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The residual stress generated during the welding process affects the mechanical properties of the material.
In this study, a measurement method of residual stress fields in the friction stir welded zone is developed
based on the plastic strain increment and Mises yield criterion. First, the relationship among the residual
stress, the measured local yield strength, and the plastic strain increment is derived according to the Mises
yield criterion. Then, through uniaxial tensile tests, the stress–strain curve of any point in the friction stir
welded zone is obtained using the digital image correlation method. Finally, the distribution of residual
stress around the friction stir welded zone is characterized by the derived relationship on the basis of
accurately obtaining the local yield strength. The feasibility of the method developed in this paper for
measuring residual stress is verified by comparison with the results of the mechanical method combined
with the charge coupled device Moiré method. Additionally, other material parameters such as modulus
and yield strength can also be measured at the same time. The proposed method is applied to a mechanical
properties evaluation of the friction stir welded joint of an aluminum alloy 6061T6 thin plate. The results
show that the residual stress around the weld is tensile, showing a bimodal distribution, and the peak value
of the residual stress is located in the thermomechanical affected zone. The strength has a double-valley
distribution, and the local yield strength of the thermomechanical affected zone is the lowest. The
mechanical properties of the thermomechanical affected zone are relatively poor, and it is the location that
is prone to fracture.
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1. Introduction

In recent years, friction stir welding, as an important and
high potential technology in the welding process, has attracted
much attention in the fields of aviation, aerospace, automobiles,
ships, and so on. Friction stir welding can adapt to various joint
forms and different welding positions and has the advantages of
small joint deformation and good mechanical properties.
Friction stir welding of aluminum alloy has been widely used
in the aerospace industry. The mechanical properties of
aluminum alloy friction stir welded joints have always been a

concern of the industry, especially the residual stress distribu-
tion, strength, and microstructure of the materials at the joints.
Friction stir welded components can be divided into the weld
nugget zone, thermomechanical affected zone, heat affected
zone, and base material zone based on the observation and
study of the microstructure of friction stir welded components.
The texture of friction stir welded joints is complex, and the
mechanical properties clearly change (Ref 1, 2), which poses a
challenge to the original measurement method.

Friction stir welding is a solid-state process. The frictional
heat between the stirring head and theworkpiece causes themetal
to be in a thermoplastic state, which will inevitably produce
welding residual stress. When using friction stir welded joints in
aircraft structures, their mechanical behavior must be fully
understood, especially the variation in strength and residual stress
at the joints. The influence of welding parameters (pin profile,
tool shoulder diameter, welding speed, rotational speed, and so
on) on the mechanical properties of joints has been studied
extensively (Ref 3-5). At present, the modulus and strength in a
specific part of a weld can be estimated using the digital image
correction (DIC) method (Ref 6-8). Srinivasa Rao tested the
tensile and bending properties of aluminum alloy AA7020-T6
friction stir welded components and observed their microstruc-
ture through optical microscopy and transmission electron
microscopy (Ref 9). Lemmen and Lei accurately calculated
elastoplastic parameters, including yield strength, by measuring
the stress–strain curve of a local area (Ref 10, 11).

Residual stress measurement methods are mainly divided
into destructive, semidestructive, and nondestructive methods
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(Ref 12, 13). Nondestructive methods are now widely
employed, and common nondestructive testing methods include
x-ray diffraction, neutron diffraction, ultrasound, and magnetic
measurements. Based on localized digital image correlation
technology and x-ray diffraction (XRD) technology, Lemmen
measured the yield strength and residual stress distribution at
the joints of 3 types and multiple processes (Ref 10). Using
short wavelength x-ray diffraction (SWXRD) and neutron
diffraction technology, Ji measured the residual stress distribu-
tion of 7075 aluminum alloy friction stir welded components
(Ref 14).

Combined with noncontact optical strain and deformation
testing methods such as the Moiré method and digital image
correlation method, the stress release method for estimating
residual stress has the advantages of high precision and easy
operation (Ref 15). The XRD method obtains the residual stress
on the surface by measuring the change in the lattice spacing on
the material surface, but for materials with complex composi-
tions and complex structures (texture or grain shape), the
estimation of residual stress will be more complicated.
Compared with stress release methods, nondestructive testing
methods such as XRD have the disadvantages of complicated
operation, high test costs, and many influencing factors. For the
measurement of areas where the residual stress gradient
changes greatly, point-wise distribution measurement methods
such as XRD or the hole-drilling technique are complicated and
time-consuming.

In this study, a method was developed to simultaneously
obtain the residual stress, local yield strength, and local
modulus mappings near a friction stir welded joint in a single
experiment. The local stress–strain curve of the friction stir
welded joint of the aluminum alloy was measured by the DIC
method, and the local modulus and local yield strength
mappings were obtained by combining with the yield criterion.
The residual stress fields around the weld can be obtained after
the relationship of the residual stress, the local yield strength,
and the increase in plastic strain was derived based on the
Mises yield criterion and plastic theory. The feasibility and
correctness of this method were proven by comparison with the
test results of the residual stress released by the charge coupled
device (CCD) Moiré method and stress release method. The
results show that the strength near the weld has a W-like
distribution, and the residual stress has an M-like distribution.
The test results are consistent with the results presented and
discussed in published literature (Ref 23, 32).

2. Method of Measuring the Residual Stress Field

If a component is in a state of plane stress and a point
reaches yield, then, according to the Mises yield condition, the
two principal stresses r1 and r2 at that point and the yield
strength rs of the material satisfy the relationship (Ref 16):

r21 þ r22 � r1r2 ¼ r2s ðEq 1Þ

If r1 is taken as an independent variable and r2 is regarded
as an unknown variable, then r2 can be obtained by Eq 1:

r2 ¼
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Equation 2 takes the derivative of r1 as the slope K of the
tangent line at any point on the in-plane yield curve ellipse:

K ¼ r
0

2 ¼
1

2
ð1� 3r1
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p Þ ðEq 3Þ

The slope a of the normal at any point on the in-plane yield
curve ellipse is:

a ¼ � 1
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¼ 2
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In the stress space, both the stress state and the strain state of
a point can be represented by vectors. Since the principal axis
of stress and principal axis of strain in elastic deformation
coincide, when a small area begins to deform plastically (yield),
the principal axis of stress and strain at that area also coincide.
The vector of the plastic deformation increment must be
perpendicular to the yield surface according to the flow law of
plasticity theory (Ref 17). Therefore, the outer normal of any
small area on the yield surface coincides with the vector of the
plastic deformation increment. In the plane stress state, the
slope a of the outer normal line represents the ratio of the
plastic deformation increments in the two principal stress
directions:

a ¼ Deq2
Deq1

ðEq 5Þ

where Deq1 and Deq2 are the plastic strain increments in the first
and second principal stress directions, respectively.

Deq1 ¼ eq1ðp2Þ � eq1ðp1Þ
Deq2 ¼ eq2ðp2Þ � eq2ðp1Þ

�

ðEq 6Þ

The strain of the specimen at each moment during the tensile
process can be obtained by the DIC method. Combined with
the stress–time curves generated by the tensile machine, the
strain at each stress can be obtained. Taking the stress rðp1Þ and
rðp2Þ under two external loads p1 and p2 after entering the
plastic phase, the strain in the first principal stress direction
corresponding to the stress is eq1ðp1Þ and eq1ðp2Þ, and the strain
in the second principal stress direction is eq2ðp1Þ and eq2ðp2Þ.
Then, a can be determined.

Equation 4 can be rewritten as:
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According to Eqs 7 and 2,
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ðEq 9Þ

The main stress direction of the welding residual stress is
usually perpendicular to the welding seam and parallel to the
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welding seam. Therefore, the residual stress r1r; r2r of the
measuring point in the two main stress directions and the main
stress r1ðpÞ; r2ðpÞ under the applied external load p should
meet the formula:

r1 ¼ r1r þ r1ðpÞ
r2 ¼ r2r þ r2ðpÞ

ðEq 10Þ

when the material yields under the external load ps,

r1r ¼ r1 � r1ðpsÞ
r2r ¼ r2 � r2ðpsÞ

ðEq 11Þ

For isotropic materials,

r1ðpsÞ ¼
E

1� m2
½e1ðpsÞ þ me2ðpsÞ�

r2ðpsÞ ¼
E

1� m2
½e2ðpsÞ þ me1ðpsÞ�

ðEq 12Þ

In the uniaxial tensile load condition (0 � a � 1), according
to Eqs 9, 11, and 12 to obtain:

r1r ¼ f1ðaÞrs � r1ðpsÞ

r2r ¼
1

2
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If the material is known, then rs is certain, so as long as
f1ðaÞ and r1ðpsÞ are measurable, the residual stress can be
determined.

Using the localized DIC method (Ref 11), the stress–strain
curve at a certain point and the strain increments (for example,
within ½ps; 1:01ps�) in two directions can be obtained. By
substituting Eq 5 into Eq 8, f1ðaÞ can be calculated. The stress
corresponding to the 0.2% yield strain on the stress–strain curve
is taken as the measured yield stress r1ðpsÞ at this point. As
shown in Fig. 1, the stress–strain curve is first drawn in the y- and
x-directions (first and second principal stress directions, respec-
tively). The slope of the elasticity phase obtained by fitting is the
modulus of this point in the y-direction, and the stress corre-
sponding to the load producing 0.2% residual deformation is
taken as the measured yield stress r1ðpsÞ, Then, in the interval
½ps; 1:01ps�, that is, within the same time interval, intercept the
sum of the plastic deformation incrementsDeq1 ¼ Dq1 andDe

q
2 ¼

Dq2 in the y- and x-directions, and calculate the slope a according
toEq 5. Finally, calculate the residual stressr1r; r2r throughEq 8
representing the transformation of a and Eq 13 representing the
relationship of the residual stress, the measured yield strength,
and the plastic strain increment. After obtaining the data of all
points in the area according to the above method, the mapping of
the local modulus, local yield strength, and residual stress can be
characterized at the same time.

3. Experimental

3.1 Specimen Preparation

In this paper, the size of the sample with a friction stir
welding area is shown in Fig. 2. The base material is aluminum
alloy 6061T6, the modulus is 60 GPa, and the yield strength is
250 MPa. The sample was cut from a friction stir welded thin
plate of aluminum alloy 6061T6, and the plate thickness is
3 mm. The processing parameters are shown in Table 1.

Generally, the vicinity of friction stir welded joints can be
divided into a WN (weld nugget), a TMAZ (thermomechanical
affected zone), and an HAZ (heat affected zone) according to
the microscopic results (Ref 18). The TMAZ is located between
the HAZ and the WN and is located near the shaft shoulder, and
its microstructure has obvious rotating textures. AS represents
the advancing side when the friction stir welding shaft shoulder
rotates, and RS represents the retreating side. The mechanical
properties of the WN, TMAZ, and HAZ are different. The zone
division and direction of friction stir welding are shown in
Fig. 3.

3.2 Uniaxial Tension Testing

The uniaxial tensile test is used to obtain the mechanical
properties of the aluminum alloy friction stir welded joints. The
stretching direction is the same as the longitudinal direction in
Fig. 3, and there are speckles on the surface of the specimen. A
Daheng Mercury Series CMOS camera was used to take
pictures during the stretching experiment, and the 2D-DIC
method was used to obtain the deformation and strain
information at the joints. The optical axis of the camera was
parallel to the normal direction in Fig. 3 and 4. In this
experiment, the loading speed was 1 mm/min, the image
acquisition rate was 1 fps, and the image resolution was
2448 9 1942 pixels.

4. Results and Analysis

4.1 Tensile Test Results

First, the strain field at each moment was calculated using
the speckle images of the specimen surface during the
stretching process taken by the camera. The strain field near
the 6061T6 aluminum alloy friction stir welded joint during the
stretching process under 7 and 12 kN tensile loads is shown in
Fig. 5. The strain field was calculated by Ncorr (open-source
2D digital image correlation MATLAB software) (Ref 19).

The stress–strain curve for each small area in the selected
region can be obtained by combining the time and load data
generated by the testing machine and the strain field at each
moment, provided that the specimen size is determined. The
photograph in Fig. 6 shows a part of a tensile specimen with
speckle near the friction stir welded joint of aluminum alloy
6061T6. According to the size of the weld area and the test
requirements, the size of the area is reasonably selected as
m 9 n pixels. The typical stress–strain curves (in the same
direction) of five colored areas located in the regions of the
HAZ (left), TMAZ (left), WN, TMAZ (right), and HAZ (right)
are given. Modulus, yield strength, and residual stress can be
calculated according to the methods described in Sect. 2. The
slope of the elasticity phase obtained by fitting is the modulus.
Due to the relatively large error in the DIC calculation of small
deformations, the data with strains less than 0.05% were not
used in the calculation of the modulus. For each stress–strain
curve, the corresponding 0.2% yield strength is indicated (red
sign in Fig. 6).

To show the law that the yield strength changes with
position, the local yield strength of each subarea within the red
area is calculated, and the x-axis coordinates represent the
location of the subarea. The position of each point in the curve
corresponds to the position of the subarea in the photo.
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Figures 6 and 7 show that the yield strength of the WN and
TMAZ is lower than that of the HAZ. The local yield strength
shows an approximately W-shaped distribution trend, which
can also be seen by the color depth of the residual stress
distribution graph in Fig. 8. The yield strength is not com-
pletely symmetrical due to the asymmetry of the welding
process.

5. Residual Stress Test Results and Fractography
Analysis

Using the method proposed in Sect. 2, residual stress is
obtained from the relationship of the residual stress, the local
yield strength, and the plastic strain increment according to the
Mises yield criterion. Notably, the local yield strength is
affected by the microstructural changes and residual stress
generation caused by the welding process (Ref 20, 21). The
mapping of the local modulus, local yield strength, LD
(longitudinal direction) residual stress, and TD (transverse
direction) residual stress near the 6061T6 aluminum alloy
friction stir welded joint is shown in Fig. 8. To reduce the error,
the results close to the edge were not measured due to residual
stress relaxation when cutting during fabrication of the
specimens and the limitations of the DIC method.

Fig. 1 Theoretical stress–strain curve

Fig. 2 Friction stir welding specimen

Table 1 Friction stir welding parameters

Welding
speed

Rotational
speed

Shaft
shoulder

Stirring
pin

Plunge
depth

Tilt
angle

300 mm/
min

1200 rpm 10 mm 2.8 mm 2.8 mm 2.5�

Fig. 3 Friction stir welded joint

Fig. 4 Experimental device
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The modulus of the TMAZ is significantly lower than that of
the WN and HAZ, and the HAZ modulus is the highest, which
is consistent with the microhardness test results (Ref 22).

The local yield strength of the TMAZ is significantly lower
than that of the WN and HAZ. The lowest yield strength is
91.7 MPa in the TMAZ. The HAZ has the highest yield
strength. The distribution of the local yield strength and
modulus in this paper is consistent with the distribution of
microhardness in the literature (Ref 22). It is clear that there is a
one-to-one relationship between modulus and microhardness;
some studies have shown that there is a functional relationship
between yield strength and microhardness (Ref 23).

According to the related research test results, the residual
stress should be less than the yield strength of the base material
(Ref 24). The ratio between the maximum tensile residual stress
and the base material yield strength is approximately 60% for
welded joints under normal friction stir welding (Ref 25). The

measured maximum residual stress is 64% of the base material
yield strength, which is consistent with the relevant research.

In the LD, the residual stress of the TMAZ is significantly
higher than that of the WN and HAZ, and the residual stress of
the HAZ is the lowest, showing an M-shaped distribution. In
the current literature, most of the residual stress measurement
results in the LD of the friction stir welded joint using neutron
diffraction, SWXRD, drilling, and other methods have an M-
shaped distribution, and the test results in this paper are
consistent with these existing studies. The LD residual stress of
the left TMAZ and the right TMAZ are not completely
symmetrically distributed, the AS residual stress is larger, and
the larger residual stress value area is wider. This is caused by
the difference in heat input between the AS and the RS during
the welding process, and the AS heat input is higher, which is
related to their peak temperature (Ref 26, 27). The residual
stress in the TD has the same law as that in the LD.

Fig. 5 Strain field during stretching (a) under a 7 kN tensile load and (b) under a 12 kN tensile load

Fig. 6 The typical stress–strain curve of different regions
Fig. 7 0.2% local yield strength curve
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In summary, the mechanical properties of the TMAZ at the
joint are the worst. The residual stresses of the TMAZ in the
LD and TD are both large, with peak values exceeding
160 MPa, and the local yield strength and modulus are the
lowest. The TMAZ is the place where fractures can easily
occur. The fracture of the joint in the TMAZ is shown in Fig. 9,
and the fracture is sheared at 45�.

The fractographs are shown in Fig. 10. From Fig. 10(a), the
fracture surface is full of dimples of different sizes, with small
sizes and deep depths, which indicates that the fracture is
ductile. From Fig. 10(b), the fracture mode is mainly trans-
granular dimple rupture. According to the analysis of Fig. 10,
compared with the grain size of the base material (Ref 28), the
grain size of TMZA is smaller and mostly less than 50 lm. The
TMAZ and WN are highly deformed by the material rotational
flow (Ref 29). The changes in grain size will definitely cause
changes in mechanical properties to some extent.

5.1 Verification of the Residual Stress Measurement Results

The CCD Moiré method and mechanical method are used to
measure the residual stress of the batch of friction stir welded
joints with the same welding process. The specific steps are as
follows:

1. Produce 1200 lines/mm grating on the surface of the test
piece;

2. Perform wire cutting at the position shown in Fig. 11(a);
3. Observe the marked points in the picture under an optical

microscope, and collect the Moiré picture (Fig. 11b);

Fig. 8 Local modulus, local yield strength, LD residual stress, and TD residual stress mapping measurement results

Fig. 9 Fracture macroscopic morphology of the material after
tensile testing: (a) fracture specimen on the experimental machine
and (b) fracture enlarged view
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4. Calculate the residual stress (LT) based on the collected
Moiré pictures. The specific residual stress measurement
method is based on paper (Ref 30).

The measurement results of the mechanical method residual
stress at each point in the LD are averaged to fit the LD residual
stress curve, which is compared and analyzed with the
measurement results of averaging the residual stress field in
the LD along the TD in this article. As shown in Fig. 12, the
residual stress obtained by the mechanical method and the
residual stress obtained by the method in this paper are both
tensile stresses, showing an M-shaped distribution. Combined
with the yield strength test results in Fig. 7, it can be found that
the sum of the residual stress and yield strength at the same
position of the aluminum alloy friction stir welding is about a
constant value (Ref 10). The average error between the results
of the mechanical method and the method in this paper is
19.7 MPa, and the relative error is approximately 8%, which is
within an acceptable range to some extent. Compared with the
cutting release method, the measured value of this method is
larger. The possible reason is due to the assumption of the two-
dimensional residual stress field. Previous studies have shown
that there are also residual stresses in the ND (normal direction)
of friction stir welded joints (Ref 31). In the measurement of the
residual stress at the friction stir welded joint, when making 2D
and 3D stress state assumptions, there is a gap between the test
results. In the real case, the 3D assumption should be used to
consider the residual stress release in the ND (specimen
thickness direction) of the specimen. The existing studies also

prove that the residual stress release in the ND direction has an
impact on the residual stress measurement (Ref 32, 33). The
specimen used in this paper was cut from a friction stir welded
thin plate, which has a small deformation in the ND, so the 2D
assumption is used, ignoring the residual stress release in the
ND. However, the trend of the test results is consistent. The
cutting process during fabrication of the specimens and the
error when calculating the strain using the DIC method are also
the reasons for measurement errors.

Fig. 10 Fractographs of material after tensile test: (a) mag 300 9 and (b) mag 2500 9

Fig. 11 Residual stress verification test: (a) specimen and (b) Moiré picture

Fig. 12 Comparison of the residual stress test results
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6. Conclusion

In this study, a method to characterize the residual stress
mapping, the local yield strength mapping, and the local
modulus mapping near the friction stir weld was developed
based on the plastic strain increment and Mises yield criterion.
The relationship among the local yield strength, plastic strain
increment, and residual stress was derived according to the
Mises yield criterion. The full-field residual stress distribution
was obtained using uniaxial tensile tests and the DIC-based
full-field strain measurement method. From the obtained
results, the residual stress in friction stir welding of LD and
TD presents an M-shaped distribution. The residual stress in the
TMAZ is the largest. The residual stress of the WN is higher
than that of the HAZ and lower than that of the TMAZ. This is
consistent with the conclusions in the current literature (Ref
34). The mechanical properties of the TMAZ of friction stir
welded joints are the worst, which is the place where tensile
failure is likely to occur.

The method developed in this paper has the following
advantages:

1) This method is a full-field in-plane residual stress mea-
surement method. Compared with point-wise distribution
residual stress measurement methods such as XRD or
drilling methods, the residual stress measurement method
developed in this paper can obtain the residual stress dis-
tribution of the entire field, and it is especially suitable for
measurements in different zones of friction stir welding
where the residual stress gradient changes greatly.

2) The residual stress measurement method developed in
this paper has the advantages of economy, efficiency, and
convenience. In addition, this method can be used to ob-
tain the mapping of the local modulus, local yield
strength, and residual stress at the same time in a uniax-
ial tensile test;

3) Although this paper analyzes the fracture of the test
piece, this method does not need to break the test piece
to obtain residual stress and can be carried out during the
cold work hardening process.
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