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1. Introduction 

 

7050 aluminum alloy is widely used in aerospace, 

and T-section Al 7050 forgings are used for manufacturing 

the connecting part of wing and fuselage, owing to their high 

specific strength, toughness and good corrosion resistance 

in many environments [1, 2]. While in the manufacturing 

processes of aluminum alloy forgings especially in the 

quenching process, high residual stresses are introduced in-

evitably, which cannot be thermally relieved while main-

taining the alloy’s favorable mechanical properties, and can-

not be relieved by traditional pre-stretching as aluminum 

plate due to their complex structure. The existence of un-

known residual stresses in the aluminum alloy forgings is a 

major reason leading to serious deformation after the forg-

ings are machined to components, which is fatal to the aer-

ospace manufacturing. Thus, to obtain the distributions of 

quenching residual stresses in aluminum alloy forgings is 

very important. 

A variety of methods is used to study the residual 

stress by researchers. Numerical simulation is widely used 

to analyze the quenching residual stresses in aluminum al-

loy, the predicted results showed good agreement with the 

experimental values of residual stresses [3, 4]. Experimental 

measurement is a direct method for measuring the distribu-

tion of residual stresses in materials, which is a necessary 

verification of numerical simulation. A wide range of resid-

ual stress measurement techniques are available for the 

characterization of residual stresses in engineering compo-

nents [5], but few are available to measure the whole stress 

distribution within materials with complicated contour. The 

hole-drilling method [6] and X-ray diffraction (XRD) 

method [7] can only be used to determine the surface resid-

ual stresses. The slitting method [8] and layer removal 

method [9] can be used to determine the internal residual 

stresses in components like plate, with a nearly two-dimen-

sional distributed residual stresses. The contour method pro-

vides a two-dimensional map of residual stresses on a cut 

surface, which has been applied to measuring internal resid-

ual stresses in welding joints [10, 11], 2026-T3511 alumi-

num alloy component [12] and die forging 7050-T74 alumi-

num alloy component [13]. Neutron diffraction is a popular 

non-destructive technique that has been used to map multi-

axial components of stresses in engineering components 

[14-16], but its application is limited mostly by the need to 

take components to a neutron residual stress diffract meter.  

In this work, quenching residual stresses in T-sec-

tion 7050 aluminum alloy forging were studied by a combi-

nation using of finite element analysis and three experi-

mental methods according to the forging geometry. In the 

finite element analysis, the overall distribution of residual 

stresses in the forging was obtained, and the maximum 

stress and its corresponding distribution region were found. 

In the measurement, residual stresses normal to the whole 

T-section were measured using the contour method, stresses 

in the wing plate area were measured using the layer re-

moval method and surface stresses were measured using X-

ray diffraction. By comparative analysis of the measurement 

results and FEM result with each other, the distribution of 

residual stresses in the forging was determined. It provides 

important information for the stress reduction of forgings. 

 

2. Finite element analysis 

 

Quenching is a solid solution strengthening 

method to improve the performance of materials where a hot 

metal part is cooled down rapidly with the help of quenchant 

such as water, oil, other liquids, or combinations of them. 

Finite element analysis of the quenching process for T-sec-

tion 7050 aluminum alloy forging was performed, as this 

type of forgings were commonly used as the raw material 

for machining to manufacture aircraft structures, and en-

countered a serious problem of processing deformation 

caused by residual stresses.  

For the quenching process, finite element analysis 

conditions were taken from actual producing, in which Al 

7050 forging with a uniform temperature of 475oC was im-

mersed in water at a temperature of about 25oC until the 

forging was cooled down to a uniform temperature. In order 

to obtain the quenching stresses, we need to obtain the ma-

terial parameters corresponding to the quenching state, and 

tests were conducted within 20 minutes after the 7050 alu-

minum alloy specimens were quenched. The material prop-

erties used in this study are listed in Table 1. It is worth not-

ing that the yield strength (σ0.2) of 7050T73652 at room tem-

perature (24°C) is up to 455MPa [17], which is much larger 

than the yield strength of Al 7050 at the end of quenching, 

as shown in Table 1, and taking use of incorrect yield 

strength in the simulation will results in inaccurate result of 

quenching residual stresses. 

A coupled FE analysis of temperature and stresses 

was conducted to determine the temperature variations of 
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the T-section 7050 aluminum alloy forging and residual 

stresses due to temperature changes using MSC.Marc. It 

was assumed that there were no stresses in the forging at the 

beginning of quenching since the forging was heated and 

held at 475°C, which is above the recrystallization temper-

ature of 7050 aluminum alloys. 

T-section 7050 aluminum forging with an overall 

size of 500 mm × 420 mm × 150 mm was used in the finite 

element analysis through comparison with experimental 

measurements conducted using contour method, layer re-

moval method and X-ray diffraction in this study, as illus-

trated in Fig. 1. Fig. 1 also shows the schematic diagram of 

internal residual stresses measurement for 7050 aluminum 

alloy forging, and the plane where residual stresses in the x, 

y, and z directions were measured and reported. 

 

 

Fig. 1 Schematic diagram of quenching residual stresses 

study for 7050 aluminum alloy forging  

3. Experiment details 

 

3.1. Experiment scheme 

 

As a comparison of the finite element simulation, 

quenching experiment and residual stresses measurement of 

T-section 7050 aluminum alloy forging were conducted. Af-

ter solution heat treatment the forging was immerging 

quenched in 25°C water, and then residual stresses of the 

forging induced by quenching were measured using contour 

method, layer removal method and X-ray diffraction 

method. The residual stresses measurement schematic of the 

forging is shown in Fig. 1. First, surface stresses of the forg-

ing were measured using X-ray diffraction. Then with a cut 

along the plane shown in Fig. 1, x-direction residual stresses 

on the cross-section were measured using contour method. 

At last, a specimen was cut from the wing plate area of the 

forging for residual stress measurement using the layer re-

moval method. All the measurement results and FEM result 

of residual stresses were compared with each other.  

 

3.2. Contour method 

 

The contour method determines residual stresses 

through an experiment that involves carefully cutting a 

specimen into two pieces, measuring the resulting surface 

contour due to residual stresses release, data processing and 

an inverse calculation of residual stresses using FEM 

[11, 18].  

In the contour method the measured specimen is 

carefully cut into two pieces at first. It is assumed in the con-

tour method that the cutting surface is a plane before cutting 

(as shown in Fig. 1), materials are in elastic state in the 

stresses releasing process. And mechanical cutting has no 

effect on the deformation, thus, in the cutting process the 

plane surface will become a non planar contour with the re-

lease of residual stresses in the original cutting surface. The 

contour datum of the cutting surface is measured and trans-

lated to displacement datum. Then the displacement data is 

used to compute residual stresses through an analysis that 

involves a finite element model of half the specimen. As part 

of the analysis, the opposite of the displacement datum are 

imposed as a set of displacement boundary conditions on the 

model. The finite element model accounts for the stiffness 

of the material and part geometry to provide a unique result. 

The output is a two-dimensional map of residual stresses 

normal to the measurement plane. 
 

Table 1 

Mechanical and thermal properties of Al 7050 at different temperatures 

Test 

temperature 

T, °C 

Yield strength 

σ0.2, MPa 

Elastic 

Modulus 

E, GPa 

Specific heat 

c, J/g·°C 

Thermal dif-

fusivity D, 

mm2/s 

Thermal 

conductivity 

λ, W/m·°C 

Thermal ex-

pansion , 

10-6/°C 

Convection coefficient 

h(Al and water), 

kW/m2·°C 

20 158.4 71.2 0.79 53.31 119.95 21.75 0.60 

100 138.5 65.2 0.79 53.53 119.59 23.62 5.70 

200 108.7 56.3 0.84 54.75 129.51 24.53 16.53 

300 64.4 38.5 0.87 53.81 131.68 25.52 16.83 

400 42.6 31.2 0.78 47.58 104.95 26.64 7.66 

475 22.8 24.6 0.91 43.57 111.55 27.63 4.50 
 

1) Specimen cutting. Before cutting, the forging 

was fixed at the two ends of x direction, and a 5 mm hole 

through the full thickness was drilled in the cutting path at 

each end of y direction to prevent cutting surface closure due 

to release of compressive stresses, which may influence the 

following cutting process. Then a high precision electrical 

discharge machining (EDM) machine tool DK7625P was 

used to cut the forging into two parts along the cross section 

to be studied. By using a 0.2 mm copper wire and a low-

speed cutting of about 1mm/s, the roughness of the cutting 

surface after EDM machining is about Ra 0.4 μm.  

2) Contour measurement of the cutting surface. A 

MQ8106 global coordinate measuring machine (CMM) 

with measuring resolution of about 0.1 m was used to 

measure the profile of the resulting surface. Surface profiles 

of both two halves of the forging were measured, and the 

locations of the measuring points on the two surfaces were 

set the same. The distances between the measuring points of 

both y and z direction were 5 mm. 

3) Surface contour data processing. Measured con-

tour datum of the cutting surface were converted to defor-

Specimen of layer  

removal method 

Analysis plane of FEM  

and cutting plane of  

contour method 
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mation datum in a common coordinate system, then the de-

formation datum at the two surfaces were averaged in order 

to eliminate the measurement error and machining error. 

Then, the averaged datum was smoothed by spline fitting 

algorithm and Fourier surface fitting. Furthermore, a test cut 

was made in a stressfree region of the part and the resulting 

surface contour measured was used to correct the former re-

sult. Measured contour datum and processed datum are 

shown in Fig. 2 and Fig. 3 respectively. 

4) Inverse calculation of residual stresses by FEM. 

A finite element model of one-half forging was built to cal-

culate the residual stresses normal to the original cutting 

plane using linear elastic analysis. The smoothed defor-

mation datum was applied to the previous flat cutting plane 

in the finite element model as boundary condition. The ma-

terial behavior is isotropic and linear elastic with an elastic 

modulus of 71 GPa and Poisson ratio of 0.33. Additional 

constraints are adopted to prevent rigid-body motions of the 

finite element model. 

 

3.3. Layer removal method 

 

The mechanical model of layer removal method is 

shown in Fig. 4. It is assumed in the layer removal method 

that residual stresses in the specimen are equal at the same 

thickness, and only vary with specimen thickness. The 

measurement procedure of the layer removal method con-

tains three steps: specimen preparation, layer removal and 

strain measurement, residual stresses inverse calculation. 

First, specimen of size 120 mm × 120 mm × 60 mm 

was cut from the wing plate area of the forging by electrical 

discharge machining, as shown in Fig. 1. Strain gages 

BX120-5AA with active gage dimension of 5 mm × 3 mm 

and sensitivity coefficient of 2.08 ± 0.1% were fixed at the 

bottom surface of the specimen in both x direction and y di-

rection, and sealed with waterproof glue to prevent moisture 

in subsequent operations. Then, the specimen was clamped 

on a LEADWELL V-60A CNC machining center, and strain 

gages were connected to a TS3861 strain gage instrument, 

which test accuracy is about 1 . 

Then surface material of the specimen was stripped 

off layer by layer (about 3 mm each layer) from top to bot-

tom with milling cutter rotate speed 1000 r/min and feed 

speed 50 mm/min, which changed the equilibrium of force 

and torque in the remaining part. Strains x and y at the bot-

tom of the specimen were induced because of the release of 

residual stresses in the specimen. After each layer was re-

moved the clamps were uninstalled for the specimen to cool 

down and stresses to relax fully, then strains were recorded 

when they were stable. It is assumed that additional machin-

ing stresses were not introduced, and only elastic defor-

mation occurred in the cutting process, thus measured 

strains are only the result of the release of the residual 

stresses in the removed layers. Measured strains corre-

sponding to the removed layers are shown in Fig. 5. 

According to the theory of elasticity, the initial re-

sidual stresses in the removed layers can be obtained from 

the measured strains. Using a reverse solution, the inner re-

sidual stresses can be calculated with the strain datum. The 

relationship between the residual stresses and measured 

strains [9] can be expressed as: 

     
 

, 20
4 6

2

t

x y

E d
z H t H t dz

dt H z

 
 

 
     
 
 

 , (1) 

where E is Elastic modulus of the material,  is fitting func-

tion of measured strains, t is thickness of a removed layer, 

H is total thickness of the specimen. The original residual 

stresses in the removed layers can be calculated from the 

measured strains according to Eq. (1). 

 

 

Fig. 2 Measured contour datum of the cutting surface 

 

Fig. 3 Surface displacement after data processing 

 

Fig. 4 Principle diagram of layer removal method 

 

Fig. 5 Measured strains in layer removal method 

4. Results and discussion 

 

Fig. 6-8 illustrate the FEM results of x-, y- and z-

component quenching residual stresses on the T-section 

shown in Fig. 1 coincidence with the cutting plane of con-

tour method. In the three figures, residual stresses in the an-

alyzed section present a obvious layering distribution, with 
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compressive stresses at surface and tensile stresses in the 

core, and the layers are approximately parallel to the surface 

of the T-shaped cross section. In the wing plate area, as the 

heat transfer can be simplified as a two-dimension problem 

during the quenching process, the distribution of residual 

stresses is similar to that in a thick plate [1], which is ap-

proximately symmetrical along the thickness direction, x- 

and y-component stresses are very close at the same point. 

While the z-component stresses are relatively small. In the 

quenching process, as the cross-area is cooled down by 

three-dimension heat transfer, results in rather complex dis-

tribution of stresses. 
 

 

Fig. 6 FEM result of x-component residual stresses 

 

Fig. 7 FEM result of y-component residual stresses 

 

Fig. 8 FEM result of z-component residual stresses 

Fig. 9 shows the distribution of x-component resid-

ual stresses on the cutting plane obtained by contour 

method, which is in good agreement with FEM result shown 

in Fig. 6 on the whole. Two paths L1 and L2 throughout the 

entire thickness of the T-section are selected for comparison 

of residual stresses obtained by different methods, which 

corresponding to the cross area and the wing plate area re-

spectively as shown in Fig. 9. The results are illustrated in 

Fig. 10 and Fig. 11. 

In Fig. 10, the stresses in path L1 obtained by con-

tour method and FEM are consistent on the whole. In the 

measurement result, the maximum compressive stress on 

the surface is about -200 MPa and the maximum tensile 

stress in the cross area is up to 210 MPa (about 48 mm from 

the bottom of path L1). It is a hidden danger of deformation 

to the subsequent machining, and should pay special atten-

tion. 

In Fig. 11, the stresses in path L2 obtained by con-

tour method, layer removal method, and FEM are consistent 

on the whole. The distribution of residual stresses in the 

wing plate area is similar to an arc. In the contour method 

result, the maximum compressive stress on the surface is 

about -150 MPa, and the maximum tensile stress in the core 

is about 150 MPa.  
 

 

Fig. 9 x-component residual stresses distribution on the cut-

ting plane measured using contour method 
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Fig. 10 Distribution of x-component stresses along line L1 
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Fig. 11 Distribution of x-component stresses along line L2 
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Fig. 12 FEM results of stress distributions along line L1 

For further study of the quenching stresses in the 

forging, FEM result of x-, y-, z-component residual stresses 

and Mises stresses in path L1 and L2 are shown in Fig. 12 

and Fig. 13 respectively. It is evident from Fig. 12 that in 

the cross-area, x- and y-component surface stresses are 

about -150 MPa, and z-component stress is nearly zero. In 

the core, x-component stresses are rather large with a maxi-

mum up to 210 MPa, while the other two components are 

much smaller, with a maximum y-component stress of about 

80 MPa and maximum z-component stress of about 

110 MPa. It is evident from Fig. 13 that in the wing plate 

area, the distributions of x- and y-component stresses are al-

most the same. The maximum tensile stress in the core is 

about 150 MPa, and the maximum compressive stress on the 

surface is about -150 MPa, while z-component stresses are 

nearly negligible.  
 

L1 

L2 
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Fig. 13 FEM results of stress distributions along line L2 

In Fig. 12 and Fig. 13, the distributions of Mises 

equivalent stresses in path L1 and L2 are similar, stresses at 

any point of L1 and L2 are below the yield strength of Al 

7050 at the end of quenching, which matches the Von Mises 

yield criterion as Eq. (2), and stresses in the surface layers 

and core are close to the yield strength. While the distribu-

tions of x-, y- and z-component stresses in path L1 is quite 

different from L2. That is mainly because of the difference 

of heat transfer boundary conditions during the quenching 

process. In the wing plate the heat transfer is mainly occurs 

symmetrically on the top and bottom surfaces, resulting 

symmetrical distribution of x-, y- and z-component stresses 

in the thickness direction. While in the cross-area the heat 

transfer occurs on the top, bottom, left and right surfaces, 

which lead to a rising of x- and z-component stresses and a 

decline of y-component stresses. The results can be verified 

in Fig. 6-8. 

     
2 22

1 2 1 3 2 3

1

2
s

            
 

, (2) 

According to the geometric characteristics of the 

forging, directions of the three principal stresses can be con-

sidered approximately coincident with the x-, y- and z- di-

rections. In path L2, as σ1 and σ2 are nearly equal, and σ3≈0, 

it can be deduced σ1 ≈ σ2 ≤ σs = 158.4 MPa based on Von 

Mises criteria as Eq. (2), i.e. absolute values of the three 

principle stresses will not exceed the yield strength. The 

same is true for surface stresses in path L1. For inner stresses 

in path L1, as σ1 is larger than σ2 and σ3, and σ3 ≠ 0, thus σ1 

is rather large. 

x-component surface stresses on the above ana-

lyzed T-section of the forging obtained by contour method, 

X-ray diffraction and FEM are compared in Fig. 14 and 

Fig. 15. It is evident from the figures that, the surface 

stresses of X-ray diffraction result and FEM result are very 

close, while the contour method result is quite different, and 

the maximum difference reaches 42%. The difference is 

mainly due to experimental error. In the contour method ex-

periment,  surface  profile  measurement near the edge of 

 

 

Fig. 14 Stresses at the top of the cutting plane 

 

Fig. 15 Stresses at the bottom of the cutting plane 

the T-shaped cutting surface is difficult, thus, interpolation 

is needed to correct the contour datum corresponding to the 

cutting surface edge, which will inevitably introduce error. 

Thus, X-ray diffraction measurement of surface stresses 

should be taken into consideration to fully understand the 

distribution of quenching stresses of the T-section 7050 alu-

minum alloy forging. 

 

5. Conclusions  
 

1. Quenching residual stresses in the T-section 

7050 aluminum alloy forging presents a layering distribu-

tion, with compressive stresses on surface and tensile 

stresses in the core, and the layers are approximately parallel 

to the surface. The maximum tensile stress normal to the T-

section in the core is up to 210 MPa, which is a hidden trou-

ble of machining deformation. 

2. The results of internal residual stresses of exper-

iment and FEM are in good agreement on the whole. In the 

cross-area of the forging, surface stresses of x- and y-com-

ponent are about -150 MPa and z-component is nearly zero, 

and in the core, the maximum stresses of x-, y- and z-com-

ponent are respectively 210 MPa, 80 MPa and 110 MPa. In 

the wing plate area, x- and y-component stresses are almost 

the same, with maximum tensile stresses of about 150MPa 

in the core and maximum compressive stresses of about -

150 MPa on the surface, and nearly negligible z-component 

stresses. Affected by the measurement principle and exper-

iment errors, surface stresses obtained by contour method 

and layer removal method are larger than FEM and X-ray 

diffraction, and should be corrected by X-ray diffraction.  

3. The combination of contour method, layer re-

moval method, X-ray diffraction and FEM was successfully 

applied to obtain the residual stresses distributions in com-

plicated component as T-section 7050 aluminum alloy forg-

ing. It is evident that the combination method is a reliable 

technique to provide an accurate description of the quench-

ing residual stresses distribution in the forging. 
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Gong Hai, Wu Yunxin, Zhang Tao, Liu Yaoqiong,  

Li Chen, Ji Hao, Yi Shouhua, Cao Minghui, Xiao Feng 

QUENCHING RESIDUAL STRESSES IN T-SECTION 

7050 ALUMINUM ALLOY FORGING 

S u m m a r y 

Distribution of quenching residual stresses in T-

section 7050 aluminum alloy forging was obtained using a 

combination method of finite element method (FEM), con-

tour method, layer removal method and X-ray diffraction. 

The results show that, experimental results and FEM result 

of internal residual stresses are in good agreement. While 

surface stresses obtained by layer removal method and con-

tour method are different with X-ray diffraction and FEM, 

thus X-ray diffraction of surface stresses should be taken 

into consideration to fully understand the distribution of 

quenching stresses in the T-section 7050 aluminum alloy 

forging. Moreover, surface residual stresses are compres-

sive of about -150MPa, while residual stresses in the core 

are tensile with a maximum up to 210MPa, which is very 

harmful for the subsequent machining. 

Keywords: aluminum alloy, residual stress, finite element 

method, X-ray diffraction, contour method, layer removal 

method. 
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