
MORPHOLOGY AND MECHANICAL BEHAVIOUR OF LASER BEAM WELDING AA2024/AA7075 

DISSIMILAR T-JOINTS 
 

 

 

P. Oliveira1, A. Loureiro1, J. Costa1*, J. Ferreira1, L. Borrego1,2  

 
1CEMMPRE, Mechanical Engineering Department, University of Coimbra,  

Rua Luís Reis Santos, 3030-788 Coimbra, Portugal 
2Mechanical Engineering Department, ISEC, Politécnico de Coimbra, 

Rua Pedro Nunes, 3030-199 Coimbra, Portugal 
* Corresponding author:jose.domingos@dem.uc.pt 

 

 

 

ABSTRACT 

 

Some aircraft manufacturers are exploring the possibility of replacing riveting by laser beam welding (LBW) as joining 

technology in manufacturing of aluminium alloy stiffened panels in lower fuselage. The goal is to achieve weight 

reduction and strength increase of the airplane structure as well as time and cost reduction of the aircraft production. 

Although, the aircraft industry considers both simultaneous and successive double-sided LBW as acceptable methods for 

joining skin-stringer T-joints, there is a lack of studies about successive double-sided LBW of dissimilar T-joint on 2xxx 

and 7xxx series using a high-power laser and filler wire. Therefore, the main objective of this study is to investigate the 

effect of laser welding parameters, such as laser beam power, welding speed, incident beam angle, incident beam position 

and laser beam diameter on microstructure, porosity and mechanical properties of dissimilar AA2024-T4/AA7075-T6 T-

joints. The change in the welding parameters does not cause significant variations in the microstructure in the various 

welding zones. The most significant loss of hardness is observed in FZ, in the order of 20%. The pull-out tests present 

two failure modes. The fracture take place mainly along the fusion boundary with the skin base material (BM) in mode 1 

and along fusion boundary with the stringer BM in mode 2. 
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 INTRODUCTION 

 

Some aircraft manufacturers are exploring the possibility 

of replacing riveting by laser beam welding (LBW) as 

joining technology in manufacturing of aluminium alloy 

stiffened panels in lower fuselage [1]. The goal is to 

achieve weight reduction and strength increase of the 

airplane structure as well as time and cost reduction of 

the aircraft production [1]. The aircraft (aviation) 

industry considers both simultaneous and successive 

double-sided LBW as acceptable methods for joining 

skin-stringer T-joints since they can produce both 

defects-free and symmetrical weld seams [2]. 

 

Porosity is a common defect in aluminium alloys welded 

by fusion techniques. The main reason for this is the 

hydrogen rejection during the weld pool solidification 

due to the much higher hydrogen solubility in molten 

aluminium than in solid aluminium [3]. Furthermore, the 

highest cooling rate of LBW is harmful for weld 

degassing [3], however it also reduces the nucleation and 

growth rates of hydrogen pores [4], generating micro-

porosity. Another reason for porosity formation in LBW 

is the keyhole instability [4]. This type of porosity is 

featured by large size, irregular form and rough wall [5].  

 

The welding parameters have influence on weld strength. 

The welding speed and the feed rate of filler wire affect 

the strength of welds, because they influence the weld 

build up [6] but, Cicalã et al [7] mention that the second 

factor is more relevant for the T-joint mechanical 

strength.  

 

Aluminium alloys of 2xxx and 7xxx series have been 

widely used in manufacturing of riveted aeronautic 

structures due to their high strength to weight ratio, but 

both are considered not easily weldable by fusion 

welding, due to porosity formation by keyhole instability 

and hot cracking during welding process [2]. According 

to Zhang et al [8], 7xxx alloys have high hot cracking 

sensitivity in welding, rising significantly with Cu 

content. 

 

Therefore, the majority of works about both similar and 

dissimilar laser beam welded T-joints addressed 

weldable alloys as Al-Mg-Si or Al-Cu-Li series [1]. On 

the other hand, few works have studied dissimilar laser 

welded T-joints of 2xxx and 7xxx series but focusing in 

single-sided LBW [2].  

 

Thus, due to the lack of studies about successive double-

sided LBW of dissimilar T-joint on these alloys using a 
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high-power laser and filler wire, the main objective of 

this study is to investigate the effect of laser welding 

parameters, microstructure, porosity and mechanical 

properties of dissimilar AA2024-T3/AA7075-T6 T-

joints performed by a high-power disk laser at both sides 

successively using filler wire. 

 

 

 MATERIALS AND EXPERIMENTAL METHODS 

 

2.1. Base materials and filler wire 

 

Dissimilar T-joints composed of AA2024-T3 skin and 

AA7075-T6 stringer materials have been welded using a 

high Si content filler wire AA4047 of 1 mm diameter. 

The skin and stringer sheets of 500 mm x 160 mm x 2 

mm and 500 mm x 40 mm x 2 mm, respectively, were 

removed perpendicular to sheet rolling direction. The 

Table 1 shows the chemical composition of aluminium 

alloys and filler wire used in this study and the Table 2 

shows the mechanical properties of the base materials. 

 

Table 1. Chemical composition of the base materials and 

filler wire (Wt. %) 

Alloy Si  Fe  Cu  Mn  Mg  Cr  Zn  Ti  

AA2024 
max 

0.50 

max 

0.50 

3.80 

4.90 

0.30 

0.90 

1.20 

1.80 
- 

max 

0.25 

max 

0.15 

AA7075 
max 

0.40  

max 

0.50  

1.20 

2.00 

max 

0.30  

2.10 

2.90 

0.18 

0.28 

5.10 

6.10 

max 

0.20  

AA4047 
11.00 

13.00 

max 

0.6  

max 

0.30  

max 

0.15  

max 

0.10  
- 

max 

0.20  

max 

0.15  

 

Table 2. Mechanical properties of the base materials 

 Ultimate 

stress 

(MPa) 

Yield 

stress 

(MPa) 

Young’s 

modulus 

(GPa) 

Strain at 

UTS  

(%) 

Hardness 

(HV0.2) 

AA2024-T4 

(long.) 
479 359 78.6 13.6 143 

AA2024-T4 

(transv.) 
469 332 78.4 15.2 142 

AA7075-T6 

(longit.) 
588 531 77.0 8.6 180 

AA7075-T6 

(transv.) 
592 529 74.4 9.1 189 

 

2.2. Experimental set-up and welding conditions 

 

Before to carry out the welding, the oxide and 

contaminated layers were removed at work piece 

surfaces by burnishing with a steel brush, and then the 

surfaces were cleaned with acetone.  

 

Then, the skin and stringer sheets were fastened as shown 

in the Figure 1 and the successively double-sided laser 

beam welded T-joint was performed using a continuous 

wave disk laser TruDisk 16002 and a focusing optic BEO 

D70, generating a laser beam with a wavelength of 1.030 

μm and a maximum power of 12 kW. Moreover, the focal 

position was on stringer surface (0.0 mm) and the focal 

length was of 200 mm. Therefore, the enlargement in 

laser beam diameter were carried out by the replacement 

of the optical fibber for one with larger diameter. The 

shielding gas used was argon with flow rate of 10 l/min.  

 

The Figure 1.a shows schematically the incident beam 

position , and the incident beam angle α, which is 5º 

lower than the angle formed by the skin surface and the 

supply plane. The filler wire and the shielding gas were 

supplied in that plane according to the scheme presented 

in the Figure 1.b. This figure also shows that the gas 

nozzle was set behind the laser beam. 

 

 
Figure 1 – Schematic diagram of T-joint welding 

 

In this study, welding parameters such as laser beam 

power (P), welding speed (s), feed rate of filler wire (R), 

incident beam angle (α), incident beam position () and 

laser beam diameter (D) were varied according to the 

Table 3.  

 

Table 3.  – Range of welding parameters studied 

P (kW) s (mm/s) R (m/min) α (º)  (mm) D (μm) 

2.3–3.5 35, 40, 45 3.8–4.8 10, 15, 

20 

0.0–0.3 400, 600 

 

The welding conditions that produced weld seams with 

the best visual aspect and appropriate welding 

penetration depth in the skin were chosen to be studied in 

this work. Table 4 presents the weld series chosen. 

 

Table 4 - Welding parameters used in the series studied 

Weld 

series 

D 

(μm) 

α  

(º) 

s  

(mm/s) 

R  

(m/min) 

P  

(kW) 
  

(mm) 

1 600 10 40 4.3 3.4 0.0 

2 600 10 40 4.3 2.9 0.3 

3 600 15 40 4.3 3.4 0.0 

4 600 15 35 3.8 3.0 0.0 

5 600 15 35 3.8 2.9 0.2 

6 600 20 40 4.3 3.1 0.2 

7 400 20 40 4.3 2.5 0.0 

8 400 20 40 4.3 2.4 0.2 

9 400 15 35 3.8 2.4 0.0 

10 400 15 35 3.8 2.3 0.2 

11 400 15 40 4.3 2.4 0.2 

 

2.3. Morphological and microstructural analysis of the 

welds 

 

In the morphological analysis of the welds several 

features were considered, such as their dimensional 

characteristics, the presence of defects, in particular the 

porosity, and their microstructural analysis. 
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The cross sections of welded T-joints for the different 

weld series were cut transversely to the welding 

direction, polished according to standard metallographic 

procedures and etched with Keller’s reagent (2 ml HF, 3 

ml HCl, 5 ml HNO3, 190 ml H2O). The weld dimensions 

were measured in the cross sections according to Figure 

2.a, using a stereo microscope equipped with 

micrometers in two perpendicular directions. The 

microstructures were analysed using a microscope Leica 

DM4000 M LED and an imaging software Leica 

application suite version 4.5.0. The metallographic 

analysis of welds revealed the presence of porosity. 

Therefore, samples of the welds were radiographed to 

complement the study, using an x-ray system BOSELLO 

SRE HEX 40-60. 

 

 

 

 

 

a) b) 

Figure 2 - Schematic diagram of: a) weld dimensions 

and b) micro-hardness measurements 

 

 

2.4. Mechanical testing 

 

The micro-hardness profiles were measured along the 

skin cross section according to the scheme shown in the 

Figure 2.b. The indentations along the skin were made 

between 300 and 500 μm below the skin surface, 

according to the welding penetration depth of each weld 

series. The interval between indentations was 250 μm on 

the weld, and 1 mm on the base material (BM). 

 

 
Figure 3 –Geometry of pull-out test specimens 

 

The pull-out tests were carried out to assess the quality 

of the adhesion of the stringer to the skin at the welded 

T-joints. As the load applied on the stringer is 

perpendicular to the skin, the pull-out test specimens 

were manufactured according to the Figure 3. The pull-

out tests were carried out at a tensile tester INSTRON 

model 4206, using an upper crosshead speed of 2.0 

mm/min. Three specimens were tested for each weld 

series. 

 

2.5. Welding parameter significance analysis 

 

The influence of the weld dimensions and macro-

porosity on the results of pull-out tests were analysed by 

means of multiple linear regression. The independent 

variables were a, b, c, d and percentage of macro-porosity 

and the dependent variable was UTL. The significance of 

regressions was obtained by variance analysis. The 

regression was considered significant when the P-value 

for the F-statistic was less than 0.05. The contribution of 

each regression coefficient was measured by means of 

the t test. Thus, the regression coefficients with less 

significance were removed from the regression model 

until all remaining coefficients had P-value for t-statistic 

less than 0.05. These data analysis were carried out using 

the Microsoft Excel. 

 

 

EXPERIMENTAL RESULTS AND DISCUSSION 

 

3.1. Morphology of welds 

 

The T-joint macrographs of the weld series mentioned in 

the Table 4 are shown in Figure 4. The series 3, 5, 6, 7, 8 

and 9 show macro-pores, being the series 5 the worst one, 

with a macro-pore about 0.7 mm and some micropores. 

On the other hand, the weld series 1, 2, 4, 10 and 11 

presented some micropores, being the weld series 4 the 

only one with incomplete joint penetration. Furthermore, 

the macrographs did not show any kind of cracks. Figure 

5 shows also some difference in the size of the welds. The 

relevant morphological results for each weld series are 

presented in Table 5. 

 

 
Figure 4 – Macrographs of the weld beads considering 

each welding series 

 

 

Table 5 – Relevant morphological results 

Weld 

Series 

a  

(mm) 

b 

 (mm) 

c  

(mm) 

d  

(mm) 

Porosity 

(%) 
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1 7.17 0.94 2.28 1.77 0.05 

2 6.25 0.45 2.34 1.36 0.12 

3 7.03 0.84 2.34 1.79 0.05 

4 6.36 0.68 2.48 0.81 0.18 

5 6.14 0.81 2.20 1.81 0.41 

6 6.56 0.60 2.12 1.78 0.47 

7 6.38 0.79 1.76 1.44 0.50 

8 5.65 0.73 1.86 2.05 0.35 

9 6.35 0.78 1.93 1.88 0.14 

10 6.33 0.65 2.00 1.61 0.32 

11 6.21 0.59 1.90 2.05 0.20 

 

3.1.2. Effect of Welding Parameters on porosity 

 

Figure 4 shows that welds of series 1, 2 and 4 have 

practically no porosity, while welds 6, 10 and 11 have 

some micropores (pore diameter < 0.2 mm) and welds 3, 

5, 6, 7, 8 and 9 have micro and macropores. The figure 

shows also that the macropores are usually present in the 

second weld seam. This is because the macropores form 

at the root of the first seam as well to the keyhole 

collapses during welding. The exception are the series 6 

and 8 (both series with α = 20° and d = 0.2 mm), which 

contain macropores also in the first layer. Microporosity 

visible in the image is reduced and may be present in any 

of the layers. As the macrographs present only very local 

cross sections, a radiological analysis was also performed 

in sections located at the beginning, middle and end of 

the welds. X-radiography can currently detect defects 

larger than 0.2 mm [4]. A specimen without macropores 

is presented in Figure 5.a and another with macropores is 

presented in the Figure 5.b. 

 

 
Figure 5 – X-ray radiographs a) without macro-pores 

(weld series 1) and b) with plenty of macro-pores (weld 

series 7) 

 

3.1.3. Microstructure observations 

 

The micrograph analysis showed the same 

microstructural patterns for all welding series analysed in 

this work. The cross section of the successive double-

sided laser welded T-joint has distinct microstructures in 

the Stringer Heat-Affected Zone (StHAZ) and the Fusion 

Zone (FZ), as illustrated in Figure 6.  

The StHAZ microstructures present a Partially Melted 

Zone (PMZ), where the maximum temperatures vary 

between the eutectic liquidus temperatures leading to 

liquation in grain boundaries near the fusion line (FL) [9], 

as illustrated in Figure 6.a. As can be seen in this figure, 

there is a chill zone near of the fusion line between the 

columnar zone and the StHAZ. The Figure 6.b shows that 

the center of the fusion zone has a fine cellular dendrite 

structure. 

 

 
Figure 6 – Optical micrograph of the welding series 10 

showing: a) the boundary between weld and StBM and 

b) the FZ center 

 

3.2 Mechanical testing 

 

3.2.1. Microhardness profiles 

 

The microhardness profiles along the skin are similar 

for all weld series, not being affected by the changes 

in the welding parameters. Figure 7 illustrates these 

profiles for a weld of the series 6. Considering all weld 

series, the microhardness in the FZ and in the valley in 

the SkHAZ is, respectively, 115 ± 2 𝐻𝑉0.2 and 128 ±
6 𝐻𝑉0.2. Thus, the FZ hardness is about 81.5 ± 1.5%  

of the skin base material hardness. The reduction in 

hardness in the FZ is due not only to the dissolution of 

the hardening precipitates but also to the use of a filler 

metal (AA4047) with less mechanical strength. 

Furthermore, the valley hardness in the SkHAZ is 

89.5 ± 4.5% of the hardness of the skin base material 

and currently is attributed to the coarsening of 

strengthening precipitates [10]. 

 

 
Figure 7 – Microhardness profiles of welding series 

6 along the skin 
 

3.2.2. Pull-out testing 

 

Table 6 shows the mean values of the maximum load 

required for the rupture of the test pieces. In the same 

table are also presented the values of the mean ultimate 

tensile stress obtained by dividing the load by the stringer 

cross-section, in order to allow comparison with results 

of other authors. These results are higher than the 

maximum stress of the pull-out tests obtained by Enz et 

al [2] for single-sided and successive double-sided LBW 

of a dissimilar AA2024-T351/AA7050-T76 T-joint 

whose approximate values were, respectively, 230 and 

210 MPa. In the same way, the results presented in the 
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mentioned table are higher than the pull-out test results 

obtained by Yang et al [10] for simultaneously double-

sided LBW of a dissimilar AA6056-T4/AA6156-T6 T-

joint whose mean value was approximately 204 MPa. At 

all cases mentioned above the AA4047 filler wire was 

used. 

 

Table 6 – Average ultimate tensile load and stress in pull-

out tests for each weld series 

Weld 

Series 

Average 

Ultimate 

Tensile 

Load (kN) 

Average 

Utimate 

Tensile 

Stress (MPa) 

Pull-out 

Failure 

Mode 

1 11.7 343 1 

2 12.5 367 1 and 2 

3 11.5 337 1 

4 13.5 397 2 

5 12.5 366 1 and 2 

6 12.1 355 1 and 2 

7 12.6 370 1 

8 10.7 314 1 

9 12.1 355 1 

10 11.9 350 1 

11 12.3 363 1 

 

The welding parameters that significantly affect UTL are 

D, P and . Thus, the UTL increases when D enlarges, P 

decreases and  decreases considering that only one 

welding parameter is varied at a time, as shows the 

coefficients presented in Table 7. The UTL rises with 

increase in D because when this occurs, for the same 

welding speed, the laser interaction time (D/s) increases 

leading to a lower cooling rate resulting in higher 

mechanical strength of the welded joint since this is a 

way to avoid hot cracking [11]. Furthermore, UTL 

decreases when P increases because the higher the laser 

power, the higher the dissolution of precipitate phases in 

the material [9], as well as the higher the keyhole sizes 

caused by increase in P, the higher the reduction in UTL 

caused by the lowest mechanical strength of filler wire. 

The pull-out results also decrease with increase in  

because the higher the keyhole sizes caused by the lowest 

interaction of laser beam with the skin material that is 

before the stringer surface when  is increased, the higher 

the reduction in UTL caused by the lowest mechanical 

strength of filler wire. That is, the highest UTL occurred 

when  was equal to 0.0 mm. This result is not in 

agreement with the results of Yang et al [10] for 

simultaneously double-sided LBW of a dissimilar 

AA6056-T4/AA6156-T6 T-joint since for them the 

highest ultimate tensile stress occurred when incident 

beam position was 0.2 mm.  

 

Among the weld dimensions mentioned in this work, 

only d has strong influence on UTL, as can be noticed in 

Table 8. Thus, UTL decreases with the increase in d. 

Considering that the filler wire volume per weld length is 

almost the same for all weld series, this effect cannot be 

attributed mainly to filler feed rate, as observed by Cicalã 

et al [7].  

 

Table 7 –Ultimate tensile load regression model 

considering the welding parameters 

Regression Analysis 

 Coef. Std. Dev. t P-value 

Constant 15.730 1.70486 9.2269 3.6E-05 

D (μm) 0.0163 0.00507 3.2153 0.0147 

P (kW) -4.0749 1.34678 -3.0256 0.0192 

(mm) -4.7184 1.9586 -2.4091 0.0468 

Variance Analysis for Significance of Regression 

 FD SS MS F P-value 

Regress 3 3.1120 1.0373 3.5484 0.0760 

Error 7 2.0464 0.2923   

Total 10 5.1584       

 

Table 8 – Ultimate tensile load regression model 

considering the weld dimensions 

Regression Analysis 

 Coef. Std. Dev. t P 

Constant 14.633 0.7495 19.522 1.12E-08 

d (mm) -1.513 0.4402 -3.438 0.00741 

Variance Analysis for Significance of Regression 

 FD SS MS F P 

Regress 1 2.9285 2.9285 11.819 0.00741 

Error 9 2.2298 0.2477   

Total 10 5.1584       

 

The fractured specimens presented in Figure 8 show the 

features of the two different failure modes. In the first 

one, the complete failure took place mainly along the 

fusion boundary of the skin, as can be seen in the Figure 

8.a. In the second one, the complete failure occurred 

mainly along the fusion boundary of the stringer, as 

shown by the Figure 8.b. Furthermore, for all cases in 

which the second failure mode occurred, another crack 

occurred with the same characteristics of the first failure 

mode, but without leading to a complete failure of the 

specimen. The first failure mode was more common than 

the second one, which occurred in some specimens of the 

weld series 2, 5 and 6 as well as in every one of the weld 

series 4, as shown in the Table 6.  

 

  
a) b) 

Figure 8 – Macrograph of a) the first and b) the 

second pull-out failure modes 

 

It was not noticed any direct correlation between pull-out 

test results and the level of porosity. However, the welds 

which display the second fracture mode present many 

macro-pores on the fracture surface. Furthermore, the 
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crack initiation always occurred on the second weld seam 

side, which has higher porosity than the first seam. These 

facts suggest that macro-porosity influences fracture 

initiation. 

 

 

CONCLUSIONS 

 

The following conclusions can be drawn based on the 

results presented in this study for the successive double-

sided Laser Beam Welding: 

 

The porosity is more frequent in the second weld seam 

than in the first one. 

 

The change in the welding parameters does not cause 

significant variations in the microstructure of the various 

welding zones. 

 

The most significant loss in hardness was observed in FZ, 

of about 18%, while in HAZ, it was about 10%. These 

hardness losses are independent of the welding 

parameters used. 

 

The pull-out test results were affected by welding 

parameters and by weld dimensions. Thus, UTL 

increased with increase in D and decrease in P and in , 

as well as it increased with decrease in d. Furthermore, 

the crack initiation always occurred on the second weld 

seam side, which suggest macro-porosity influence. 
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