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Abstract: Machining deformation of aircraft monolithic component is one of the most serious 
problems that the aircraft manufacturing industry had to face. The effects of milling process 
sequence on multi-frame monolithic components deformation are studied, and the inherent 
frequency of the multi-frame beam at different machining process is also investigated. Based on the 
analysis of milling process characters, some control stratagems could be developed to reduce the 
deformation of thin wall component due to residual stress in the blank. In order to study the effect 
of blank initial residual stress on components deformation, chemical milling is used to remove the 
machining induced residual stress on the machined surface of the components. The research results 
show that the initial residual stress in the blank is the main factor of deformation for 3-frame 
monolithic beam, and the coupling action of the initial residual stress and machining induced 
residual stresses aggravate the deformation. 

Introduction 

The components used in the aerospace industry are usually thin wall structures. Because of their 
poor stiffness, thin-walled workpieces are very easy to deform under the acting of residual stresses 
in the blank and machining induced residual stress1-3. With the increasing trend of monolithic 
components for large size aircraft parts, quality control of a machined part is becoming increasingly 
critical for satisfying the demands of superior reliability. 

Residual stress was the root cause of aircraft monolithic components deformation. Some 
researches show that pre-stretching technology was one of the effective methods to reduce the 
initial residual stress in the blank. However, it is difficult to eliminate the initial stress4, 5. 
Machining induced residual stress is produced on the machined surface of the workpiece due to the 
action of machining. Many researchers have attempted to study the deformation theory and control 
methods of thin components6-9. Although numerous studies have been conducted on the 
deformation of thin wall parts, the impact of decreasing workpiece rigidity (due to material removal) 
was not considered in the reported works. In the previous studies8, 10, machining loads were often 
used to replace the machining induced residual stresses, and initial residual stresses were ignored. 
This assumption was harebrained to the actual situation. 

Therefore, there is a strong need for the study of residual stress and milling process sequence on 
the monolithic components deformation, which helps to improve the final machined part quality by 
simulating the entire machining process. In the paper, the deformation and inherent frequency were 
compared to research the influences of the milling process sequence on the deformation 
performance. And the cause and main effect element of machining deformation of thin-walled 
component are explored. High-speed milling and chemical milling experiments were used to study 
the effect of machining induced residual stress and blank initial residual stress for deformation 
   

2017 2nd International Conference on Mechatronics and Information Technology (ICMIT 2017)

Copyright © (2017) Francis Academic Press , UK 301



Results 

In order
exemplary 
1. It is a 3
frames are
100mm. th

The fram
process seq
conditions 
component
B-C-A. Ea
stands for f

By the 
deformatio
machining 
aircraft mo
due to the 
law of whi
values of p

The eff
calculated 

When th
the middle
machining 
deformatio
and machi
middle of t
deformatio
deformatio

To verif
aircraft mo

r to simplif
analogy pa
-frame mon

e named as 
he thickness

F
mes are ma
quences acc
are chosen

ts. Mingling
ach frame m
final state o

superposit
on effects c

distortion 
onolithic co
release and

ich is bendi
process sequ

fect of init
by applying
he deforma
e of the co

induced re
on value is 
ining induc
the compon
on value onl
on value onl
fy finite ele

onolithic bea

fy the expe
art is design
nolithic bea
A, B and C

s of the ribs 

Figure1 | The
achined one
cording to t

n to study th
①g sequence

manufacturi
of the parts. 
tion of ini

can be dete
of machinin

omponent ap
d redistribut
ing distortio
uence ①, ②

Figure
tial residual
g the residu
ation is caus
omponent a
esidual stre
0.0311mm.

ced residual
nent, and the
ly consideri
ly consideri
ement simul
am is perfor

riment and 
ned based on
am that is 5
C in the pa
and floors a

e structure o
e by one in
the geometr
he influence
① : A-B-C；
ing process

itial residu
ermined. Fi
ng sequenc
ppears conc
tion of resid

on in the mi
②, and ③ ar

e 2 | Simula
l stress or 

ual stress sep
sed by blan
nd the max
ss only cau
. Taking int
l stress, the
e maximum
ing the effe
ing the effec
lation result
rmed on a C

d simulation
n a real airc
12 mm lon

art. The len
are 3mm.  

of 3-frame m
n the machin
ry character
e of the mill

Mingling 
s is set as a

ual stresses
gure 2 sho

ce ②. As ca
cave and be
dual stresse
iddle and w
re 0.308 mm

ation result o
milling in

parately. Th
nk initial res
ximum def
uses very li

nto account 
e maximum

m deformatio
ect of machi
ct of blank i
ts, machinin
CNC machi

n approach 
craft structur
ng, 50 mm w
gths of the 

monolithic 
ning proces
ristics of the
ling process

②sequence
a step, the 

s and milli
ows the fini
an be seen 

ending disto
es, the disto

warped at bo
m, 0.298mm

of machinin
nduced stres
he milling p
sidual stress
formation v
ittle machin
the couplin

m deformat
on value is 0
ining induce
initial residu
ng distortio
ning center

against real
ral compone
wide and 30
frames are

component
ss. There ar
e parts show
s sequences 

: C-A-B；
third manu

ing induce
ite element
from this g

ortion. After
ortion of wo
oth ends. Th
m, and 0.329

ng distortion
sses on the
rocess sequ
s only, the 
alue is 0.2
ning deform
ng action of
tion positio
0.298mm, w
ed residual 
ual stress. 

on experime
. 

al part defor
ent as show
0 mm thick
e 150mm, 2

 
ts beam 
re six kinds
wed in Figu
 on deform
Mingling s

ufacturing p

ed stresses,
t simulation
graph, alum
r machining
orkpiece is 
he maximum
9mm.  

 
n 
e deformati

②uence  is u
max deflec

249mm. The
mation. The
f initial res

on appears 
which is larg
stress, but 

ent for alum

rmation, an
wn in Figure
k. The three
250mm and

s of milling
ure 1. Three
ation of the

③equence :
process step

combined
n results of

minum alloy
g operation,
caused, the

m distortion

ion can be
used. 

ction was in
e action of

e maximum
idual stress
around the
ger than the
close to the

minum alloy

n 
e 
e 
d 

g 
e 
e 
: 
p 

d 
f 
y 
, 
e 
n 

e 

n 
f 

m 
s 
e 
e 
e 

y 

302



The distortion values of 3-frame beam are listed in Figure 3. As can be seen from above Figure 3, 
the machining distortion law from finite element simulation is in accord with experiment results, 
which appears bending distortion in the middle and warps at both ends. Moreover, finite element 
simulation and experiment have the same maximum bending distortion position. Based on the 
above comparisons and analyses, the finite element simulation result agrees well with the 
experiment results. 

0 100 200 300 400 500
-0.375

-0.300

-0.225

-0.150

-0.075

0.000

M
ac

hi
ni

ng
 d

is
to

rt
io

n 
va

lu
e 

, m
m

Distance along length direction X , mm

 Mingling sequence①: A-B-C(experiment)
  Mingling sequence②: C-A-B(experiment)
 Mingling sequence③: B-C-A(experiment)
 Mingling sequence①: A-B-C(simulation)
Mingling sequence②: C-A-B(simulation)
Mingling sequence③: B-C-A(simulation)

 

Figure 3 | Machining distortion curve of different milling process sequence 
In order to verify the effect of initial residual stress on the deformation, chemical milling method 

was used to remove the milling induced residual stress. The maximum simulation deformation 
value and measurement value are compared and listed in Table 1. Based on the comparisons, it is 
shown that the machining deformation results from finite element simulation agree with the 
experiment results.  

Table 1 | Comparison of the maximum FEM and measurement deformation values 

Effect factor 
Initial residual stress Machining induced residual 

stress 
Coupling 
action of 

two 
factors(mm) Deformation(mm) percentage Deformation(mm) percentage 

FEM  0.249 83.5% 0.0311 10.4% 0.298 

Experiment  0.165 88.2% - - 0.187 

According to the above finite element simulation and experiment studies, some conclusions can 
be drawn that the initial residual stress is the main effect element of machining deformation for 
aircraft monolithic component, which plays an important role in machining deformation. The 
deformation caused by machining residual stress accounts for about 10% of the total deformation of 
the component, and the deformation caused by the blank initial residual stress accounted for 90% of 
the total deformation of the component. When large amount of material is removed, the 
equilibration of initial residual stresses is broken, and the residual stresses are redistributed to 
re-equilibrate it, which cause machining deformation for aircraft monolithic component. 

Discussion 

Through the comparison the correlation of milling processing schedule (material removed 
schedule) and the deformation results, different milling process schedule would produce analogous 
deformation styles and different deformation values. Sides frame first and middle frame last milling 
process sequence could produce smaller deformation. 

When large amount of materials are removed, the equilibration of residual stresses are broken. 
And machining induced residual stresses are introduced on the surface of the components. To 
re-equilibrate them, the residual stresses are redistributed and cause machining deformation. 
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Based on Euler-Bernoulli beam theory, the higher the stiffness, the greater the beam inherent 
frequency. Modal frequency analysis of the established 3D finite element model of machining 
process is carried out by the ABAQUS, and the first five natural frequencies are obtained. 

The first five inherent frequencies of each machining step for different milling process sequence 
ware listed in Table 2. The first mode inherent frequency of the blank rectangular solid is 897.6Hz, 
and it decreases to 521.7Hz for the final thin wall 3-frame beam, about 41.8% drop. 

Table 2 | Inherent frequency in the machining process of three sequence 

Machining 
sequence 

Step 
Inherent frequency (Hz) 

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 
Initial State 0 897.6 1355.4 1975.8 2737.8 3580.5 

Sequence ① 
1 801.3 1189.1 1784.2 2543.4 3107.2 

2 630.3 1092.7 1544.9 1722.4 2647.3 

Sequence ② 
1 856.1 1355.4 1912.7 2684.1 3315.1 
2 820.1 1256.2 1841.7 2565.8 3216.5 

Sequence ③ 
1 624.3 1082.7 1582.6 1760.7 2615.0 
2 542.4 954.6 1572.1 1725.8 2545.5 

Final state 3 521. 7 920.1 1529.3 1683.8 2484.1 
As shown in the Figure 4, the inherent frequencies of the parts are diminished gradually with 

machining process. It decreases ①linearly as machining step rises at milling process sequence . At 
②milling process sequence , the inherent frequency of the processing step 1 and step 2 are 856.1Hz 

and 820.1Hz small, a drop about 4.5%. It shows a clear decline from 820.1Hz to 521.7Hz, with 
machining step from 2 to 3, a drop of 36.7%. When the materials are removed according to the 

③milling sequence , the inherent frequency of the parts are 624.3Hz, 542.4Hz and 521.7Hz at 
machining step 1, 2 and 3, the rate of descent are 30.4%, 13.1% and 4%. 
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Figure 4 | Inherent frequency of mode 1 in the three machining sequence 

This means that the material removal of the middle frame produces greater reduction on stiffness 
of the parts than both side frames. S ②electing machining process sequence , machining of the frame 
in the middle is the last step, could make the most use of the stiffness of the component. It is 
available to reduce the deformation. 

Based on the inherent frequency analysis, the material removal of the middle frame reduces the 
stiffness of parts seriously. Making full use of the stiffness variation in the process of machining is 
an optimized strategy of decreasing the deformation of aircraft monolithic component. 

The initial residual stress in the blank is the main factor of deformation for monolithic 
component, and the coupling action of the initial residual stress and machining induced residual 
stresses aggravate the deformation. The deformation caused by machining residual stress accounts 
for about 10% of the total deformation of the component, and the deformation caused by the blank 
initial residual stress accounts for 90% of the total deformation of the component. 

304



Because the finite element simulation of machining distortion did not take into account the effect 
of cutting loads (including cutting force and temperature), therefore, the differences between FEM 
and the experiment mainly came from the simplification of acting mode of cutting loads. 

Methods 

FEM Simulation. In order to get the initial residual stress profile, crack-compliance method is 
used to measure the original residual stress. Figure 5a shows the initial residual stress distribution 
profile along thickness direction in the blank11. Milling induced residual stresses can be attributed to 
mechanical and thermal loads, which occurs between the workpiece and tool during the machining 
process. The machining induced residual stresses on the surface and subsurface of the workpiece 
are measured using X-ray diffraction technique and electro-polishing technology12, which is shown 
in Figure 5b. 
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Figure 5 | Residual stresses profiles of 7050-T7451 plate. (a) initial residual stresses profile (b) 
machining induced 

Finite element simulation of machining distortion is performed using the commercial finite 
element software ABAQUS. The subroutine (SIGINI) is used to introduce the stress condition. 
According to stress distribution characteristics, the multi-peak Gaussian functions are used to fit the 
residual stress curves. The technology of "element birth and death" was used to simulate the 
material remove process in the software. The 3-2-1 constraint principle is adopted as the boundary 
conditions, where the rigid motion of the workpiece is constrained, but the workpiece can be free to 
distort to reach a new stress equilibrium state. The removed elements of A, B, C frame are set as 
three sets, which are removed as a machining step when machining process simulation are carried 
out. 

Experiment Verification. During machining, workpiece sides are nipped by jaw vice. The 
cutting parameters used in experiment are: the spindle rotation speed of 1000 r/min, the 0.1 mm 
feed per tooth, the 4 mm radial cutting width, and the 6 mm depth of cutting. The solid carbide end 
mill whose diameter was 20 mm is adopted. The experiment set-up and the 3-frame monolithic 
components are illustrated in Figure 6. The distortion values of characteristic points of machined 
workpiece are measured using 3D coordinate-measure-machine MISTRAL 775. Some 
characteristic points along the length direction are picked up at intervals. 
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Figure 6 | Experimental set-up and 3-frame monolithic components 
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