 —-10.27 -91.12
7 1845 —22.56 —9.74 —31.89 —7.83 -10.27 —58.96
8 —12.03 —-9.46 -33.27 -0.99 —-2.42 -10.27 - 63.56
9 1845 —22.56 —20.49 2.81 5.87 42.51 31.46
10 10.55 —22.56 -19.40 2.81 5.87 45.77 27.93
11 —3.44 —22.56 -20.42 2.33 —2.42 53.03 11.40
12 —12.03 —-9.46 —10.11 —31.89 —7.83 3.04 —63.40
13 10.55 —22.56 -16.15 —-0.99 0.95 3.04 —20.28
14 18.45 —22.56 —22.97 2.81 —7.83 3.04 —24.18
15 18.45 —22.56 -33.30 3.29 —7.83 3.04 —34.03
16 —3.44 —22.56 —20.25 3.68 —2.42 3.04 —-37.07
17 18.45 —-9.46 —34.89 —-2797 —-2.42 3.04 —48.37
18 18.45 —22.56 —11.29 —23.65 —7.83 3.04 —38.96
19 —-12.03 —22.56 -9.56 —18.61 —-2.42 3.04 —57.26
20 —12.03 —14.29 —25.96 —-0.99 —2.42 3.04 —47.77
21 10.55 —22.56 —9.42 -0.99 —2.42 3.04 -16.92
22 —3.44 —22.56 -10.75 —-0.99 —2.42 3.04 —32.25
23 1845 —22.56 —19.03 -0.99 —7.83 3.04 —24.04
24 —12.03 —-9.46 -16.77 1.09 5.87 3.04 —23.38
25 26.35 —22.56 —25.96 —-2.07 —2.42 2491 3.13
26 1845 —22.56 —20.88 2.81 3.49 2491 11.10
27 10.55 —22.56 —16.15 3.22 5.87 2491 10.72
28 —12.03 —-9.46 —16.15 3.53 5.89 2491 1.57
29 —3.44 —22.56 - 18.15 3.74 5.92 2491 —-4.71
30 —12.03 —-9.46 —21.76 3.82 —2.42 2491 - 12.06
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Table 7 Machining parameters calculated based on Table 6 with the corresponding measured and expected residual stresses

1 2 3 4 5 6 7 8 9 10
Residual Feed rate Cutting  Front Side Depth ~ Measured Expected Difference between expected Product of measured
height (mm/ speed obliquity dip ofcut  results residual results and measured results and expected results
(mm) tooth) (mm/s)  (°) angle  (mm) (MPa) stress (MPa) (MPa) (MPa?)
©)
1 0.004 0.06 413.3 4.6 8 0.5 -335 31.65 35.01 —106.10
2 0.006 0.06 411.5 3 8.5 0.5 -61.23 16.19 77.42 —991.25
3 0.005 0.09 413.3 6 2 9.16 11.13 1.96 101.97
4 001 0.09 93.8 22 3 1.231 -9.96 -92.93 - 82.97 925.44
5 0.006 0.06 104.2 22 0 1 —16.95 -91.22 —74.26 1546.53
6 0.008 0.06 372.9 22 0 1 —12.83 -91.12 —78.29 1169.50
7 0.005 0.06 548.8 22 0 1 —-67.36 —58.96 8.40 3971.44
8§ 0.01 0.09 124.4 14 3 1 —-12.13 —63.56 —51.44 770.77
9 0.005 0.06 364.8 6 8 0.4 0.71 31.46 30.76 2227
10 0.006 0.06 383.1 6 8 0.37 8.79 27.93 19.14 245.55
11 0.008 0.06 366.0 7 3 0.3 —-233 11.40 13.73 —26.56
12 0.01 0.09 542.1 22 0 1.5 —17.87 —63.40 —45.53 1132.63
13 0.006 0.06 437.5 14 4.67 L5 —48.13 —20.28 27.85 975.79
14 0.005 0.06 322.9 6 0 1.5 —44.26 —24.18 20.08 1070.16
15 0.005 0.06 123.8 5 0 1.5 —-3141 —34.03 -2.62 1068.80
16 0.008 0.06 369.0 4 3 L5 —-31.68 —-37.07 -5.39 1174.18
17 0.005 0.09 83.3 19.9 3 1.5 —23.16 —48.37 —25.21 1120.24
18 0.005 0.06 520.8 18.5 0 1.5 -17.71 —38.96 -21.25 689.88
19 0.01 0.06 552.1 17.41 3 L5 - 13.64 —57.26 —43.62 780.91
20 0.01 0.043 270.8 14 3 1.5 —27.64 —47.77 —20.13 1320.08
21 0.006 0.06 554.6 14 3 1.5 —23.73 -16.92 6.81 401.48
22 0.008 0.06 530.4 14 3 1.5 8.35 —32.25 —40.60 —269.38
23 0.005 0.06 389.4 14 0 1.5 —52.63 —24.04 28.60 1265.10
24 0.01 0.09 427.1 13.16 8 1.5 —33.62 —23.38 10.24 786.08
25 0.004 0.06 270.8 14.3 3 2.5 —39.32 3.13 42.45 —123.17
26 0.005 0.06 358.3 6 6 2.5 -17.13 11.10 28.23 —190.14
27 0.006 0.06 437.5 5.16 8 2.5 —32.34 10.72 43.06 —346.79
28 0.01 0.09 437.5 4.44 8.5 2.5 - 57.74 1.57 59.31 —90.74
29 0.008 0.06 404.0 38 8.2 2.5 —43.10 —4.71 38.39 202.91
30 0.01 0.09 343.5 2 3 2.5 —23.80 —12.06 11.74 286.91

Analysis of the experiment results
Average of the difference between the Number of positive values for ~ Number of negative values  Percentage of positive values in the product of the

measured results and expected the product of the measured for the product of the measured results and expected results: 22 + 30 x
results: 0.3951 (MPa) results and expected results: measured results and 100% = 73.33%
22 expected results: 8

Fig. 5 Workpieces machined
based on the cutting conditions in
Table 7
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single-variable function, and thus, the interaction of different
machining parameters on the residual stress cannot be consid-
ered. Further research is necessary to reveal these interactions.

4 Verification of five-axis milling-induced
residual stress adjustment based

on randomly setting the expected residual
stress

The verification based on the orthogonal experiment in
the previous section focused on the significance of the
influence of the machining parameters on the residual
stress. In the orthogonal experiment, the combination of
machining parameters is not random, which may not al-
ways meet the requirements of actual manufacturing. In
industrial applications, the difference between the expect-
ed and measured residual stress, and the accuracy of the
prediction of compressive and tensile residual stress are of
concern. Thus, in this section, the expected residual stress
is set randomly in order to verify the correctness of pa-
rameter inversion for five-axis milling-induced residual
stress adjustment.

The expected residual stresses and assigned change in
residual stress for each machining parameter are listed in
Table 6. The corresponding machining parameters can
then be computed using the theory of parameter inversion,
as listed in Table 7. In order to decrease the influence of
interactions between the machining parameters on the re-
sidual stress, the values of the machining parameters
should be as close as possible to the reference values.
Also, to reduce the roughness of the machined workpiece,
the feed rate and residual height should be relatively
small. Machined workpieces are shown in Fig. 5. The
residual stress measurement was again based on the
energy-based method. For each cutting condition in
Table 7, nine sample points were measured, and their av-
erage was used to represent the residual stress of that
machining parameter (thus, the total number of sample
points for all cutting conditions is 9 x 30 = 270).
Original residual stress measurement data can be found
in Table 10 of the Appendix.

For the experimental and predicted results in
Table 7, the average difference between the measured
and expected results for the 30 cutting conditions is
only 0.3951 MPa, which is very close to zero. This
indicates that residual stress prediction using parameter
inversion is effective statistically, even though the dif-
ference for each cutting condition is significant.
Moreover, for the product of the measured and ex-
pected results, the percentage of positive numbers is
73.33%, which means that the correctness of the pre-
diction for compressive and tensile residual stress is

@ Springer

73.33%. Without residual stress adjustment, this cor-
rectness will be only 50% because the induced resid-
ual stress caused by machining will be random, as
with a coin toss that has a probability of 50%. Note
that the expected residual stress is random, and nine
sample points were measured for each cutting condi-
tion, and thus, to some extent, the analysis of the
results of 30 total cutting conditions for this verifica-
tion is reliable. The proposed residual stress adjust-
ment based on parameter inversion is applicable for
five-axis milling.

5 Conclusion

In this study, an experimental investigation of the appli-
cation of parameter inversion for residual stress adjust-
ment in five-axis milling was conducted using two
methods: with an orthogonal experiment with interaction
of factors and by randomly setting the expected residual
stress. The following conclusions can be drawn from the
study:

(1). The significance of the influence of the machining
parameters on the residual stress obtained with pa-
rameter inversion is close to that obtained experi-
mentally, which demonstrates that parameter inver-
sion is able to reflect the mechanism of influence of
the machining parameters on the residual stress.

(2). The average difference between the measured and
expected results for the 30 cutting conditions is only
0.3951 MPa, which is very close to zero. This indi-
cates that the residual stress prediction using param-
eter inversion is statistically effective.

(3). Using parameter inversion, the correctness of the
prediction of compressive and tensile residual stress
for five-axis milling is 73.33%, which is higher than
the 50% that is achievable without any adjustment.

In summary, the experimental investigation in this
study demonstrates that residual stress adjustment based
on parameter inversion is applicable for five-axis milling,
and shows the potential of this adjustment method in in-
dustrial applications. Further research is necessary to im-
prove the correctness of the residual stress adjustment.
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Appendix

Table 8  Original residual stress measurement data for the cutting conditions in Table 2

1(MPa) 2 (MPa) 3 (MPa) 4 (MPa) 5 (MPa) 6 (MPa) 7 (MPa) 8 (MPa) 9 (MPa) Average residual stress (MPa)

Feed rate 014 1 -3131 1927 8.98 —50.73 3548 —-2.09 —6557 285 0.04 -9.23
012 2 —2535 —1653 12.02 —24.87 —5510 3446 —-29.09 —-11.79 —-1795 -—1491
009 3 —3339 0.8l 31.76 -50.15 4.79 14.65 —-19.12 19.01 -9.61 —4.58
006 4 —1575 —2852 —-1690 —34.98 891 — 1885 —21.18 —56.17 2426 —17.69
002 5 7594 3854 50.26 —1436 —29.10 4542 —-2729 -09  39.15 19.74
Cutting speed 2500 6 —1032 —-1296 —1134 -4.09 -1829 -239 -—6.17 4212 8.53 - 1.66
1900 7 —6.69 8.80 62.17 22.97 —-1594 28.11 —2396 —5.06 22.03 10.27
1300 8 6.98 —3441 2132 —2252 647 6.58 28.27 19.22 15.27 5.24
800 9 2640 3420 38.52 -64.85 15.73 8.87 —2334 2321 -936 549
400 10 —4249 —-4563 —32.81 —895 1226 4539 -250 —-727 —1504 -—13.51
Front obliquity 22 11 —53.07 2.62 —-33.05 —-1478 7.09 —5598 —3577 —-4640 -—13.71 -—27.01
18 12 —2290 —-21.87 —-31.63 631 —3482 —-986 —344 —-6.78 —2495 -—16.66
14 13 —37.68 —40.01 -9.10 —1123 -880 29.62 42.96 7.22 62.07 3.89
10 14 15.61 -6.74 3641 -1637 6.68 10.36 35.39 3.87 —2509 6.68
6 15 13.17 16.66 —18.70  60.87 2.85 —10.68 22.96 17.10 —-35.02 7.69
Side dip angle 12 16 —11.37 —12.64 —33.68 —3.64 16.42 13.57 41.32 5.13 10.08 2.80
9 17 233 -7.69 3030 30.18 70.23 16.04 -488 —1603 —-2635 1046
6 18 —939 9.28 5.93 8.80 30.58 7.46 —1286 —-129 36.80 8.37
3 19 —23.05 —1198 —6.76 18.75 0.22 5.82 -1.26 13.49 26.92 2.46
0 20 —1.68 5.76 6.13 —-879 —2453 1495 7.51 -3.64 —2228 —295
Residual height 0.07 21 —27.57 3.00 34.32 3.56 42.36 17.21 46.70 40.63 16.25 19.61
0.04 22 —-2121 2325 4.82 -0.75 —11.51 4296 61.98 32.67 -0.94 14.58
002 23 —-739 16.78 56.80 55.39 17.00 37.78 —4.13 4359 50.70 29.61
001 24 —-2504 —21.60 21.65 —26.73 —26.83 3139 —27.81 —1455 25.16 -7.15
0.005 25 1479 —-1.04 2212 15.79 51.62 10.96 59.40 18.87 17.44 23.33
Depth of cut 2.5 26 9.73 43.95 —-1395 -—16.54 —-096 11845 —21.57 51.87 97.11 29.79
2 27 —043 1535 16.99 —10.70 5555 26.05 10.42 —7.16 14.81 13.43
1.5 28 —10.99 —-41.05 -31.62 24.27 5.20 31.08 18.20 -3.70  79.87 7.92
1 29 —2335 —442 749 —-1521 —-4.01 —-1537 -—-3.64 —279 12.78 —5.39
0.5 30 100.87 18.69 124.48 1823 26.73 16.80 -1639 0.14 35.54 36.12

Table 9  Original residual stress measurement data for the cutting conditions in Table 5

1 (MPa) 2 (MPa) 3 (MPa) 4 (MPa) 5 (MPa) 6 (MPa) 7 (MPa) 8 (MPa) 9 (MPa)  Average residual stress (MPa)

1 —42.50 -9.92 —28.99 39.34 3.66 51.09 49.12 15.65 2.49 8.88

2 20.74 28.11 —8.88 7.51 17.78 26.28 22.97 26.16 —48.06 10.29

3 —13.96 -67.13 —22.86 —28.16 —4.81 —40.11 32.62 71.12 68.02 -0.59
4 —66.63 —20.56 17.87 —36.88 —31.09 —54.12 -16.35 —5.65 —42.60 —2845
5 -333 —42.96 7.96 7.51 —3.94 —29.64 —44.25 —39.71 —50.33 —22.08
6 —24.54 —17.05 —5.07 —39.93 2.82 —40.51 6.03 90.79 —19.49 —-522
7 —33.02 —40.19 —4.60 —534 40.27 —6.22 —23.94 23.06 —3.70 —5.96
8 —36.87 —20.67 —4241 - 19.74 —4.97 7.22 21.57 2.74 —10.20 —11.48
9 72.52 26.96 —15.97 —30.68 3.87 —-107.97 —4598 41.07 —28.09 -936
10 -16.75 0.79 52.32 53.65 46.16 —24.77 3.70 - 16.17 -035 10.95
11 —37.27 -891 —8.68 —21.93 —32.19 26.48 -0.82 - 1931 - 11.89 -12.73
12 —-1257 -0.01 —23.00 25.67 —3.61 -33.13 —12.62 —25.05 43.11 —4.58
13 48.62 - 13.94 10.36 16.45 36.93 15.19 63.44 19.30 14.16 23.39
14 —-3411 —20.24 12.62 —48.86 21.21 -27.73 36.25 —22.86 —31.50 - 12.80
15 -2.68 24.78 —43.25 —29.63 - 6.59 —2293 2427 - 1336 13.75 —6.18
16 —16.82 3.11 23.57 36.06 4.75 —23.74 - 1.44 — 1421 23.43 3.86

17 —2852 35.55 39.37 58.85 26.75 54.40 3.47 —33.61 —64.14 10.23
18 73.72 152.81 118.86 7.96 —66.79 36.21 76.52 28.57 17.07 49.44
19 -505 49.36 36.40 —222 31.06 —43.57 —240 23.50 -5091 9.02

20 —5.89 —15.71 0.59 —30.60 —22.15 —45.21 —15.40 0.78 —32.20 —18.42
21 28.78 -0.83 —2.11 422 39.65 —25.66 -9.57 —2.44 —15.51 1.84

22 2130 10.37 —16.06 —17.60 12.08 44.65 -2.73 —1.38 13.15 7.09
23 —6.78 -1.57 —20.76 -9.12 3143 53.24 27.28 111.82 48.57 26.01
24 —2554 —6.90 -6.74 —42.90 —44.16 2.81 57.72 60.76 —52.19 -635
25 —2879 —2421 -9.49 —31.06 25.37 —42.26 —50.59 44.46 —56.24 -19.20
26 —746 86.15 23.99 —2.56 422 55.76 —72.70 1.60 —43.62 5.04

27 —1.06 -5.18 19.14 20.59 91.11 77.38 69.45 2227 41.26 37.22
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Table 10  Original residual stress measurement data for the cutting conditions in Table 7

1 (MPa) 2 (MPa) 3(MPa) 4 (MPa) 5(MPa) 6 (MPa) 7 (MPa) 8 (MPa) 9 (MPa)  Average residual stress (MPa)
1 - 1456  —48.79 39.23 -7.10 -5.61 -17.00 54.19 —-22.54 =799 -335
2 —64.43 - 69.80 - 66.75 —42.88 —52.25 —78.81 -37.86 —67.77 —-70.52 -61.23
3 18.34 —45.47 33.19 -6.38 58.85 -22.76 54.49 -1.21 -6.59 9.16
4 -7.76 -1.41 —28.14 -31.76  —2646  41.83 —38.38 -17.25 9.70 -9.96
5 - 5.06 18.26 -39.77 —-6.08 29.25 -37.52 8.62 —67.95 -5234  -16.95
6 —23.03 -6.32 9.13 - 1491 9.40 -30.29 -19.19 —15.64 —24.65 -12.83
7 —90.55 -109.17 —66.51 —33.98 —20.31 -100.54 —77.01 -57.86  —50.31 -67.36
8 39.85 —42.28 6.28 —37.31 —-1424  -19.99 —-2046  —31.19 10.21 -12.13
9 -2.10 -547 5.80 37.85 -17.48 -041 -0.32 -12.17 0.67 0.71
10 38.05 22.56 —4.48 24.92 -4597 18.46 34.92 60.56 -69.91 8.79
11 6.70 -42.96 -13.12 -6.33 —44.30 7.20 15.06 —15.08 71.86 -233
12 36.46 - 18.20 —13.11 -7.01 —44.09 —27.56 —245 —3245 -5240  —17.87
13 —2549 4.54 -57.99 —2424  —-2444 -6942 -91.81 -7256  —71.75 —48.13
14 —36.67 —23.74 -23.20 —81.48 —59.58 —18.95 —58.07 —41.01 —55.64 —44.26
15 —80.58 24.11 -72.18 -5630 -31.71 —-20.16 0.28 —30.68 - 1547 -31.41
16 —41.10 —26.57 -63.92 -10.70  —29.91 -27.31 —43.31 3.36 —45.61 —31.68
17 —5342 -1.89 - 71.95 —29.55 -33.76  —42.78 54.66 23.26 —53.02 —23.16
18 —3276 —095 —23.39 -41.31 54.05 —5547 —28.05 —38.69 721 -17.71
19 —4237 6.04 —28.72 2.81 -1230 —29.81 -8.11 -39.11 28.83 - 13.64
20 —5834 7.90 18.80 -50.86 —86.07 3.89 —52.98 19.01 —50.08 —27.64
21 —50.99 —28.06 —23.85 —8.55 -39.16 0.59 —-1143 -0.87 -51.24 —23.73
22 272 3.38 23.35 22.36 10.13 —39.61 -16.17  —27.58 96.60 8.35
23 —31.71 - 6791 -57.12 —28.16  —76.65 —47.68 —41.65 -7049  —52.32 —52.63
24 —3995 -8.71 —55.67 -56.57 —-9.32 —48.96 —41.11 -12.99 —29.31 —33.62
25 —67.69 —56.69 —79.60 -15.95 -56.69 —39.35 —-4280 —140 6.33 —39.32
26  —30.85 -6.32 —32.51 —3.82 —26.48 38.09 —19.82 —39.06 —33.38 - 17.13
27 —245 —42.37 —42.01 —53.58 -3997 -15.61 21.74 —-80.31 —36.47 —32.34
28  —60.37 —78.82 -14.20 -5259 —71.65 - 68.19 -42.17  —89.61 —42.05 —57.74
29 —4507 —73.32 - 83.66 —57.82 —86.98 —-9.68 -1.81 -31.93 2.38 —43.10
30 3.2 -741 —543 -4541 -9.69 —69.46 -17.50 —-19.41 —43.00 —23.80
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