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Abstract

Machining of thin-walled components is standard practice in many fields such as spaceflight, aviation, automobile, medical
equipment manufacturing, etc. When these thin-walled components are machined, however, part distortions arise from
machining-induced stresses resulting from high cutting forces and temperatures. In this paper, a method of predicting distortion
induced by machining residual stresses in thin-walled components is proposed, which includes an empirical model for predicting
machining residual stresses with different cutting parameters and a modified FEM model for predicting the resulted distortion. On
the basis of the measured residual stress results, an exponentially decaying sine function is fitted using the particle swarm
optimization method and the coefficients of the fitting function are regressed with cutting parameters. General FEM software
ABAQUS is used to create and mesh the thin-walled component. Standard parts of the same material with the experimental
samples are machined to make modification to the predicted residual stress profiles under the arranged cutting conditions. The
modified residual stress distributions are applied into ABAQUS to calculate the distortion of the experimental samples. Two
experimental samples are machined to validate the prediction methodology. The results demonstrate that the proposed method

can significantly improve the distortion prediction accuracy.
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1 Introduction

Thin-walled components made of alloys with a high strength
to weight ratio are widely used in the fields such as space-
flight, aviation, automobile, medical equipment manufactur-
ing, etc. Part distortion induced by residual stresses, which
leads to an increase in the failure rate of components and the
cost of production, is a serious manufacturing challenge in
machining of these thin-walled components. According to a
report by Boeing, in some thin walled parts, the probability
that the distortion causes a part to miss the engineering toler-
ances is 47%. The estimated costs of rework and scrap due
only to distortion after machining costs manufacturers 10 mil-
lion dollars annually [1]. One main source of these distortions
of components was the distortion induced by residual stresses.
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Residual stresses are stresses that remain in components
after the original cause of the stresses has been removed. In
general, residual stresses in machining can be classified into
two types. The first one, bulk residual stresses, refers to the
stresses induced by various processes such as melting of al-
loys, rolling and quenching during the material manufactur-
ing. The second one, machining induced residual stresses,
refers to the stresses introduced due to the thermo-
mechanical behavior of the cutting process during the machin-
ing process [2]. Machining-induced residual stresses were re-
ported to be greatly affected by cutting parameters [3—6].

Both these types of residual stresses can lead to significant
dimensional instability through distortion. In machining, the
equilibrium state of bulk residual stresses was broken with
materials removal, the bulk stresses redistributed with the dis-
tortion of parts. On the other hand, machining residual stresses
were induced in the near surface layer due to the high mechan-
ical and thermal loads in the machining processes, which may
cause an imbalance in internal stresses. Hence, new distortion
occurred to balance these residual stresses. Researchers have
tried to find the main influence factors of the machining dis-
tortion induced by residual stresses. Huang [7] investigated
the principal factors influencing the monolithic component

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-017-1358-y&domain=pdf
mailto:wubaohai@nwpu.edu.cn

4154 Int J Adv Manuf Technol (2018) 95:4153-4162
Fig. 1 The concrete realization Cutting experiments Empirical prediction |p o4 Modification of the predicted
steps of the proposed method and residual stresses modeling of residual odilication ot the predicte
results residual stress distributions
measurements stresses

deformation by finite element simulation and experiment. The
research pointed out that the bulk residual stress in the blank
dominated the deformation of three-frame monolithic beam
since the deformation caused by the blank initial residual
stress accounted for 90% of the total deformation. Yang [8]
showed that the initial residual stress in the blank is the major
influence factor of machining distortion for aluminum alloy
aircraft monolithic component. However, Young [9] pointed
out that the effect of machining-induced residual stresses on
distortion tends to increase with decreasing thickness. The
machining-induced stress can be a dominant effect when
thin-walled parts are finish machined. Particularly, thin-
walled components with great lateral dimensions can exhibit
significant shape deviations because of machining-induced
residual stress.

Prediction of machining induced distortion has been stud-
ied by many researchers. FEM models are the main research
means. Marusich [10] developed a FEM software to predict
and control distortions of components. Both the bulk residual
stresses and the machining induced residual stresses were tak-
en into account. A simplified shell model of the workpiece
was used to calculate the distortion of the machined work-
piece. Zhang [11] minimized the machining distortion of T-
shaped components by investigating the influence of material
removal partition on residual stress. The results showed that
part distortion is mainly affected by the partition of material

Modified results

Cutting condition [ Distortion prediction model ]

analysis of the
experimental part

[ Distortion prediction result ]

removal in T-shaped components. Brinksmeier [12] predicted
the shape deviation of machined components with complex
geometry by combining experimental data with simple geom-
etries and FEM simulations. Cerutti [13] developed a specific
finite element tool to predict the behavior of the workpiece
during machining due to its changing geometry and fixture-
workpiece contacts. This numerical tool utilized a material
removal approach which enables it to simulate the machining
of parts with complex geometries. Moreover, Cerutti [14] fur-
ther used this specific numerical tool to study the influence of
the machining sequence on the machining distortion with the
initial residual stresses taken into consideration. Analytical
method and experimental method were also adopted by some
researchers. Fergani [15] developed an analytical model for
predicting the residual stresses induced by the milling process
and the post machining distortion of the machined thin plate.
Prediction results of the analytical model for a final thin plate
presented an acceptable agreement with experiment. The max-
imum registered error was less than 30%. Masoudi [16] inves-
tigated the correlation between machining induced residual
stresses and distortion in a thin-walled cylinder experimental-
ly. The results indicated that the force and temperature have
direct effects on the residual stresses and distortion in the thin-
walled parts. Most of these studies did not clearly distinguish
the roughing stage and finishing stage of the machining pro-
cess. Most of these research efforts have focused on the

a 200
depth below machined surface (um
0
T 20
£
%
o -200
(2]
%]
2
>
T -400
2
[7]
& = DOC=0.1mm
-600 o e DOC=0.3mm
A DOC=0.5mm
°
-800 -

b 300

200

100

(Mpa)

depth below machined surface (um)

Yy
o

.
L

T

1
120

-100

Reisdual stress o

-200

® DOC =0.1mm
® DOC =0.3mm
A DOC =0.5mm

-300 e

Fig. 2 Residual stress profiles for different DOC (depth of cut), (a)o,, (b)o,,, (width of cut 0.2 mm, cutting speed 60 m/min, federate 0.06 mmy/rev, lead

angle 10°, tilt angle 0°, with cooling) [20]

@ Springer



Int J Adv Manuf Technol (2018) 95:4153-4162

4155

Fig.3 Details of the standard part

distortion induced by the re-equilibrium of bulk stresses. The
blank used by these researchers usually were thick plates and
most of the materials were removed during the roughing stage
of machining. However, in the machining of thin-walled com-
ponents, especially components used in the aerospace appli-
cations, stress relief treatment process and contour modifica-
tion process were usually applied after the roughing stage to
eliminate the influence of bulk stresses. In the finishing stage
of the machining process, the parts were thin enough that the
dominant factor for distortion of these thin-walled compo-
nents was the machining induced residual stresses.
Machining-induced stresses acted as the main source of dis-
tortion and dimensional instability. Thus, in this paper, the
research efforts are focused on the machining induced residual
stresses and the resulted distortion of thin walled components.
In the previous studies, researchers tended to apply the pre-
dicted or measured machining induced residual stresses on the
near surface layer of the workpieces to calculate the final
distortions. However, it is very difficult to obtain accurate
values of the residual stresses induced by machining. The

Table 1 Distortions of the standard part

7w (MPa) 5,y (MPa) O mm) Opp(mm)
=250 =250 1.27 1.33E-01
-250 —-150 1.4 5.77E-02
-250 =50 1.54 —1.79E-02
=150 =250 6.23E-01 1.55E-01
=150 150 7.59E-01 7.99E-02
-150 =50 8.96E-01 4.39E-03
=50 -250 —1.97E-02 1.78E-01
=50 —-150 1.17E-01 1.02E-01
=50 =50 2.53E-01 2.66E-02

inaccurate residual stress distributions caused a negligible er-
ror in the prediction of distortion. Therefore, further efforts are
needed to predict the distortion induced by machining residual
stresses more accurately.

In this paper, a method of predicting distortion induced by
machining residual stresses is proposed. The distortion can be
predicted based on cutting conditions. An empirical model for
prediction of machining-induced residual stresses is
established with the cutting parameters as the input data.
The predicted machining-induced residual stress distributions
are modified by the machining of standard parts. Then, the
distortions of two experimental samples were predicted using
FEM model with the modified residual stresses as the input
data. Finally, experiments are conducted to validate the pre-
diction methodology.

2 Methods

The aim of this paper is to predict the distortion of thin-walled
components due to the machining-induced residual stresses.
To achieve this goal, a residual stresses prediction model
based on the cutting conditions and a distortion prediction
model based on the predicted residual stress distribution are
established. Moreover, a modification method of the predicted

Table 2 Parameters of the electro-polishing method

Chemical compositions Methanol 200 ml
ethylene glycol 100 ml
monobutyl ether
HCLO, 20 ml
Electrolytic parameters Voltage 20V
Current density 0.1-0.15 A/em?
Polishing rate 20 nm/s
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Fig. 4 Details of the experimental samples.a sample 1; b sample 2

residual stress distributions is proposed to reduce the influence
of the prediction errors of residual stresses on the final distor-
tion. The concrete realization steps of the prediction are given
in Fig. 1. First, sufficient cutting experiments under different
cutting conditions are conducted to establish the residual
stress prediction model. Second, the cutting conditions of
the experimental sample are analyzed, and the residual stress
distributions are predicted for each cutting condition. It is
important to note that the experimental samples are machined
under several cutting conditions or are complex thin-walled
parts or both. Then, standard parts which are simple thin plates
are machined for modification. Each standard part corre-
sponds to one cutting condition of the experimental sample.
The distortions of standard parts are both measured and sim-
ulated. The residual stress distributions are modified accord-
ing to the comparison of the distortion results. Finally, the
modified residual stress distributions are applied to the exper-
imental samples based on cutting conditions to obtain the final
distortion.

Table 3  Coefficients of the fitting model

Num Ve C k w ) R
mm/z  m/min m' Rad

O 1 0.04 60 1247 062 285 357 098
2 0.08 60 1081 056 263 3.66 098
3 0.06 80 419 0.62 348 3.15 0.89
4 0.06 60 857 029 244 373 095
5 0.04 80 268 045 427 340 094
6 0.08 40 756 0.57 305 3.62 097
7 0.04 40 805 0.69 29.6 351 097

oy 1 0.04 60 792 0.55 434 3.19 092
2 0.08 60 726 0.63 43.1 3.09 098
3 0.06 80 620 095 427 275 087
4 0.06 60 837 0.60 37.8 293 0%
5 0.04 80 205 071 67.0 1.83 091
6 0.08 40 600 0.57 353 3.17 096
7 0.04 40 483 054 419 299 086
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2.1 Empirical modeling of the machining induced
residual stresses

Numerical and empirical models are two main methods for
predicting machining residual stresses induced by ball end
milling and the empirical method has higher prediction accu-
racy [17]. The empirical method is chosen for residual stress
prediction in this paper. The empirical model for predicting
the machining-induced residual stresses includes two parts:
the residual stress profile fitting model and the regression
model for fitting coefficients based on cutting parameters.
The residual stress profile fitting model provides the fitting
function for the near surface residual stress profiles under
different cutting conditions while the regression model based
on cutting parameters describes the relationship between the
fitting functions and the cutting parameters.

2.1.1 Residual stress profile fitting model

It is reported by researchers that the machining induced resid-
ual stress profiles usually show a similar shape: A tensile (or
small compressive) peak at the surface followed by a com-
pressive peak settling at a distance without becoming positive
again, or very small positive values [18, 19]. Several typical
residual stress distributions induced by milling are given in
Fig. 2, in which o, means the residual stresses in the direction
parallel to feed while o,, means the residual stresses in the
direction perpendicular to feed.

As can be seen in Fig. 2, the residual stress profiles show a
rule of the under damped decay curve. Thus, an exponentially
decaying sine function (Eq.1) which is a damped decaying
function is used to represent these hook-shaped residual stress
profiles.

o(h) = Ce Vi sin(wh + @) (1)

where o(h) is the value of residual stress, /4 is the distance to
the machined surface, C is amplitude constant, k is the decay
coefficient, w is the decay frequencies, and ¢ is the phase
angle. Particle swarm optimization (PSO) method is used to
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find the optimal values of coefficients in the exponentially
decaying sine function. The squared correlation coefficient
R? is used to evaluate the fitting effect.

2.1.2 Prediction model of the residual stresses based
on cutting parameters

Regression functions are established to describe the relation-
ships between the coefficients of the fitting function and the
cutting parameters in order to achieve predictable results. The
function model shown by Eq.2 is chosen to represent the re-
lationships.

y= Axla“ Cl/,lzx]xZ(m Ozzzxz .. .xn‘”"‘ Oénzx"

(2)

Where y is the value of the coefficients of fitting model, which
refer to the values of C, k, w, and ¢. A is amplitude constant.
Xi...x, refers to different cutting parameters. a;...q,,
Qq3...0up are constant values. n are the number of cutting
parameters being analyzed. The solution processes of regres-
sion functions are conducted with the general global optimi-
zation algorithm.

Table 4 Regression functions

Direction Coefficients Functions
xx ¢ 2.4¢710 705229025/, 9206() 837"
k 2.0301 83166193/ v, 14171.021%
Y 0.050/ 713634/ v, 1191 027"
4 0.202/%1040.224/ 1, 11230 978"
Y ¢ 121411734(3.616¢7) /v,1-930.981'%
, 21925f1216(4.421¢77) /v, 22041053
v 0.026/ 113220480/ v, 1 2711.030"
®

0.362/1932(7.90¢78) /. 21330.956"

depth below the machined surface(um)

2.2 Prediction model for the distortion induced
by machining residual stresses

Finite element simulation of machining distortion is per-
formed using the commercial FEM software ABAQUS. The
assumption is adopted that the workpiece has underwent stress
relief treatment after rough machining and a small amount of
material will be removed in the finishing stage. The effect of
the bulk stresses is ignored in our analysis. The boundary
conditions are set according to the experiments. The work-
piece is meshed with C3D8R element. The near surface layer,
105 pum in thickness, is specially divided into seven uniform
shells along the thickness direction, with each shell being
15 pum thick. The predicted milling-induced residual stress
data are dispersed and the mean stress values of each shell
are averaged based on the principle expressed by Eq. 3. The
calculated mean stress of each shell is applied to the finite
element model layer by layer to obtain the final distortion.

[ o (h)dh

3
hig1=h; ®)

whered; is the mean stress of each shell, i is the number of
each shell and 4,,h; , 1 are the depth of the top and bottom edge
of each shell, respectively.

2.3 Modification method of the predicted machining
residual stresses

A modified method is proposed in order to reduce the predic-
tion error of distortion caused by prediction errors of machin-
ing residual stresses. Standard parts were machined with the
cutting parameters used in the machining of experimental
samples. Each standard part corresponds to one cutting con-
dition. The relationship between the machining induced resid-
ual stresses and distortion of the stand part was analyzed by
simulations. Details of the standard parts used in this paper are
given in Fig. 3. The cutting area is 80 mm long and 30 mm
wide. The thickness of the machining area is | mm. The ma-
terial is Inconel 718.

Different values of average residual stresses were applied
to the near surface layer (105 pum in thickness) and the
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distortions of the standard part were obtained in the FEM
software. The results are shown in Table 1, 7,, is the averaged
machining induced residual stress in the near surface layer in
the length direction (XX direction) and &), is the averaged
machining-induced residual stress in the near surface layer
in the width direction (YY direction). In this paper,
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values of distortion refer to concave distortion and the positive
values refer to upper convex distortion.

The relationship can be obtained by regression between the
residual stresses and distortions, as shown in Eq. 4 and Eq. 5.

G = 0.1759-165.80276,,—298.61016,, R* = 1 (4)

7,y = —0.0486-48.98146,,-1412.97025,, R> =1  (5)

All the standard parts were machined at the corre-
sponding cutting conditions. The distortions of the stan-
dard parts were measured and compared with the FEM
simulation results. The modification factor A will be
obtained by Eq. 6 and Eq. 7.

o OxxMea

>\X.X -

ExxPre

~ 0.1759-165.802701x01ea=298.6 1015,y 01eq
©0.1759-165.80270,.5im—298.6101 OyySim

(6)

Ty

_ YyyMea
)‘}W -

OyyPre

~ —0.0486-48.98140 1y —1412.97026 110
 —0.0486-48.98148 51, —1412.97026 51,

(7)

Where refers to the modification factor of residual stresses
in the length direction, A, refers to the modification factor of
residual stresses in the width direction. Tse, Oyyisea Tefer to
the residual stress calculated by measured distortion results,
O xxPres Oyypre refer to the residual stress calculated by simulated
distortion results. dyxazeas Oyyazeq Tefer to the measured distor-
tion of standard parts and dys;m» 0yysim refer to the simulated
distortion of standard parts.

depth below the machined surface(um)

Finally, the residual stress profiles were modified according
to Eq. 8 and Eq. 9. The distortions of the experimental sample
were obtained by applying the modified residual stress pro-
files to the FEM model.

O-,xx(h) _ Axxcje,kwh/\/msin(l/vh + QO) (8)
U,yy(h) = /\yyceim/msm(""h +¢) 9)

3 Experimental procedures

All experiments were performed with down milling oper-
ation by a CNC machine (YH V850 machine center with
a SINUMERIK 840D system). The workpiece material
used was Inconel 718. The solid cemented carbide ball
end milling cutters (K44, Germany) were used throughout
the experiments. The cutter diameter was 10 mm. The
helix angle was 40°. The rake angle was 5°. The radius
of the cutting edge was 0.04 mm. All experiments were
performed with coolant.

In the residual stresses measurement tests, the work-
piece material was prepared in 300 x 200 x 20 mm blocks.
The feedrate and the cutting speed were varied for resid-
ual stresses analysis. Three levels of feedrate (0.04, 0.06,
0.08 mm/Z) and cutting speed (40, 60, 80 m/min) were
employed. A 20 mm x 20 mm plane was finish machined
with a new cutter for each cutting condition to obtain
machined surface samples. The state of residual stresses
in the machined surface was measured using X-ray dif-
fraction. Measurements were performed on Proto LXRD
X-ray stress analyzer using Mn Ka radiation at 30 kV
(15 mA) to acquire the diffraction peak at a Bragg’s angle.

Table 5 The predicted stresses
under two cutting conditions

v=40 m/min, /=0.05 mm/z

V=60 m/min, /=0.05 mm/z

O a(h) = 822¢ 1% §in(0.027h + 3.55)
oy a(h) = 469¢ 922" §in(0.038% + 3.14)

o(h) =974¢ 1% in(0.029% + 3.59)
o(h)=621e "% sin(0.0414 + 3.03)
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Table 6 The modified residual
stresses under two cutting

v.=40 m/min, /=0.05 mm/z

v.=60 m/min, /=0.05 mm/z

conditions

O o(h) =711 01" §in(0.027h + 3.55)
o(h)=387¢ 922" 5in(0.038% + 3.14)

o(h)=793¢ 1% sin(0.029% + 3.59)
o(h) =520e 9% sin(0.0414 + 3.03)

Material removal by electro-polishing was applied.
Parameters of the electro-polishing method are shown in
Table 2. This process is repeated seven times to obtain the
depth of 105 pum. For each layer, residual stresses were
also measured in two directions: perpendicular (Y'Y direc-
tion) and parallel to feed (XX direction), respectively.

Two experimental samples were analyzed in this paper.
One is a thin walled plate machined with two cutting condi-
tions and the other one is a curved part machined with one
cutting condition. The details of the two experimental samples
are shown in Fig. 4. Sample 1 was machined under two cut-
ting condition while area 1 was machined at v.=60 m/min,
7=0.05 mm/z and area 2 was machined at v.=40 m/min,
7=0.05 mm/z. Sample 2 was machined at v.=60 m/min,
1=0.05 mm/z.

In order to assess the distortion level, the distortions of
the machined parts were measured along the central line
in the length direction by an on-machine measurement
equipment. In the distortion measurement tests, the work-
pieces were prepared in 160 x 50 x 2 mm blocks for sam-
ple 1 and 160 x30x3 mm blocks for sample 2. The
standard parts for modification were prepared in 160 x
30 x 2 mm blocks. All the workpieces were placed on the
milling table with two ends clamped in the fixture to
eliminate the influence of elastic deformation caused by
cutting forces. The cutting strategies of the workpieces
were given in Figs. 3 and 4. Only one cutting condition
of the experimental samples was adopted by each stan-
dard part.

u, u2
+2.215e-03 a
-5.445e-01
-1.091e+00
-1.638e+00

P
[)\St()ﬂl()n measurement

-6.558e+00

Deformation scale factor=2

4 Results and discussion

4.1 Results of the prediction model of the residual
stress profiles

The empirical models for fitting the residual stresses were
established based on the measured results. Both the results
in XX direction and YY direction were modeled for further
discussion. Coefficients of the fitting models are shown in
Table 3. It can be observed that the R values of the fitting
model in XX direction changed from 0.89 to 0.98 and the R*
values of the fitting model in Y'Y direction changed from 0.86
to 0.98, which means that the fitting model fits the measured
results well.

The worst fits in XX direction and Y'Y direction are shown
in Fig. 5, respectively. It can be seen that even the worst ones
still have a good fitness.

The regress parameters were calculated, regression func-
tions of the coefficients in the exponentially decaying sine
function are given in Table 4

The regression effects are shown in Figs. 6 and 7. The
corresponding titles of X axis are the cutting condition num-
bers which refers to the cutting conditions number in Table 3.
The Y coordinates represent the values of coefficients of the
fitting function of residual stress profiles. It can be seen that
the correlated results are satisfactory.

Figure 8 gives the measured and the predicted residual
stress profiles at v.=50 m/min, f=0.05 mm/z. As shown in
Fig. 8, the predicted stress profiles are found to be in good

=g

[y

-@-Experimental measurement results
—B-FEM results before modification
—4—FEM results after modification

Distortion values[mm]

0 20 40 60 80
Position along the central line(x)[mm]

Fig. 9 Distortions of sample 1. a Distortion nephogram after modification, b Distortions along the central line(XX)
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Fig. 10 Distortions of sample 2. a Distortion nephogram after modification, b Distortions along the central line(XX)

agreement with the measured ones. This validation shows that
it is possible to predict the residual stress profile with good
accuracy using the proposed predicting model.

4.2 Results of the prediction model of distortion

The residual stress profiles under the two cutting conditions
used in the machining of experimental samples were predicted
using the residual stress predicting model proposed in this
paper. The predicted residual stress profiles are listed in
Table 5.

Obvious distortions were observed on the experimental
parts. As the cutting processes mainly induce compressive
residual stresses, all the parts show upper convex deforma-
tions. Distortion measurements were conducted along the cen-
tral line in the length direction. The measured distortion of the
two standard parts were 0.724 mm at v.=40 m/min,
=0.05 mm/z and 0.852 mm at v.=60 m/min, /=0.05 mm/z in
the XX direction, while the FEM results were 0.832 mm at
v.=40 m/min, /=0.05 mm/z and 1.034 mm at v.=60 m/min,
/=0.05 mm/z in the XX direction. The measured distortion of
the two standard parts were 0.008 mm at v.=40 m/min,
/=0.05 mm/z and 0.013 mm at v.=60 m/min, /=0.05 mm/z in
the YY direction, while the FEM results were 0.012 mm at
v.=40 m/min, /=0.05 mm/z and 0.015 mm at v.=60 m/min,
1=0.05 mm/z in the YY direction. Then, the modification
factors)\xxm = 0865, )\yy40 = 0814, )‘xx60 = 0825, )‘yy60 =
0.837were obtained according to Eq. 6 and Eq. 7. The modi-
fied residual stress profiles are shown in Table 6.

By applying the modified residual stresses to the FEM
model, the distortion of the experimental parts was obtained.
Both experimental parts show convex distortions.

As shown in Fig. 9, the maximum measured distortion
value of the cutting area of the experimental sample 1 was
1.68 mm. The predicted result before modification was
2.28 mm while the result after modification was 1.87 mm.
The predictive error is reduced from 35 to 11%.

As shown in Fig. 10, the maximum measured distortion
value of the cutting area of the experimental sample 2 was
0.57 mm. The predicted result before modification was
0.71 mm while the result after modification was 0.62 mm.
The predictive error is reduced from 25 to 9%.

It can be seen in Figs. 9 and 10 that the prediction accuracy
of the experimental samples is significantly improved after
modification by simple standard parts, which illustrates the
effectiveness of the proposed method. However, the simulated
results are still bigger than those of the experimental results in
both samples. This is due to the influences of tool wear. Tool
wear is more serious in the machining of experimental sam-
ples due to the larger cutting areas. Tool wear results in a
dramatic increase in cutting temperature. As the thermal
stresses mainly induce tensile stresses, the peak compressive
stress values in the experiments decrease, which results in the
decrease of distortions.

5 Conclusion

The objective of this study is to propose a method of
predicting distortion of thin-walled parts induced by machin-
ing residual stresses. An empirical model for predicting ma-
chining induced residual stresses under different cutting con-
ditions was built by conducting sufficient cutting experiments.
A good agreement was obtained between the predictive results
and experimental data. A FEM model for distortion predicting
was used and a modification method was proposed. Standard
parts which are simple thin plates were machined firstly to
modify the residual stresses which were applied to the FEM
model of complex experimental samples. Two experimental
samples were used to validate the predicting method. The
predictive error of sample 1 is reduced from 35 to 11% after
modification. The predictive error of sample 2 is reduced from
25 to 9% after modification. The results show that the method
can predict the distortion caused by machining induced resid-
ual stresses more accurately.
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