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Abstract: To investigate the residual stress distribution and its influence on machining deformation in 6061⁃T651 
aluminum alloy plates， this paper uses the crack compliance method to study the residual stress characteristics of 6061-

T651 aluminum alloy plates with a thickness of 75 mm produced by two domestic manufacturers in China. The results 
indicate that both types of plates exhibit highly consistent and symmetrical M⁃shaped residual stress profile along the 
thickness direction， manifested as surface layer compression and core tension. The strain energy density across all 
specimens ranges from 1.27 kJ/m³ to 1.43 kJ/m³. Machining deformation simulations of an aerospace component 
incorporating these measured stresses showed minimal final deformation difference between the material sources， with 
a maximum deviation of only 0.009 mm across specimens. These findings provide critical data for material selection 
and deformation control in aerospace manufacturing.
Key words：residual stress； aluminum alloy pre-stretched plate； crack compliance method； integrated structural 

components； machining deformation
CLC number： V262.3   Document code： A 　  Article ID：1005⁃1120（2025）03⁃0287⁃10

0 Introduction 

Monolithic aerospace components， serving as 
critical load-bearing structures in aircraft， are pre⁃
dominantly manufactured through bulk machining of 
high-strength aluminum alloy thick plates. Howev⁃
er， the dynamic release and redistribution of residu⁃
al stresses during machining induce significant defor⁃
mation， leading to dimensional inaccuracies， assem ⁃
bly challenges， and potential stress corrosion risks， 
thereby compromising manufacturing precision and 
operational reliability［1-2］. With the ongoing national 
strategy for material domestication in defense equip⁃
ment， the characterization of residual stress in do⁃
mestic 6061-T651 aluminum alloy plates and their 

engineering applicability have emerged as pressing 
research priorities［3-4］.

In residual stress measurement， the crack com ⁃
pliance method has gained prominence for aerospace 
aluminum alloys due to its high sensitivity， cost-ef⁃
fectiveness， and full-thickness characterization capa⁃
bility［5］. Originally proposed by Vaidyanathan and 
Finnie in 1971［6］， the methodology was streamlined 
by Cheng and Finnie through strain gauge integra⁃
tion in 1986［7-8］. Prime et al.［9］ pioneered its applica⁃
tion to residual stress analysis in pre-stretched alumi⁃
num plates. Subsequent validation studies by Wang 
et al.［10］ compared crack compliance results with 
hole-drilling and X-ray diffraction methods for 7075 
aluminum alloys. Wang et al.［11］ extended the tech⁃
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nique to thick-plate residual stress detection， while 
Tang et al.［12］ conducted systematic uncertainty anal⁃
yses and optimization of interpolation functions. 
Huang et al.［13］ developed a finite element-paramet⁃
ric modeling framework combined with MATLAB 
automation to enhance residual stress profiling accu⁃
racy in 2124-T851 aluminum plates. Marco et al.［14］ 
addressed computational deviations through analyti⁃
cal formulation of integral equations using linear 
elastic fracture mechanics （LEFM） weight func⁃
tions， effectively eliminating discretization errors.

Significant progress has been made in machin⁃
ing deformation prediction. Nervi et al.［15］ estab⁃
lished a computational framework demonstrating the 
critical influence of geometric positioning effects on 
thin-walled component distortion. Fan et al.［16］ pro⁃
posed a thermodynamic energy-based methodology 
for rapid distortion prediction， correlating residual 
stress fluctuations with component geometry. 
Huang et al.［17］ developed a strain energy-driven dis⁃
tortion model validated through finite element-exper⁃
imental synergy. Richter et al.［18］ introduced a hy⁃
brid experimental-numerical approach for deforma⁃
tion prognosis in high-speed machined assemblies.

While extensive research exists on residual 
stress distributions in imported 2024 and 7075 alu⁃
minum alloys， systematic studies on domestic 6061-

T651 thick plates remain scarce. Notably， varia⁃
tions in casting， rolling， and heat treatment process⁃
es across manufacturers may induce significant diver⁃
gence in residual stress characteristics. The micro-

scale stress state critically governs macro-scale ma⁃
chining behavior， necessitating quantitative analysis 
of stress-deformation coupling mechanisms for preci⁃
sion control.

This study presents the first systematic investi⁃
gation into the residual stress distribution of 75-mm-

thick 6061-T651 plates from Southwest Aluminum 
（Group） Co.， Ltd. and Northeast Light Alloy Co.， 
Ltd. The residual stress field reconstruction is 
achieved through crack compliance measurements. 
Subsequent machining deformation simulations of 
aerospace components quantitatively elucidate the 
influence mechanism of residual stress variations. 

The results establish new benchmarks for domestic 
aluminum alloy performance evaluation while pro⁃
viding theoretical support for material selection， pro⁃
cess optimization， and deformation prediction in avi⁃
ation manufacturing， significantly contributing to 
China’s autonomous high-end equipment develop⁃
ment.

1 Principle of Crack Compliance 
Method

The crack compliance method reconstructs 
stress fields by characterizing the mechanical behav⁃
ior of materials during crack propagation［9］. When 
an artificial crack is introduced on the specimen sur⁃
face， the residual stress release induces a character⁃
istic displacement field across the crack flanks. In 
this study， a double-cutting procedure is employed： 
Two sequential cuts are performed on each speci⁃
men to obtain residual stresses along both the rolling 
direction （longitudinal） and transverse direction 
within the bulk material， as illustrated in Fig.1.

Assuming the residual stress varies along the 
thickness direction （z-axis）， its distribution can be 
expressed as a function of depth coordinate z using a 
series expansion， namely

σx,y ( z )= ∑
i = 1

n

A i Pi ( z )= PA (1)

where σx，y ( z ) denotes the stress component （x or y 
direction） at depth z； A i the undetermined coeffi⁃
cients， and Pi ( z ) the interpolation functions， typi⁃
cally selected as Legendre polynomials. The matrix 
P contains basis functions， and A is the coefficient 
vector.

Fig.1　Schematic diagram of crack compliance method 
testing
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To determine the coefficients A i， the strain re⁃
sponse at the strain gauge location （Fig.1） is calcu⁃
lated as a function of crack depth aj. This response， 
termed the compliance function Cij， is derived 
through theoretical analysis. By the superposition 
principle， the measured strain can also be expressed 
as a series expansion， namely

εx,y ( aj )= ∑
i = 1

n

A i Ci ( aj )= CA (2)

where εx，y ( aj ) denotes the measured strain （x or y 
direction） at crack depth aj， and aj the jth crack 
depth. The term Ci ( aj ) （equivalent to Cij） repre⁃
sents the compliance function， and C the compli⁃
ance matrix mapping stresses to strains.

A least squares minimization is applied to rec⁃
oncile the compliance-derived strains with experi⁃
mental strain measurements， shown as

∂
∂A i

∑
j = 1

m é

ë
ê
êê
êεmeasured ( aj )- ∑

k = 1

n

A k Ck ( aj,Pk )ù
û
úúúú

2

= 0

i = 1,2,⋯,n (3)
where m denotes the number of strain measure⁃
ments， with m≥n in practice， and j is the measure⁃
ment index. εmeasured ( aj ) indicates the experimentally 
measured strain at depth aj， while k is a dummy 
summation index. The compliance function 
Ck ( aj，Pk ) explicitly shows dependence on basis 
function Pk.

A= (C TC )-1C T εmeasured = Bεmeasured (4)
where B denotes the least-squares solution matrix 
B= (C TC )-1C T.

2 Wire Cutting Experiment

2. 1 Specimen preparation

This study employed two domestically pro⁃
duced 6061-T651 aluminum alloy pre-stretched 
plates from different manufacturers， both with a 
thickness of 75 mm. The T651 temper designation 
indicates that the material underwent stress relief 
prior to artificial aging， distinguishing it from the 
T6 temper where artificial aging is performed direct⁃
ly after quenching. Specimens were extracted from 
two source plates： A 3 000 mm×225 mm×75 mm 

plate produced by Northeast Light Alloy Co.， Ltd.， 
and a 3 660 mm × 1 525 mm × 75 mm plate manu⁃
factured by Southwest Aluminum Co.， Ltd. These 
specimens were utilized to investigate the residual 
stress distribution along both the rolling direction 
（RD） and transverse direction （TD） of the alumi⁃
num alloy plates. The geometric specifications of 
the prepared specimens are summarized in Table 1.

2. 2 Electrical discharge wire cutting　

The specimen cracks were introduced using 
electrical discharge wire cutting technology， per⁃
formed on an EFH54S CNC wire-cutting machine 
tool manufactured by Shanghai Yiyang. The cutting 
parameters included a discharge current of 3 A， 
wire feed speed of 3 m/s， and cutting feed rate of 
5 mm/min， with deionized water employed as the 
coolant. A 0.18 mm diameter molybdenum wire 
was utilized as the electrode， producing a final crack 
width of approximately 0.25 mm. The medium-

speed wire-cutting offers a balance between preci⁃
sion and cutting efficiency， which is critical for mini⁃
mizing thermal and mechanical effects during strain-

relief slotting. Furthermore， the chosen parameters 
（current and speed） were based on a compromise 
between cut surface quality and avoiding secondary 
stress induction. BF120-3AA foil-type modified 
phenolic resin strain gauges with a 3.0 mm gauge 
length and sensitivity coefficient of 2.0±1% were 
selected for strain measurement.

Fig.2 illustrates the experimental setup of the 
wire-cutting process. To protect the strain gauges 
from coolant damage， a protective layer of 704 sili⁃
cone rubber was applied to their surfaces. Two 
strain gauges were simultaneously bonded at each 
measurement point， with readings acquired using a 
JM3816D static strain indicator. The arithmetic 

Table 1　Specimen specifications

No.

1
2
3
4

Dimension/ 
(mm×mm×mm)

170×170×75
170×170×75
170×170×75
170×170×75

Manufacturer

Southwest Aluminum Industry
Southwest Aluminum Industry

Northeast Light Alloy
Northeast Light Alloy
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mean of dual measurements was adopted for data 
processing. The cutting procedure involved incre⁃
mental depth increases of 1 mm per cutting cycle， 
followed by stabilization periods prior to strain re⁃
cording. This iterative process continued until reach⁃
ing the target depth of 45 mm. A quarter-bridge cir⁃
cuit configuration was implemented with tempera⁃
ture compensation achieved through a compensation 
block matching the specimen’s material and dimen⁃
sions.

The averaged strain measurements from two 
identical specimens are presented in Fig. 3， demon⁃
strating the strain evolution during progressive cut⁃
ting.

3 Finite Element Modeling and 
Computation 

3. 1 Model establishment　

This study employed ABAQUS 2021 finite el⁃
ement software for modeling and computing the 
crack compliance function matrix C. Leveraging the 
geometric symmetry of the specimen， only half of 
the specimen was modeled and meshed with the 
wire-cut crack as the symmetry axis， as illustrated 
in Fig. 4. The domain was discretized using 8-node 
plane strain elements （CPE8）. The mesh size on 
the left side of the specimen （adjacent to the crack） 
was set to half the crack width （0.125 mm， based 
on a nominal crack width of 0.25 mm）， while the re⁃
maining regions adopted a graded mesh transitioning 
from 0.125 mm to 2 mm from left to right. Bound⁃
ary conditions were defined as follows： The x-direc⁃
tion displacement on the left edge of the specimen 
and both x- and z-direction displacements at the bot⁃
tom-left corner node were fully constrained. The 
material properties assigned to the model included 
an elastic modulus of 68 900 MPa and a Poisson’s 
ratio of 0.33［19］.

3. 2 Calculation of crack compliance functions

Following model construction， the 2nd to 14th 
order Legendre polynomials P（z） were used as ini⁃
tial stress loads along the thickness direction of the 
plate. The crack propagation process was simulated 
by gradually removing elements in the crack region 
using the “Model Change”functionality. During this 
procedure， displacement values UB at the strain 
gauge locations were recorded. The corresponding 
strain values were subsequently calculated according Fig.3　Average measured strain

Fig.4　Schematic diagram of finite element mesh and bound⁃
ary condition

Fig.2　Wire cutting experiment
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to Eq.（5）， thereby obtaining the 2nd to 14th order 
crack compliance functions， as illustrated in Fig.5.

Cij = 2U B /L gauge (5)
where L gauge denotes the length of strain gauges.

3. 3 Uncertainty evaluation

The uncertainty in residual stress calculations 
using the crack compliance method primarily origi⁃
nates from two sources： Strain measurement errors 
and model errors［20］. Strain measurement uncertain⁃
ty sϵ，j arises from random errors in strain data acqui⁃
sition， representing the deviation between the least-
squares-fitted strain values and experimental mea⁃
surements， namely
s2

ϵ,j = diag ( PVP T )= diag ( PB diag ( s2
ϵ,j ) BT P T ) (6)

where s2
ϵ，j denotes the strain measurement error at a 

crack depth z＝aj and V the covariance matrix.
Model errors stem from discrepancies between 

the selected interpolation functions and the actual 
stress distribution in the plate. For a given interpola⁃
tion function， the polynomial order n dominates the 
model-induced uncertainty. The stress uncertainty 
due to model error smodel，j is approximated as

smodel,j ( n )≈ 1
N - 1 ∑

k = a

b

[ σj ( n = k )- σ̄ j ]2 (7)

where σ̄ j represents the mean stress over the polyno⁃
mial order range n ( a—b )， and N=b − a+1 the 
number of stress solutions. To model the uncertain⁃
ty as a function of n， this study adopts a=n− 1 and 
b=n+1.

The total uncertainty in residual stress calcula⁃
tion S total，j is then

S total,j = S2
ε,j + S2

model,j (8)
In MATLAB R2022b， Eqs.（6—8） were im ⁃

plemented to compute stress uncertainties at each 
depth layer for varying polynomial orders. Root 
mean square （RMS） values of these uncertainties 
are plotted in Fig.6. Results demonstrate significant 
sensitivity of uncertainty to polynomial order. For 
Specimen 1⁃σy， Specimen 2⁃σx， and Specimen 2⁃σy， 
the 8th-order Legendre polynomial minimizes total 
uncertainty to 2.06， 2.26， and 2.24 MPa， respec⁃

Fig.5　Crack compliance functions of specimens
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tively. Conversely， the 9th-order polynomials yield 
minimal uncertainties for other specimens. Conse⁃
quently， the 8th-order Legendre polynomials were 
selected for Specimen 1- σy， Specimen 2- σx， and 
Specimen 2⁃σy， while the 9th-order polynomials 
were applied to remaining stress components.

4 Experimental Results and Discus⁃
sion

4. 1 Residual stress measurement results

The residual stress distributions and their total 
uncertainties for two aluminum alloy pre-stretched 
plates were calculated using MATLAB 2022b soft⁃
ware， based on the residual stress formulation and 
the optimal order of Legendre polynomials. The re⁃
sults are presented in Fig. 7. Also， the comparison 
of the maximum compressive and tensile stresses 
values of four specimens are shown in Table 2. As 
illustrated in Fig.7， the residual stress curves along 
the thickness direction exhibit similar trends in both 
RD and TD， demonstrating a distinct M-shaped dis⁃
tribution pattern. The residual stresses are symmet⁃
rically distributed about the mid-plane of the plate 
and approach zero at the mid-plane. The average re⁃

sidual stress in the TD is approximately 70% of that 
in the RD. In both directions， the maximum residu⁃
al compressive stresses occur near the plate surfac⁃
es， reaching approximately -50 MPa in the RD 
and -42 MPa in the TD. Conversely， the peak ten⁃
sile residual stresses are not located at the mid-plane 

Fig.7　Residual stress profiles

Fig.6　RMS average over stress uncertainty for different expansion orders
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but at approximately 15 mm beneath the surface， 
with maximum values of 18.6 MPa in the RD and 
15.7 MPa in the TD. A severe plastic deformation 
layer， induced by rolling， quenching， and stretch⁃
ing processes， exists within 1—2 mm of the sur⁃
face， where stress fluctuations reach ±17 MPa. 
Across all specimens， the residual stresses fluctuate 
within a range of -50 MPa to 20 MPa throughout 
the plate thickness. Although the residual stress 
magnitudes in the aluminum alloy pre-stretched 
plates are relatively low， the crack compliance meth⁃
od effectively characterizes the distribution patterns 
of these residual stresses.

4. 2 Residual stress evaluation based on strain 
energy density　

Regarding the detrimental effects of residual 
stress on machining deformation， strain energy den⁃
sity serves as an effective indicator for evaluating 
global stress distribution. The strain energy density 
reveals the global stress state of the blank， and its 
application in blank assessment enables characteriza⁃
tion of deformation risks in post-machined compo⁃
nents. By considering anisotropic material proper⁃
ties， more precise results can be obtained. In this 
context， the strain energy densities along the rolling 
direction and transverse direction are respectively 
expressed as

ux = 1
t ∫0

t σ 2
x - νσx σy

2E
dz (9)

uy = 1
t ∫0

t σ 2
y - νσx σy

2E
dz (10)

where t denotes the blank thickness， E the elastic 
modulus， and ν the Poisson’s ratio. The stress dis⁃
tribution along the rolling direction is designated as 

σx， and σy corresponds to the transverse direction. 
The total strain energy density of the material is de⁃
fined as the summation of strain energy densities in 
both orthogonal directions，u = ux + uy.

The relationship between strain energy density 
and deformation risk is shown in Fig.8. When the to⁃
tal energy density of the blank is less than 1 kJ/m3， 
it can be expected that there is no significant risk of 
deformation in the final part. When the total energy 
density is greater than 2 kJ/m3， there will be a sig⁃
nificant risk of deformation of the parts. When the 
total energy density is between 1 kJ/m3 and 2 kJ/
m3， there is a possible risk of deformation of the 
part， and the deformation of the part is also closely 
related to its geometric structure［21］.

Based on the measured initial residual stress 
distribution of the blank， a strain energy density 
analysis was performed for the four measured stress 
distributions. The strain energy densities in the roll⁃
ing direction， transverse direction， and the total 
strain energy density were calculated respectively， 
with the results summarized in Table 3. As shown 
in Table 3， the calculated total strain energy densi⁃
ties for all four tested specimen blanks fall within 
the range of 1—2 kJ/m³， suggesting possible defor⁃
mation risks in the final components. Consequently， 
judicious selection of processing parameters during 
engineering applications is imperative to mitigate 
out-of-tolerance risks.

Table 2　Comparison of the residual stress values of four 
specimens

No.

1
2
3
4

Maximum compressive
stress/MPa

RD
-50.5
-37.4
-48.0
-43.7

TD
-42.6
-29.5
-33.2
-35.6

Maximum tensile
stress/MPa

RD
18.1
14.5
15.3
13.8

TD
15.4
11.2
12.4
11.4

Fig.8　Relationship between strain energy density and defor⁃
mation risk
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4. 3 Deformation analysis of typical structural 
machining　

To investigate the influence of residual stress 
variations in materials from different manufacturers 
on component deformation， a typical aeronautical 
monolithic structural component was designed. The 
geometry and dimensions of the component are illus⁃
trated in Fig.9. The blank dimensions measure 
905 mm×400 mm×75 mm. A finite element simu⁃
lation method was employed to simulate the materi⁃
al removal process and analyze the final deformation 
of the component induced by residual stresses within 
the blank.

A model identical in dimensional specifications 
to both the blank and the designed part was estab⁃
lished in ABAQUS， with the initial residual stress 
distribution from Fig. 7 applied as the initial stress 
condition. Fig.10（a） illustrates the designed geome⁃
try of the blank containing initial residual stresses. 
The model was meshed using C3D10 elements， 
comprising 220 980 elements and 312 453 nodes. 
The element “birth and death” technique was em ⁃
ployed to simulate material removal processes. As 
this study focuses exclusively on comparative analy⁃

sis of final part deformations， all machinable materi⁃
al was removed in a single analysis step. Fig.10（b） 
presents the final deformation results with residual 
stress distribution of Specimen 1.

The deformation behavior of components in⁃
duced by four distinct residual stress distributions 
was analyzed through simulation， with the maxi⁃
mum deformation values extracted and compared， 
as illustrated in Fig.11. The final deformation mea⁃
surements for the four specimens exhibited minimal 
magnitudes of 0.027， 0.018， 0.022， and 0.026 mm， 
respectively. Notably， these deformation values 
demonstrate close agreement with a maximum devi⁃
ation of merely 0.009 mm. This narrow variation 
range substantiates the high degree of consistency in 
residual stress distributions among products from 

Fig.10　Finite element simulation process

Fig.11　Maximum final deformation of different specimens

Table 3　Strain energy density of specimens

No.
1
2
3
4

ux/(kJ·m-3)
0.74
0.73
0.78
0.71

uy/(kJ·m-3)
0.53
0.59
0.65
0.58

u/(kJ·m-3)
1.27
1.32
1.43
1.29

Fig.9　Schematic diagram of parts
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different manufacturers within the scope of this in⁃
vestigation.

5 Conclusions 

（1） Residual stress measurements using the 
crack compliance method on 75 mm-thick domestic 
6061-T651 plates revealed a consistent M-shaped 
profile through the thickness for both the RD and 
TD. The average TD residual stress was approxi⁃
mately 70% of the RD value.

（2） In both RD and TD， the maximum residu⁃
al compressive stresses are near the plate surfaces， 
reaching about -50.2 MPa in RD and -42 MPa in 
TD. Peak tensile residual stresses are around 
15 mm beneath the surface， measuring 18.6 MPa in 
RD and 15.7 MPa in TD.

（3） The total strain energy density of all four 
tested specimens is in the range of 1—2 kJ/m³， sig⁃
naling potential machining-induced deformation 
risks， while actual part deformation also largely de⁃
pends on component geometry.

（4） Machining deformation simulations of a 
representative aerospace component showed mini⁃
mal differences between manufacturers. The maxi⁃
mum deformation deviation across specimens was 
only 0.009 mm， confirming high consistency in re⁃
sidual stress distributions.
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基于裂纹柔度法的 6061⁃T651铝合金板材残余应力分布研究

及其对加工变形的影响

何文博 1， 樊龙欣 2， 袁维东 3， 杨吟飞 1， 徐九华 1

（1.南京航空航天大学机电学院，南京  210016，中国； 2.常州大学机械与轨道交通学院，常州  213164，中国； 
3.航空工业南京机电液压工程研究中心，南京  211106，中国）

摘要：为探究 6061⁃T651 铝合金板材残余应力分布及其对加工变形的影响，采用裂纹柔度法研究了中国国内两家

制造商生产的厚度为 75 mm 的 6061⁃T651 铝合金板材的残余应力特性。结果表明，两种板材均呈现高度一致、

沿厚度方向对称的“M”形残余应力分布特征，表现为表面层受压、芯部受拉。所有试样的应变能密度范围为

1.27 kJ/m³至 1.43 kJ/m³。基于实测残余应力进行的航空整体结构件加工变形仿真显示，不同来源材料导致的最

终变形差异极小，试样间最大偏差仅为 0.009 mm。本文研究结果为航空航天制造中的材料选择和变形控制提供

了参考数据。

关键词：残余应力；铝合金预拉伸板；裂纹柔度法；整体结构件；加工变形
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