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Abstract. A hole-drilling method and finite element (FEM) numerical simulation are used to
estimate the residual stress of aluminum alloy welding joints. In order to study the influence of
hole diameter on measurement accuracy, a group of experiments are conducted. Experiment
results show that the measuring error can be the minimal when the drilling hole diameter is 4 mm.
Residual stress of 2219-T87 aluminum alloy welding joints under this optimal hole diameter are
obtained. The distribution of the residual stress from the welding seam to the outward is first
tensile stress and then compressive stress. And the maximum residual stress is 123.2 MPa.

Keywords: hole-drilling diameter, numerical simulation, strain-releasing coefficients, welding
residual stress.

1. Introduction

2219 aluminum alloy has been widely used in aerospace industry due to its satisfactory
low-temperature and welding performance as well as its good mechanical properties at the
temperature of —250-250°C [1, 2]. In the process of welding, uneven heating of aluminum alloy
will always generate strong residual stress at welding joints, leading to the reallocation of stress
and strain when bearing, affecting the accuracy of component dimension and position. This will
greatly reduce the structural strength of resisting fatigue, stress corrosion and creep cracking, and
affect the performances and service life of equipment [3]. Therefore, it's necessary to accurately
measure the residual stress of welding structures.

The hole-drilling method for measuring residual stress has been used in engineering practice
for years [4]. However, plastic deformation will occur around the hole edge as a result of stress
concentration. In accordance with ASTM standards such as E§37-81 and E837-85, this method is
applied under the condition that residual stress must not be exceeding half of yield strength of a
material. In other words, when using this method, the material performances should be still in the
elastic state after drilling a hole [5-7]. Thus, when we measure a higher residual stress, the results
computed based on the strain-release coefficient determined by o < 1/20; state will be greater
than the exact value [8].

Theoretically, the smaller the hole diameter is, the more accurate the residual stress will be got,
in elastic conditions. However, with a smaller drilling-hole, the released energy will be lessen, as
well as a smaller strain release, result in a enlarged relative deviation of measurement [9].
Therefore, looking for an optimal hole diameter to balance the deviation is one of the key issues
of residual stress estimation.

Presently, there are several researches on residual stress for welding structures, such as its
effects, measurement method, distribution, etc. [10-13].With the rapid development of computer
science, numerical simulation becomes an advocated method in engineering analysis. Some
researchers like Rodrigues et al. has studied the plastic behavior of high strength steel by numerical
method [14].

Considering the research methods mentioned above, this paper aims to establish a complete
methodology to accurately estimate the residual stresses of welding joints of 2219-T87 aluminum
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alloy, including measuring test and numerical simulation. And it studies the influence of
drilling-hole diameter in this method, which gives a comprehensive consideration of residual
stress estimation.

2. Principle of residual stress estimation by hole-drilling method

The traditional hole-drilling method is carried out by drilling a hole at the measuring point of
a structure with residual stress, letting the stress of this point partly released. And the released
strain is measured by the strain gauges pasted around the hole. Then, we can calculate out the
residual stress through elastic-mechanics principles.

Often we assume that the main stress direction of welding residual stress is already known,
namely X-direction (along the welding seam) and Y-direction (perpendicular to the welding seam).
And we have 0, = gy, 03 = 0,,, for plane-stress problem we also have g, = 0. Based on this
assumption, we paste two strain gauges along the directions of X and Y respectively. Thus, the
longitudinal (X-direction) and lateral (Y-direction) residual stress can be calculated by:

_— + (1)
Oxy = 2AB [B(gy + &3) + A(g; — £3)],

where A and B are the strain-releasing coefficients, €; and €3 are the strain of X-direction and
Y-direction. According to GB3395-92 or ASTM standard E837, the calibration of strain-releasing
coefficients under elastic range of a material is to apply a known unidirectional stress field to the
calibration sample pasted with a strain rosette, and the load direction should be paralleled to one
of the strain gauges, i.e. the maximum main stress o; is equal to the stress o generated by the
applied load. After drilling a hole, the two strain-releasing coefficients can be calculated by the
released strain &; and &5:

A= M )
20

p=Ez8) 3)
20

However, the releasing strain will contain a large part of plastic strain when under high stress
states, such as welding residual stress. If we continue to use the strain-releasing coefficients A and
B calibrated in elastic state to calculate the residual stress, a big deviation will be generated.
Therefore, it is necessary to recalibrate the strain-releasing coefficients A and B considering the
part of plastic strain. The distortion energy density S is then used when plastic deformation
occurred at the hole edge. According to the yielding conditions at the hole edge, we can
deduce S by:

S=@+u? —w(e+e2)— A+ p?—4peey, (4)

where &, and ¢, respectively represents for the longitudinal (X-direction) and lateral (Y -direction)
releasing strain measured by experiments, y is the Poisson ration of the material.

3. Finite element analysis of residual stress
3.1. Establishment of simulation model
As the stress concentration caused by welding process has a minor effect to strain releasing

than that of drilling a hole, the joint is simplified as a thin plate. And we use shell element to
conduct a FEM numerical analysis. Considering the symmetry and boundary conditions, we
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establish the FEM model with just a quarter of the joint structure, whose dimension is
30 mmx30 mm. And we choose hole-drilling diameter ® =4 mm = 0.5 mm, 1.0 mm, 2.0 mm,
3.0 mm, and 4.0 mm respectively to study the influence of the hole diameter, shown as Fig. 1. In
engineering practice, we usually divide the welding joints into four zones: the weld zone, the
fusion zone, the heat affect zone, and the base metal. The material properties of this four zones
are not exactly the same, but their differences are not much. Therefore, to simplify the modeling
process, we use a macro-constitutive model (established according to the proprieties of base metal)
of the joint to substitute the regions with different constitutive relations, shown as Fig. 2.

RN

’ ¢) ® = 3.0 mm f)d = 4.
Fig. 1. Simulation model of the plate with joint

By abstracting the displacement of grid nodes at the corresponding raster positions of strain
gauges shown as Fig. 3, the strain value can be calculated. The boundary conditions in finite
element model are given as: restraining the translation of X -direction on the left side, the
translation of Y-direction on the down side, no rotations in these two sides, and a uniform pressure
is applied on the right side of the plate, shown as Fig. 4. The applied pressures were 70 MPa,
80 MPa, 120 MPa and 130 MPa, respectively.
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Fig. 4. Boundary conditions in finite element model

3.2. Simulation results

According to the nonlinearly static FEM analysis, in combination with Eq. (4), the corrected
strain releasing coefficients considering plastic deformation are given as

1) ® =0.5 mm:

{—0.0411,
A= _
—-29x%x107°S
{—0.1209,
-1.7x 10758

2)® = 1.0 mm:

{—0.1633,
A= _
—-1.7x107%S
{—0.4747,
—3.5%x107%S

3)® =2.0 mm:

Ao {—0.6496,
~-5.0x1077S
B {—1.7784,

—1.1x 1075S — 1.8866,

60

S < 192.25u¢?,
—0.0406, S > 192.25#82,

S <192.25u¢?, ®)
—0.1351, S =>192.25u¢?.

§ < 2971.84ue?,
—0.2029, S > 2971.84#82,

S< 2971.84-#82, ©)
—0.5644, S=> 2971.84;182.

S < 42318.15u¢?,
—0.6894, S >42318.15u¢?, @)

S < 42318.15u¢?,
S > 42318.15u¢2.
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4) ® =3.0 mm:
_ {—1.4524, S < 173712.43u¢e?,
~1-3.2x1077S — 1.4040, S >173712.43ue?, ®)
B= {—3.5456, S < 173712.43ue?,
~ -5.0x 10775 —3.6124, S >173712.43ue?.
5)® =4.0 mm
_ {—2.5734, S < 393265.92u¢?,
~1-3.2x10775 —2.4563, S >393265.92u¢?, )
B= {—5.1426, S < 393265.92u¢?,
~ =23 x10775 —5.1528, S = 393265.92u¢2.

Then the residual stress of 2219-T87 aluminum alloy joints can be calculated under different
hole diameters according to Eqgs. (1), and (5) to (9), the results are showed in Fig. 5. We can see
from the figure that the curve of residual stress in relation to hole diameters presents a decline at
@ = 1.0 mm; and the welding residual stress becomes more stable after when @ > 2 mm.

—=—70MPa
160 - —e—80MPa
—4— 120MPa

ol vi\\:/f o

\/—.—.
~., —

— -

S N

S <
T

(=)
=
T

Residual Stress (MPa)
N )
S S

[
=]

0 1 1 1 1 1 1 1 1 J
00 05 1.0 1.5 20 25 3.0 35 4.0 45
Hole diameter (mm)

Fig. 5. The curve of residual stress in relation to hole-drilling diameter
3.3. The influence of hole-diameter to estimation

Table 1. Standard deviations

¢ (mm) X
0.5 20.30
1.0 21.88
2.0 12.70
3.0 7.42
4.0 4.86

In order to evaluate the influence of different hole diameters to residual stress estimation, the
concept of standard deviation X is used to describe the statistical dispersion. It has been calculated
under different hole diameters through Eq. (10), results are listed in Table 1. We can see the
standard deviation of residual stress and calibrated value is minimum when the hole-drilling
diameter is 4.0 mm, which indicates that the estimation result is most reliable and stable when
® =4 mm. Thus, in the subsequent measuring test, we will drill a @ = 4 mm hole in the joint to
estimate the residual stress:
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(10)

4. Measurement test on residual stress
4.1. Test sample

The test sample is 2219-T87 aluminum alloy welding joint with a thickness of 4.0 mm, shown
as Fig. 6, and holes of ® =4 mm are drilled in the sample by drilling equipment at different
measuring points listed in Table 2. Here, the variable D represents the distance between measuring
points and the welding seam.

Table 2. Specific locations of measuring points
Measuring point number 1 2 |3 4 5
D (mm) 2 14168 10

G e ]

Fig. 6. Test sample after drilling holes
4.2. Test results and analyses

The releasing strain obtained by the test is shown in Fig. 7, which describes the relationship
between the releasing strain and distance D. From the two curves in the figure, it can be seen that
the longitudinal releasing strain has a dominant role in residual stress calculation. So the lateral
releasing strain can be ignored in the estimation of residual stress.
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-1500-

Fig. 7. The variation curve of release strain

62 JOURNAL OF MEASUREMENTS IN ENGINEERING. JUNE 2014, VOLUME 2, ISSUE 2



42. INFLUENCE OF HOLE-DRILLING DIAMETER ON ALUMINUM ALLOY RESIDUAL STRESS MEASUREMENT.
JIANGBO XU, CAIHONG XUE, YUE WANG

Based on the releasing strain, the distortion energy density calculated by Eq. (4) are listed in
Table 3. Then the residual stress at welding region can be obtained through Eq. (1) and (9), the
stress distribution is described as Fig. 8. We can clearly see that the residual stress is first tension
stress when distance D < 9 mm, it then becomes compressive stress when D = 9 mm. And the
maximum residual stress calculated under the hole diameter of 4.0 mm is 123.2 MPa.

Table 3. Results of S at different points

Measuring point number | D (mm) S (ue?) 1gS (ue?)
1 2 1456376.550 6.163
2 4 817650.951 5.913
3 6 399650.733 5.602
4 8 74225.855 4.871
5 10 11222.113 4.050
6 12 9326.412 3.970
—=— [ ateral
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5 40+
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Fig. 8. The variation curve of residual stress
5. Conclusions

In this paper, the method of hole-drilling in combination with FEM numerical simulation are
applied to estimate the welding residual stress. In the process of FEM simulation, the influence of
drilling-hole diameter has been analyzed. And the residual stress of 2219-T87 aluminum alloy
welding joints has been calculated. The conclusions are submitted as followed.

1) The simulation results show that the minimum deviation of the estimation stress values and
calibration stress values is 4.86 % when the hole-drilling diameter is 4.0 mm. That is to say
@ =4 mm is the optimal hole diameter for estimation.

2) The residual stress obtained by estimation under this optimal hole diameter has a
distribution of first tensile stress and then compressive stress from the welding seam to outward.
And the maximum residual stress of the welding joint sample is 123.2 MPa.

3) The research results prove that the method of estimating residual stress with considering the
influence of hole diameter for welding structures is reliable and valid in engineering.
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