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Abstract 

In the current research, the double-sided laser beam oscillation filler weldings 

(DLBOW) with beam incident angle from 20° to 40° were carried out in 2219 Al-Cu 

alloy T-joint. Double-sided laser beam filler welding (DLBW) was conducted as a 

reference group. 3D computed tomography (CT) scanning analysis methods was 

performed to investigate the precise three-dimensional locations of the porosity defects 

in the T-joints. The dynamic behavior of keyhole of DLBW and DLBOW in T-joints 

was simulated by Flow-3D to study the formation process of pores. The effects of beam 

oscillation and beam incident angle on the macrostructure, microstructure, porosity, and 

mechanical property were discussed. It was found that beam oscillation and smaller 

beam incident angle had advantages in porosity suppression. The mechanical properties 

was improved. With the beam incident angle of 20°, the porosity of T-joint welded by 

DLBOW was lowest (0.26%). The hoop tensile strength and T-pull tensile strength of 

the T-joint reached 403MPa and 302MPa, approximately 89.5% and 71.6%, in contrast 

with that of the base metal. 

Keywords: beam incident angle, laser oscillation, porosity, keyhole behavior, tensile 

strength
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Introduction

2219 aluminum is widely utilized in aerospace field to manufacture fuel tanks due to 

its excellent performance, i.e. high specific strength, low temperature performance and 

weldability[1-3]. In order to increase productivity as well as reduce body weight, German 

Airbus firstly proposed double-sided laser beam welding (DLBW) technology instead 

of riveting for the connection of aluminum alloy. DLBW was successfully applied to 

the mass production of the Airbus A318 and A380, which proved DLBW was effective 

to increase productivity and reduce the body weight of modern aircraft[4, 5]. Presently, 

aluminum panel consisting of skin-stringer T-joint is considered as a potential 

lightweight structure in fuel tanks for large launch vehicles. 

D LBW is an approved method for joining skin-stringer T-joints in the aircraft 

industry[4, 6]. However, porosity defects are still the main issue for laser keyhole 

processing of skin-stringer T-joint of aluminum alloys. These pores are formed from 

residual bubbles that are caused by the unstable keyhole and impurities[7, 8]. For T-joint, 

it is different from bead welding or butter welding that the laser incident with an angle, 

resulting inclined molten pool with an angle to the gravity. In this circumstance, it is 

harder for the bubbles to escape from the molten pool[9]. Therefore, it increases the risk 

of generating keyhole-induced porosity[10]. According to the previous research, weld 

formation and porosity defects in T-joint were closely related to the incident angle of 

laser[11, 12]. It was demonstrated that a beam incident angle between 10° and 15° 

(Oliveira et al.) or lower than 25° (Ventzke et al.) promoted a reduction of porosity. 

However, the effects of incident beam incident angle on the porosity of T-joint were 

not fully explained.

The formation mechanism of porosity has been studied extensively through experiment 

method in deep penetration laser welding, including in-situ X-ray phase contrast and 

“sandwich” observation methods[7, 8, 13-15]. It was well accepted that the keyhole was 

unstable in deep penetration laser welding. The surrounding molten pool fluctuation 

was subjected to transient vapor pressure caused by the keyhole behavior. The molten 

pool casually collapsed at the middle part, resulting in the keyhole-induced bubbles. 
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The bubbles evolved into weld porosity if it did not escape from the pool. All the 

experiment results showed that melt pool behavior was closely correlated with porosity. 

However, experimental method was limited to observe the formation of porosity in laser 

filler welding of T-joint. Recently, numerical models have been developed to simulate 

laser welding processes so as to study mechanism of keyhole formation, melt flow and 

porosity formation[16, 17]. Tao et al[18] and Yang et al[19] proposed a numerical model to 

investigate the effects of keyhole behavior and melt flow on porosity defect formation 

in T-joint of dual laser double-sided welding. It was indicated that porosity defects 

decreased with increasing welding speed and keyhole connectivity. In order to 

investigate the formation process of keyhole-induced porosity, Xu et al. developed a 

numerical model of laser-MIG hybrid fillet welding of aluminum alloy in the horizontal 

position. It was found that, owing to the effect of gravity, the keyhole collapsed at the 

middle part easily[20]. The behavior of porosity and molten pool in T-joint was totally 

different from welding of bead weld and butter joint. Most of the bubbles were inclined 

to be captured by the upper weld pool edge, due to the effect of gravity[20]. The beam 

incident angle significantly influenced the molten pool behavior and morphology, 

which made the porosity formation more complicated in T-joint.

Recently, several welding methods have been developed to suppress the formation of 

porosity in the weld joint, such as twin-spot laser welding[21], vacuum laser welding[22], 

adjustable-ring mode laser welding[23], and laser oscillating welding[24-26]. Laser 

oscillating welding was relatively simpler that allows to suppress porosity to a very low 

degree in Al alloy[24-26]. Many studies indicated that oscillating laser was effective in 

eliminating pores in downward welding, including butt joint and lock bottom joint. So, 

it is a potential method to eliminate porosity in skin-stringer T-joint of Aluminum alloy. 

However, there is few research available on laser oscillating welding in T section fillet 

joints.

In this study, the formation process of keyhole-induced porosity in laser oscillating 

welding of the T-joint was studied by both experimental and numerical methods. An 

adaptive 3D model was developed. The formation processes of keyhole-induced 

porosity with different beam incident angles were simulated. Meanwhile, the weld 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4341696

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed









100

4

20

15

12
.5

6

4

6
15

skin

stringer

hoop 
direcrion

hoop 
direcrion

T-pull 
direcrion

Hoop tensile sample

100

T-pull tensile sample

T-pull 
direcrion

T-pull 
direcrion

fixture

bolt

skin

(a) (b)

(c) (d)

skin

stringer

Fig.2 (a) Schematic diagram of sampling position of tensile specimen (b) Device for clamping 

specimen to perform T-pull testing (c) The geometry for the hoop tensile sample (d) The geometry 

for the T-pull tensile sample

2.3 Simulation

CFD simulations were performed to calculate the heat transfer and molten pool 

behavior in the laser welding to understand the mechanism of the porosity formation. 

In this simulation, Flow-3D v12 software assisted with the Flow WELD module was 

used for calculation. A series of physical models were established for the physical 

phenomena including heating, convection and evaporation in the DLBW and DLBOW 

process. The model was constructed in Cartesian coordinate system. In this model, the 

Gaussian heat source was selected as the heat source. The volume of fluid (VOF) 

method was used to establish a gas liquid solid coupling model to solve the problem of 

tracking the free interface of the keyhole. The multiple reflection model and ray tracing 

were used to realize the multiple reflection of the laser beam in the keyhole. The Fresnel 

absorption model was used to realize the energy transfer of the laser beam in the 

keyhole. In addition, the driving forces such as surface tension, recoil pressure and 
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weld morphology: weld penetration (Wp), weld width (Ww) and weld height (Wh) were 

defined in Fig.3c. As the beam incident angle increased from 20° to 40°, Wh and Wp 

increased from 3.54 mm to 4 mm and 2.68 mm to 3.6 mm respectively. Ww slightly 

decreased from 11.6mm to 11.04mm. As a result, the weld cross-sectional area 

increased from 41.35mm2 to 49.21mm2. 

Fig.3 Profiles of T-joints welded by DLBW with different beam incident angle

Fig.4 showed the profiles of T-joints welded by DLBOW with different beam incident 

angles. As incident angle increased from 20°  to 40° , the Wh and Wp of the T-joints 

increased from 3.9mm to 4.72mm and 1.25 mm to 2.35 mm, respectively. The Ww of 

the T-joints changed little, from 11.3mm to 11.7mm. Naturally, the weld cross sectional 

area increased from 34.45mm2 to 44.49mm2.
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Fig.4 Profiles of T-joints welded by DLBOW with different beam incident angle (a-20°,b-30°,c-

40°)

Fig.5 illustrated the laser irradiation area on the stringer and the skin. With the increase 

of the beam incident angle, the laser irradiation area on the surface of the stringer and 

the skin increased to a certain extent. However, due to the poor heat dissipation 

condition of the stringer, the height of the fillet weld leg increased significantly. 

Moreover, the penetration along the beam axis increased with the beam incident angle, 

which led to the increase of weld penetration. 
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Fig.9 Microstructure of T-joint welded by DLBW at beam incident angle 20°

 

Fig.10 Microstructure analysis by EBSD of T-joint welded by DLBW at beam incident angle 20°
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