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Abstract. Laser welding is commonly used in the aluminum alloy welding of aerospace field
as an efficient and precision welding method. Local high temperature and electrode material
change the microstructure of aluminum alloy in the laser welding process. The nonuniform and
weakened material properties in the weld zone will result in localized stress concentration,
which induced the plastic deformation and the crack initiation of the weld. In this paper, the
digital image correlation method was used to study the elastoplastic crack propagation of laser
welding 6061 aluminum alloy. According to the method that determines the nominal crack-tip
of the weld, we obtained the CTOA and CTOD. The experimental results showed that CTOA,
CTOD and J-integral increased nonlinearly with the crack propagation in the heat affected
zone.

1. Introduction

Aluminum alloy is widely used in the aerospace field as common component materials. And laser
welding is an effective welding method for joining components. The fracture parameters that
characterize the crack propagation behavior of crack-tip include crack-tip opening angle (CTOA),
crack-tip opening displacement (CTOD), energy release rate and J-integral [1]. CTOA and CTOD can
explain the stability of the crack propagation. Laser welding will result in uncoordinated stress, crack
tunneling and crack deflection at the crack-tip due to the different strength and strain hardening index
between welded metal and base metal [2-3].

Aluminum alloy laser welded joint is nonuniform materials. It is imprecise to analyze the
elastoplastic crack propagation behavior by linear elastic damage mechanics and previous measuring
method [4-5]. Digital image correlation (DIC) is an optical method for measuring displacement
contour, deformation, vibration and strain on the specimen surface. The method can calculate the
strain and stress distribution on material surface, observe fluid flow and analyze material’s fracture [6].
Digital image correlation method has the advantages of full-field and non-contact. In this paper, it was
applied to measure the elastoplastic deformation of mode-1 weld crack in laser welded joint of 6061
aluminum alloy. In the process of crack propagation, we analyzed the strain distribution and plastic
zone size of the welded joint, and studied the propagation behavior of the crack in laser seam by
changed CTOA, CTOD, J-integral.
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2. Measurement principle of crack parameters

2.1. Elastic crack parameters

For homogeneous brittle materials, the plastic zone at crack-tip can be neglected because of its tiny
size, and the mode-I crack normally propagates along the precrack of these materials. A linear fitting
method can be used to determine the CTOA at the crack-tip [7]. Two reference lines in elastic zone
intersect at a nominal crack-tip (NCT) position and the CTOA is the angle of determined from the
angle of the lines, as shown in figure 1(a). The CTOD is the vertical distance at 0.5 mm behind the
NCT.
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Figure 1. (a) NCT determined by the linear fitting method, (b) Effect of plastic zone on NCT and (c)
deflection trajectory of weld crack propagation

2.2. Elastic-plastic crack parameters
For laser welded joint of 6061 aluminum alloy, there is a larger plastic zone near the crack-tip. The
linear fitting method can not obtain the fracture parameters for the following reasons.

Firstly, the mode-1 crack in laser welded joint was blunted and propagated along the precrack. The
nonlinear changed y-displacement in the blunted region is shown in figure 1(b). It is unreasonable to
define the NCT by the linear fitting method.

Secondly, the propagation process of mode-1 weld crack in 6061 aluminum alloy can be divided
into three stages, as shown in figure 1(c). In the first stage, the weld crack was blunted and initially
propagated in the fusion zone (FZ) along the precrack. In the second stage, the crack deflected rapidly
from the FZ to the heat affected zone (HAZ), as shown in figure 2(a). Finally, the crack propagated
along the interface between the HAZ and the base metal (BM) because of the weak material
performance in the HAZ. Therefore, a multi-stage linear fitting method is used to determine the NCT
by considering the influence of the plastic zone, as shown in figure 2(b).
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Figure 2. (a) Y-displacement near the weld crack, which deflects to the HAZ and (b) a multi-stage
linear fitting method

The elastic zone data (I zones in figure 2a) was used to fit the straight line by Lei's method [7]. The
CTOA can be obtained from the plastic data of 1l zone, as shown in figure 2(b). So the area near the
crack-tip can be seemed as a combination of elastic zone and plastic zone. L1 and L2 are fitted in the
elastic zone. L3 and L4 are fitted in the plastic zone. The NCT is determined by the intersecting fitting
lines (L3 and L4). The CTOA is the angle between L3 and L4, as shown in figure 2(b). The CTOD is
the vertical distance at 0.5 mm behind the NCT.

2.3. J-integral calculation
J-integral that characterize the fracture properties is expressed by a contour integral,

ou,
J=| (an T —'de -
. ox (i=xy) )

where I”is an arbitrary contour around the crack-tip, Ti=a;jn; is the force acting on the contour unit, oj;
is the stress tensor and n; is the normal vector of the contour. u; is the displacement field and

W = [oyds; is the strain energy density.
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Figure 3. The rectangular integral path of J-Integral
For the mode-I crack in 6061 aluminum alloy, the J-integral can be expressed by a rectangular path
(figure 3a) as

J'=J gcoer @
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For the mode-I weld crack in 6061 aluminum alloy, we considered the different properties between
weld material and base metal. The J-integral is calculated by three rectangular paths (figure 3b),

‘] = ‘]BCGJB + JAJGHIF + ‘]IHDEI (3)
Above J-integral calculations are based on the Ramberg-Osgood constitutive model,
n-1
e mao{a] @)
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where o and ¢ are the uniaxial stress and strain, respectively. o and n are the hardening coefficient and
hardening index, respectively. E and o, are the elastic modulus and yield stress, respectively. The first
term of the formula indicates the linear elastic behavior, and the second term indicates the stage of
plasticity.

3. Experiments

The experimental material is 2 mm thick 6061 aluminum alloy specimen. ER4047 aluminum wire
with 1.2 mm diameter was used as welding filler. The welding system consists of YLS-10000 laser
and KR16-2 industrial robots. The welding rate is 3m/min, and the welding power is 1900W. A
precrack with 0.17 mm width and 7 mm length was made by wire cutting. The specimen was painted
with speckles and fixed in an Instron 3345 tensile tester with a loading rate of 0.5 mm/min. A CCD
camera (Guppy F080b) was used to capture the deformed images with a size is 1024x768 pixels, as
shown in figure 4. The load increased linearly and then entered the yield stage. The maximum load is
2.0 kN, as shown in figure 5.
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Figure 4. (a) Experimental setup for DIC and (b) specimen with a precrack (in mm)
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Figure 5. The Loading history Figure 6. Y-displacement and crack propagation
4. Results and discussion

4.1. NCT-time curve

The cracked expansion can be seen from the y-displacement obtained by the DIC method. The size of
each pixel is 0.0441mm, as shown in figure 6. Four horizontal lines, y coordinates are 86 pixel, 87
pixel, 88 pixel and 89 pixel, were selected near the crack tip. The four y-displacement curves related to
four horizontal lines intersect at 104.54 pixel, which is consistent with the NCT determined by the
multi-stage linear fitting method, as shown in figure 6(a). Finally, the relationship between NCT
position and time was given, as shown in figure 6(b).
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Figure 7. (a) Four y-displacement curves intersected at the crack tip and (b) a NCT-time curve
The NCT position is at 86th pixel before the propagation. The crack propagation process can be
divided into three stages, as shown in figure 7(b). In the first stage (<275s), the initial NCT position
was in the FZ and fluctuated due to the blunting phenomenon. After the crack trapping initiation, the
NCT moved to 102nd pixel. In the second stage (from 275 s to 289 s), the crack expanded from the FZ
to the HAZ in a short period. And the crack-tip moved to 106th pixel at the end of this stage. In the
third stage, the crack had a stable expansion in the FAZ.

4.2. CTOA and CTOD

The CTOA and CTOD curves can be given by the NCT, as shown in figure 8(a) and figure 8(b). In the
first stage, the CTOA had a slow increase, and then grew rapidly to 53.77° at 220 s because of the
blunting and trapping effect of crack-tip in the FZ. The second stage, the weld crack propagated from
the FZ to the FAZ. The CTOA and CTOD is almost zero. Finally, the crack spreaded at the interface
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between the HZA and the BM, because the material properties of the HAZ are lower than those of the
FZ and BM.
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Figure 8. (a) CTOA-time curve and (b) CTOD-time curve

4.3. J-integral and plastic zone
The fracture toughness of weld crack in 6061 aluminum alloy was calculated by equation (3). The
constitutive parameters of Ramberg-Osgood model are shown in Table 1.

Table 1. The properties of laser-welded 6061 aluminum alloy

Elastic Modulus | Poisson's Stralr) Hardening Yield Scale factor
(MPa) ratio hardening coefficient stress (Pixel/mm)
index (MPa)
Base metal 43420 0.33 17.811 0.257 1215 0.0441
Laser weld 13898 0.38 4.29 4.33 70.80 0.0441
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Figure 9. J-integral and time curve in the first stage
In the first stage of weld crack propagation, the J-integral increased slowly, as shown in figure 9. At
the crack initiation time, the crack growth determined by the grabbed images is 0.6515mm. The
corresponding J-integral value is 7.07 kJ/m?. It is lower than 23 kJ/m?, the fracture toughness of 6061
aluminum alloy, due to the lower performance of weld than that of the base material [8].

During the propagation process of weld crack, the strain ¢, distribution is shown in figure 10(a).
The high strain shows the lowest performance of the HAZ. So the weld crack propagated to the HAZ.
The strain &, distribution of 6061 aluminum alloy without laser welding is also given in figure 10(b).
The crack propagated in the high strain zone near the crack tip. Comparing the two plastic zone shape
shown in figure 10(a) and figure 10(b), we know that the laser weld affected the plastic zone shape.
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Figure 10. Plastic zone shape of (a) weld crack and (b) non-weld crack in the aluminum alloy

5. Conclusions

About the full-field displacement measured by the DIC, a new method to determine the NCT and

J-integral of the laser weld crack in 6061 aluminum alloy was proposed. And we studied the CTOA,

CTOD and J-integral by the method. The experimental results show that the multi-stage linear fitting

method is feasible. The crack propagation was divided into three stages: the crack blunting and

initiating process, the crack propagation from the HZ to the HAZ and the crack propagation in the

HAZ. The conclusions obtained in this study are as follows:

(1) The CTOD and CTOA remained growing during the weld crack blunting and initiating process in
the FZ, and then dropped to zero in the stage of the crack propagation from the HZ to the HAZ.
Finally, the CTOD and CTOA stably increased in the HAZ.

(2) The critical J-integral value is 7.07 kd/m? It is lower than 23 kJ/m?, the fracture toughness of
6061 aluminum alloy, due to the lower performance of weld than that of the base material.

(3) The weld affected the plastic zone shape near crack tip because of the highest ¢, strain of the
HAZ.

Acknowledgments
The authors thank the National Natural Science Foundation of China (Nos. 11472070, 11772081,
11572070), the Natural Science Foundation of Liaoning Province of China (No. 2015020145).

References

[1] Newman J C, James M A and Zerbst U 2003 A review of the CTOA/CTOD fracture criterion
Engineering Fracture Mechanics 70(3) pp 371-385.

[2] Sutton M A, Helm J D and Boone M L, 2001 Experimental study of crack growth in thin sheet
2024-T3 aluminum under tension-torsion loading International journal of fracture 109(3) pp
285-301.

[3] Heerens J and Schoedel M, 2009 Characterization of stable crack extension in aluminium sheet
material using the crack tip opening angle determined optically and by the ds clip gauge
technique Engineering Fracture Mechanics 76(1) pp 101-113.

[4] Zhang H and Senkara J, 2011 Resistance welding: fundamentals and applications. CRC press.

[5] Lacroix R, Lens A, Kermouche G, Bergheau J M and Klocker H, 2012 Determination of CTOA in
the molten material of spot welds using the Digital Image Correlation technique Engineering
Fracture Mechanics 86 pp 48-55.

[6] Sahlabadi M, Valiollahi A, Konh B and Soltani N, 2017 Evaluating J-integral and Q parameter in
high - density polyethylene using a combined experimental finite element method. Fatigue &
Fracture of Engineering Materials & Structures, 40(6) pp 924-938.

[7] Zhenkun L, Ruixiang B, Libo D and Wei Q, 2012 Noncontact optical measurement of CTOA and
CTOD for interface crack in DCB test Optics and Lasers in Engineering 50(7) pp 964-970.

[8] Budzakoska E, Carr D G, Stathers P A, Li H, Harrison R P, Hellier A K and Yeung W Y, 2007
Predicting the J integral fracture toughness of Al 6061 using the small punch test Fatigue &
Fracture of Engineering Materials & Structures 30(9) pp 796-807.



