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Abstract
The increasing interest of the aircraft industry in reduction of structural weight of aircrafts has resulted in the
development of lightweight and high-strength Al-Li alloys as well as in the introduction of laser beam welding to the
manufacturing process. The objective of this study is the investigation of the influence of variations in the chemical
composition on local mechanical properties, like micro-hardness and micro-tensile strength, of CO2 laser beam
welded skin-stringer joints made from AA2196 and AA2198. Additionally the influence of the welding process on
weld chemistry is studied in view of the improvement of the weld quality.
© 2011 Published by Elsevier Ltd. Selection and/or review under responsibility of Bayerisches Laserzentrum GmbH
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1. Motivation and State of the Art
The recently developed Al-Li alloys AA2196 and AA2198 are very promising lightweight and highstrength alloys for applications in the aircraft industry. For example, they can be used for skin-stringer
joints of fuselage panels. Laser beam welding (LBW) of skin-stringer joints is already an established
process for aircraft manufacturing which offers further weight savings by replacing the riveted differential
structure by a welded integral structure [1]. However, Al-Li alloys typically show weldability problems
mainly due to the hot cracking sensitivity and the formation of porosity which usually results in a
degradation of the mechanical properties of the joints [2]. Besides this, the welding of lithium-bearing
aluminium alloys results in the formation of two apparently differing phases [3] whose influence on the
mechanical properties is until now not clarified. For this reason the influence of the local chemical
composition on the mechanical properties will be investigated in this study. Additionally the influence of
the alloy combination and the welding process on the formation of these phases will be studied in view of
the improvement of the weld quality.
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2. Materials and Experimental Procedures
2.1. Aluminium-Lithium Alloys
Al-Li alloys, like the new alloys AA2196 and AA2198 of the third generation, feature a low density
and a high strength at the same time which corresponds to the demands of the aircraft industry for
materials of fuselage panels. In addition, a good weldability of these alloys is also essential for the
manufacturer, because this allows the production of light integral structures. The properties of the Al-Li
welds strongly depend on the welding preparation and also on the welding process.
Two different alloy combinations of skin and stringer, AA2198-AA2196 (A) and AA2198-AA2198
(B), were joined by laser beam welding in order to study the influence of the base materials on the weld
formation. The combination A is the intended alloy combination of the material producers for the
fuselage structure.
The skin used in this study, a 5.0 mm thick rolled plate, was made from the alloy AA2198 in the T3
heat treatment condition. The stringer for combination A, a 3.0 mm thick extruded profile, was made
from the alloy AA2196 in the T8 condition. Whereas the stringer for combination B, a 1.9 mm thick
rolled plate, was also made from the alloy AA2198 in the T3 condition. This stringer alloy possesses a
higher strength than the skin alloy, which is needed for stiffening the fuselage structure. The chemical
compositions of the Al-Li alloys used for this study are given in Table 1.
Since age hardenable aluminium alloys tend to develop metallurgical induced hot cracks in the weld
seam, the skin-stringer joint has to be welded with additional filler wire, which possesses a high Sicontent to compensate the crack formation [1]. In this study a filler wire made of AA4047 (see Table 1)
with a diameter of 0.8 mm was used.
Table 1. Chemical composition (wt %) of the used aluminium alloys
Alloy

Si

Fe

Cu

Mn

Mg

Cr

Zn

Ti

Ag

Li

Zr

Al

AA2196 (stringer)

0.03

0.06

2.88

0.32

0.34

0.01

0.02

0.02

AA2198 (skin)

0.03

0.05

3.33

0.03

0.32

0.05

0.02

0.02

-

1.7

0.11

bal.

0.27

0.98

0.14

bal.

AA4047 (filler wire)

12.0

0.8

0.3

0.15

0.1

-

0.2

-

-

-

-

bal.

Like all aluminium alloys, the Al-Li alloys develop an oxide film on the surface whose growth rate is
even increased by the existence of lithium as alloying element. This oxide film is mainly responsible for
the formation of porosity in the weld seams. Hence, a surface preparation in the joining zone was
accomplished by mechanically milling followed by cleaning with ethanol. For this purpose a surface layer
of at least 150 μm was removed directly before welding.
2.2. Laser Beam Welding
The welding was performed using a large scale laser welding facility equipped with a movable
processing head (see Figures 1a and 1b) and two 3.5 kW CO2-lasers (with beam quality K ≈ 0.76, beam
parameter product BPP = 4.4 mm mrad and beam focus diameter d ≈ 130 μm). The facility has been
installed in cooperation with AIRBUS Germany. It facilitates an up-scaling of the welding process from
coupon specimens up to complete fuselage panels with dimensions of 8500 mm x 3000 mm. In addition,
this facility allows an easy implementation of the developed welding process to industrial manufacturing
of aircraft components.

The T-joints of skin and stringer were welded simultaneously from both sides of the stringer as well as
successively from each side of the stringer. The incident beam angle of both lasers was constantly at 22°.
The filler wire AA4047 and the shielding gas helium were supplied from each side of the stringer in front
feeding mode. The welding equipment and joint configuration used in this study are shown in Figure 1c.
To retain the position of skin and stringer during welding a vacuum unit for the skin and a mechanical
clamping device for the stringer were used.
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Fig. 1. Laser welding facility (a) with laser processing head (b) and schematic diagram of the joint configuration (c)

The welding sequence (simultaneous or successive welding) and parameter sets (laser power, welding
speed, filler wire feed rate) used for welding were varied for both alloy combinations A and B (see Table
2). The welding parameter sets were analyzed with regard to porosity and good weld seam formation by
the use of design of experiments.
Table 2. Welding parameter ranges for both alloy combinations
Alloy combination
(skin-stringer)

Laser power
PW

Welding speed
vw

Filler wire feed rate
vfw

Welding sequence

AA2198-AA2196 (A)

1.80-2.00 kW

5.0-6.0 m/min

6.0-8.0 m/min

simultaneous/successive

AA2198-AA2198 (B)

1.48-1.72 kW

3.8-6.2 m/min

7.0-9.0 m/min

simultaneous/successive

2.3. Determination of the Microstructural, Chemical and Mechanical Properties
The microstructures and the phase formation of the welds of both alloy combinations were analyzed by
optical microscopy. Therefore the microsections of the welds were grinded, polished and then etched with
Keller’s reagent.
Selected welds were investigated by the use of the scanning electron microscope (SEM) on unetched
microsections and the local chemical composition (except Li) was analyzed by the energy dispersive Xray (EDX) analysis (see Figure 2a). The local Li-content was measured in 0.3 mm thick layers of the weld
by inductively coupled plasma atomic emission spectroscopy (ICP-AES) with previous acid hydrolysis
(see Figure 2b). Therefore 10 layers were successively removed by mechanical milling and the chips of
each layer collected and analyzed. The measured Si- and Li-contents were compared to calculated
theoretical values. For the calculation of the theoretical content Cth of Si and Li in the weld equation (1)
was used, with the cross-sectional area A and the content C of the base materials of skin, stringer and filler
wire, assuming a homogeneous dilution of base materials (see Figure 2c). Because of differences between
welding speed and filler wire feed rate, the diameter of the filler wire was adjusted with the help of
equation (2).
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Fig. 2. Schematic diagram of the position of measuring points for the EDX analysis in the separated phases (a), of the position of
measuring layers for the ICP-AES analysis (b) and of cross-sectional area for the calculation principles (c)

Cth , Si / Li =

A fw =

Ask ⋅ CSi / Li , sk + Astr ⋅ CSi / Li , str + 2 ⋅ A fw ⋅ CSi / Li , fw

(1)

Aws

A fw ⋅ v fw

(2)

vw

The local mechanical properties of the welds were determined in two different ways. In the first,
Vickers micro-hardness measurements (HV 0.2) were performed on etched microsections to identify the
different phases. Therefore a grid pattern with 0.3 mm grid spacing was chosen. And in the second,
micro-tensile tests were performed, which has been introduced by [4]. The 0.5 mm thick flat micro-tensile
specimens (see Figure 3a) were extracted from the welds via electro discharge machining longitudinal to
the welding direction. Since the width of the specimens is slightly greater than the width of the stringer
after the mechanically milling, it was not possible to extract specimens from the stringer (see Figure 3b).
They were tested on a Zwick 2.5 kN testing machine. Both test procedures allow distinguishing between
the mechanical properties of different phases.
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Fig. 3. Schematic diagram of the dimensions (a) and the extraction (b) of the flat micro-tensile specimens

3. Results and Discussion
3.1. Microstructure of the Welds
A phase separation was observed in all examined microsections for both alloy combinations A and B.
The phase separation appears as a different etching behaviour which indicates a differing chemical
composition. The upper phase showed in comparison to the lower phase a more light-coloured appearance
with considerable flow marks which indicate an inhomogeneous solidification in this area (see Figures 4a
and 4b). The different chemical composition is attended by an atypical grain growth. The atypical grain

growth is in turn characterized by less dendritic grains which are locally agglomerated (see Figure 4c). By
variation of the welding sequence and the welding parameter sets by the use of design of experiments no
definite dependence of the welding parameters on the phase separation behaviour was observed. It was
always impossible to achieve a perfect dilution of the base materials of skin, stringer and filler wire. For
this reason the dilution seems to be affected by other parameters which are hard to control or cause
process instabilities, respectively.
In addition, all examined microsections showed porosity, which can not be removed completely, but
reduced significantly by a proper surface preparation of the weld zone and the variation of the weld
parameter sets. Some of the microsections also show cracks which lie along the solidification front of the
atypical grains. This type of cracks can also indicate a loss of Si in this area.

1mm

100μm

1mm

Fig. 4. Observed phase separation in alloy combination AA2198-AA2196 (A) (a) and AA2198-AA2198 (B) (b) and exemplary
atypical grain growth in the upper phase observed in both alloy combinations (c)

3.2. Local Chemical Composition of the Welds
The EDX-analysis of the welds shows that there is an inhomogeneous distribution of alloying elements
in the weld. In lower phase heavy elements like Cu and Ag are accumulated whereas in the upper phase
light elements like Si were found. The measured values for an exemplary weld of alloy combination A are
shown in Table 3. Within the upper phase the content of Si, which was mainly brought into the weld by
the filler wire, also varies a lot. The outer areas of the upper phase (positions 1 and 3 in Figure 2a) show a
higher Si-content in comparison to the centre of this phase (position 2 in Figure 2a). However, the Sicontent measured in the welds is always lower than the theoretical calculated value according to equation
(1). For example, for a calculated Si-content of 2.5 wt % in a weld of alloy combination A only a
maximum value of approx. 1.6 wt % was measured (see Table 3). This indicates an insufficient dilution
and a considerable loss of Si during welding. A value of around 0.8 wt % Si leads to a high hot cracking
sensitivity. To avoid hot cracking of the weld, a Si-content of at least 2 wt % is needed [5].
Table 3. Content of the alloying elements (wt %) at 5 positions within a weld seam (according to Figure 2a) of alloy combination
AA2198-AA2196 (A) measured by EDX (not determinable *)
Position in the
weld seam

Phase

1

Measured value for alloying element content
Al

Cu

Si

Ag

Fe

Mg

Zr

upper

92.31

5.20

1.62

0.49

0.37

*

*

2

upper

93.53

5.13

0.55

0.49

*

*

0.29

3

upper

93.03

5.08

1.47

0.32

*

0.11

*

4

lower

92.78

6.40

*

0.47

0.35

*

*

5

lower

90.56

8.62

*

0.66

*

0.16

*

Since it is impossible to measure the Li-content in the weld via EDX-analysis the ICP-AES was used
which has a lower resolution. By the use of this method, it is shown that there is also an inhomogeneous
distribution of Li in the weld. The measured values are shown in Table 4. The lowest Li-contents were
measured in layer below the stringer (marked light grey in Table 4). These values are slightly below the
theoretical calculated values according to equation (1). This indicates a small loss of Li during welding.
The Li-content of the lower phase is close to the Li-content of base material of the skin. This in turn
indicates an insufficient dilution of the base materials. It should be mentioned that a marginal falsification
of the results exists, because not only the weld but also a small volume of base material was measured
(see Figure 2).
Table 4. Li-content (wt %) in 10 layers of the weld of both alloy combinations measured by ICP-AES in comparison to the
theoretical calculated values (base material of stringer * and skin **)
Alloy combination
(skin-stringer)

Theoretical
calculated
value

Measured value in position relative to skin surface (mm)
+1.2
*

+0.9

+0.6

+0.3

-0.3

-0.6

-0.9

-1.2
**

-1.5
**

-1.8
**

AA2198-AA2196 (A)

1.0

1.70

1.66

1.53

1.02

0.94

1.04

1.06

1.04

1.02

0.98

AA2198-AA2198 (B)

0.7

0.95

0.83

0.77

0.64

0.70

0.89

0.98

1.00

1.00

1.00

One possible reason for the insufficient dilution of the molten material and the formation of phases
could be an unfavorable melt pool dynamic caused by the highly volatile alloying elements Mg and Li
which have a vapor temperature close to the melting temperature of the alloy [6].
3.3. Local Mechanical Properties of the Welds
For both alloy combinations the lowest micro-hardness of 50-80 HV 0.2 was mainly measured in the
upper phase of the weld. In contrast, the highest micro-hardness of 160 HV 0.2 was measured in the
AA2196 stringer of alloy combination A. However, the average micro-hardness in the weld seam of this
alloy combination is approx. -30 HV 0.2 lower as compared to alloy combination B distribution (see
Figures 5a and 5b). And the latter has compared to alloy combination A as well a more homogeneous
micro-hardness.
The micro-tensile tests with 0.5 mm, 1-dimensional increments have a lower resolution compared to
the micro-hardness test with 0.3 mm, 2-dimensional increments. But the lowest tensile strength with 70260 MPa for both alloy combinations was as well measured in the upper phase of the weld. The alloy
combination A possesses again a considerably lower tensile strength in the weld compared to alloy
combination B, although the AA2196 stringer has a higher tensile strength compared to the AA2198
stringer. The alloy combination B has also a quite homogenous distribution of the local tensile strength
(see Figures 5a and 5b).
From the described results it can be assumed that the micro-hardness and the micro-tensile strength are
affected by the chemical composition of the weld, of course, besides the changed temper condition due to
the welding process. In the upper phase of the weld, where inferior mechanical properties occur, the Sicontent is supposed to be close to the critical value for hot cracking and as well the Li-content is lower
compared to the base material. Both (but especially the low Si-content) can lead to a degradation of the
local mechanical properties of the weld. And the same applies for the presence of porosity in the weld. In
[7] it has been already shown that also the macroscopic mechanical properties of the more homogeneous
welds of alloy combination B are superior compared to alloy combination A with an AA2196 stringer.

Fig.5. Distribution of the micro-hardness in the weld seam and micro-tensile strength of different layers of the weld for alloy
combination AA2198-AA2196 (A) (a) and AA2198-AA2198 (B) (b)

4. Conclusion
The attained results of this study show a measurable influence of the local chemical composition on
the mechanical properties of an Al-Li weld. The chemical composition of a weld is defined by the alloy
combination but it is also changing within the weld seam due to the phase separation and the insufficient
dilution of the molten base materials, respectively. To avoid a mechanical degradation of the welds a
good dilution has to be considered during the LBW process of Al-Li alloys. The inhomogeneous
distribution of Li in the weld yields in local hardness and strength differences. Whereas the local loss of
Si during welding causes hot cracking whose influence on the mechanical properties of the welds is
supposed to be greater. The influence of the distribution of the alloying elements by the welding process
(e.g. welding sequence and parameter changes) is not obvious and it is additionally limited due to the
formation of defects like pores and cracks for particular parameter sets.
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