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Abstract AA2198 is a relatively new light-weight and high-
performance Al-Cu-Li alloy considered for aviation and space
applications. However, Al-Cu-Li alloys generally exhibit se-
vere weldability problems for all fusion-welding techniques,
such as laser-beam welding. In particular, porosity formation
and hot cracking are observed for the laser-beam welding of
these alloys. A common remedy for hot cracking is the use of
an appropriate filler wire with a high Si content. In the present
study, three different approaches for improving the hot cracking
susceptibility of AA2198 laser beam welded without any filler
material are presented. For this purpose, pre-heating of the weld
samples to elevated temperatures, pre-loading of the weld sam-
ples perpendicular to the welding direction, or an optimization
of the laser-beam welding parameters were conducted. The
autogenously welded samples were assessed with regard to
the resulting total crack length and their mechanical properties.
It was demonstrated that all of the presented approaches led to a
reduction of hot cracking. However, the largest effect was ob-
served for the use of low levels of laser power and welding
velocity. The mechanical properties of the optimised autoge-
nously welded samples are only marginally inferior as for the
samples laser welded with the Al-Si filler wire AA4047.
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1 Introduction

Al-Cu-Li alloys were developed for light-weight and high-
performance applications in the aviation and space industry.
In comparison to conventional Al-Cu alloys, Li-bearing Al-
Cu alloys, such as AA2198, feature considerable higher spe-
cific strength and specific stiffness (according to Kostrivas
and Lippold [1]). Moreover, the higher specific modulus leads
to a reduction of the fatigue crack propagation, as explicated
by Srivatsan [2]. The properties of these alloys are also adjust-
ed by certain heat treatments, which is generally a sequence of
solution heat treatment, cold working either followed by nat-
ural ageing (T3X) or by artificial ageing (T8X). According to
Giummarra et al. [3], the strengthening is provided by the
stable T; (Al,CuLi), the metastable ©’-type (Al,Cu) and &’
(Al;Li) precipitates. Whereas the stable T, (Al¢CuLis) precip-
itates increase the toughness. However, these promising alloys
also exhibit severe weldability problems for all fusion-
welding techniques. Even for laser-beam welding, generally
resulting in a considerable lower heat input as conventional
fusion-welding techniques, such as gas metal arc and gas
tungsten arc welding, these weldability problems are observed
[2]. Besides porosity formation, hot cracking is one of the
major problems of welded Al-Cu alloys. In general, Li-
bearing Al-Cu alloys can exhibit a high hot cracking suscep-
tibility (HCS), as described in the work of Lippold and Lin [4].
For autogenous welding, the HCS is in general higher as for
welding with an appropriate filler material. For non-
autogenous welding, the choice of the filler material is also
of great importance, as explicated in detail in the work of
Kostrivas and Lippold [1] and Allen et al. [5]. Ellis [6] dem-
onstrated that a high HCS generally results in a deterioration
of the mechanical properties. Up to now, very few approaches
for autogenous laser welding of aluminium alloys intending a
reduction of the HCS have been developed. In most of the
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Fig. 1 Influencing factors on the
hot cracking susceptibility
according to Cross [8]

change of alloy
composition

studies, only one specific aspect of HCS has been
investigated.

The present study deals with the hot cracking susceptibility
of the Al-Cu-Li alloy AA2198 during autogenous laser-beam
welding. Three completely different approaches were applied
to AA2198 with the objective of reduction or even prevention
of hot cracking. The presented approaches were derived from
the theoretical considerations of the causes for hot cracking
known from the pertinent literature for other aluminium alloys
and fusion-welding techniques. The effectiveness of the ap-
proaches was assessed by the measurement of the total crack
length (TCL). Moreover, the mechanical properties autoge-
nously laser welded samples were determined and compared
to that of samples laser welded with an Al-Si filler wire.
However, the use of filler wire is in certain cases not desired
or even not possible, as for example for cost saving purposes
or in case of structures with limited accessibility for welding,
as for example described by Ion [7]. By comparing different
approaches for reducing the HCS applied to the same material,
it was possible to identify the most effective approach for a
specific aluminium alloy, namely AA2198.

2 Factors affecting hot cracking susceptibility
Referring to the work of Cross [8], hot cracking occurs

during the solidification of weld metal owing to the rup-
ture of liquid films in the tailing mushy zone. During

Fig. 2 Configuration for laser-
beam welding with pre-heating
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solidification of the melt pool, a remaining melt is situat-
ed at the crystallisation front, which is characterised by a
lower solidification temperature compared with the ambi-
ent dendrites due to segregation. The formation of solid-
ification cracks generally takes place towards the end of
solidification process in weld pool, when the segregated
residual melt included between the dendrites does not
transmit shrinkage forces. In Fig. 1, the three main
influencing factors on HCS of materials during fusion
welding are specified.

The thermal cycle, resulting from the parameters used
for welding, has an effect on the size of the mushy zone,
in which hot cracking occurs. It is assumed that an en-
larged mushy zone experiences more strain due to shrink-
age, as described in the work of Cross [8]. The amount of
strain in a liquid film is given by the solidification range
resulting from the chemical composition and the cooling
rate of the weld metal. Referring to the work of Kostrivas
and Lippold [9], the HCS of aluminium alloys is maxi-
mum for 3.0 wt.% Cu, 3.0 wt.% Mg, 2.5 wt.% Li, and
0.8 wt.% Si, which is close to the chemical composition
of many commonly used aluminium alloys. The change of
chemical composition of the used material is often not
intended, mainly because of the adjusted mechanical
properties. However, due to vaporisation during deep pen-
etration laser welding, a loss of volatile alloying elements
(such as Li and Mg) can be observed, which is in general
relatively small. In the case of the Al-Cu-Li alloy
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Fig. 3 Configuration for laser- laser beam clamping device for
beam welding with pre-loading introducing
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AA2198, the initial Li and Mg content is far below the
critical amount for maximum HCS so that a potential loss
of these volatile alloying elements would not have a det-
rimental effect on the hot cracking behaviour. Only by the
addition of an appropriate filler material for laser welding,
the solidification range of the weld metal can be locally
adjusted. Referring to Katgerman and Eskin [10] and
Dittrich et al. [11] for the fusion welding of Al-Cu alloys,
the use of a filler wire with a high Si content (above the
critical value of 0.8 wt.% for maximum HCS), such as
AA4047 with 12 wt.% Si, is recommended, since the suf-
ficient amount of liquid with eutectic composition facili-
tates the healing of the cracks. It was shown by Tian et al.

Fig. 4 Variation of melt pool size a

[12] that solidification range of the Al-Cu-Li alloy
AA2198 lies approximately between 500 and 650 °C,
whereas AA4047 has a narrower solidification range
(505 to 580 °C). According to Rappaz et al. [13], the most
critical temperature range for HCS is assumed to lie at the
end of the solidification with a solid fraction of 0.8 to 1.
Alternatively, a filler wire containing grain refiners can
also be used to reduce the HCS, as demonstrated by
Mousavi et al. [14]. The extent of restraint strongly de-
pends on the used clamping of the weld sample. It was
also stated by Cross [8] that the interaction of the
restraining forces and the local weld strains affect the
strain and strain rate in the vicinity of the mushy zone.
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Table 1 Chemical composition

(in wt.-%) of the used aluminium Alloy Cu Li Mg Ag Mn Zn Zr Si Fe Ti Al
alloys
AA2198 335 0.99 0.32 0.27 0.01 0.01 0.14 0.03 0.05 0.30 Bal.
AA4047 0.3 - 0.1 - 0.15 02 - 12.0 0.8 - Bal.

3 Approaches for reducing the hot cracking
susceptibility

3.1 Pre-heating of the weld samples

The first approach intends pre-heating of the weld sam-
ples to elevated temperatures during laser-beam welding
in order to reduce the cooling rate. Thus, the thermal
gradient in the weld sample shall be decreased, which
finally results in a more even thermal contraction.
Moreover, the time for strain release shall be extended,
as suggested by Huang et al. [15]. In the work of Zhu
et al. [16], the positive effect of pre-heating, in particular
for pre-heating temperature of 200 °C and higher, on re-
ducing the weld defects during conventional fusion
welding of aluminium alloys was described. The pre-
heating of the entire weld sample was performed using a
large heating plate, on which the weld samples were
placed. The temperature was monitored with the help of
thermocouples on top of the weld sample. In order to
avoid the oxide formation in the weld zone, shielding
gas (Ar) was supplied from the root side, as depicted in
Fig. 2. Due to thermal convection gas, shielding from the
top side was counterproductive. For this study, the influ-
ence of three different pre-heating temperatures (120, 160,
and 200 °C) on the HCS was investigated. The tempera-
tures chosen for the pre-heating experiments lie in the
temperature range used for artificial ageing of the
precipitation-hardenable Al-Cu alloys, as described in
the work of Wang et al. [17]. However, the heating times
are relatively short in comparison to typical ageing treat-
ments. Higher pre-heating temperature would lead to un-
intentional change of the microstructure and thus to a
degradation of the mechanical properties.

3.2 Pre-loading of the weld samples

The second approach intends pre-loading of the weld
samples during laser-beam welding. By introducing a

compression load perpendicular to the welding direction,
the effect of strain localization due to solidification
shrinkage in the mushy zone shall be reduced or even
compensated, since the liquid films at the grain bound-
aries are prone to tensile strains, as described in the work
of Coniglio [18]. The pre-loading was performed using a
tailored clamping device, as depicted in Fig. 3. In order to
obtain reproducible compression force, a specific torque
was adjusted with the help of a torque wrench. For this
study, only one compression load level was tested.

3.3 Adjustment of the laser-welding parameters

The third approach intends the adjustment of the laser-
welding parameters in order to influence the size of the
mushy zone. A multitude of parameters can be used for
this purpose. The enlargement of the laser focus spot di-
ameter directly results in the increase of the melt pool and
thus also of the trailing mushy zone. Moreover, the beam
intensity is slightly lower for the larger focus spot diam-
eter, when welding with the same laser-welding parame-
ters. The beam intensity is the ratio of the laser power and
the focus spot diameter. In this way, the thermal gradient
in the weld zone is also reduced. The adjustment of the
laser focus spot diameter can be done by the choice of the
feeding fibre and the optical setup or by defocussing of
the laser beam. Furthermore, the size and shape of the
melt pool can also be adjusted by the choice of laser
power and welding velocity. The ratio of laser power
and welding velocity gives an estimation of the heat input
and is also referred as line energy. By comparing Fig. 4a,
b, it becomes obvious that influence of laser power is
considerably higher as for the welding velocity. An in-
crease of the laser power leads not only to a widening
but also to a distinct elongation of the melt pool in
welding direction. For similar heat inputs, realised with
different combinations of laser power and welding veloc-
ity, differing melt pool sizes and shapes can result, as
depicted in Fig. 4c. In this context, in particular, the

Table 2 Properties of the laser

beam using different fibre Fibre diameter Focal length Collimator length Focus spot diameter BPP
diameters (um) (mm) (mm) (um) (mm mrad)
200 300 120 512 7.5
300 746 11.4
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Table 3  Parameters for autogenous laser-beam welding with different
heat inputs

No. Laser power Welding velocity Heat input
(kW) (m/min) (J/mm)

1 4 5.0 48

2 6 7.5

3 8 10.0

4 4 6.0 40

5 8 12.0

6 4 7.0 34

7 6 10.5

8 8 14.0

9 4 8.0 30

10 6 12.0

Table 4  Parameter for non-autogenous laser-beam welding

Laser power Welding velocity Heat input Wire feed rate
(kW) (m/min) (J/mm) (m/min)
3 22 82 1.3

length of the melt pool increases for large values of the
welding velocity. By realising the same heat input with a
lower laser power, smaller melt pools can be obtained.
High heat inputs generally result in low thermal gradients
and thus in a more even thermal contraction, as described
earlier. Moreover, the amount of shielding gas (gas flow
rate) used during laser-beam welding can have an influ-
ence on the cooling rate of the melt and thus also on the
thermal gradient.

For the present study, two different feeding fibres (200 and
300 wum), four different heat inputs (30, 34, 40, and 48 J/mm)
accomplished with different laser power, and welding velocity
levels as well as two shielding gas conditions were used.

4 Materials and experimental methods
4.1 Materials

For the laser-beam welding experiments, the Al-Cu-Li alloy
AA2198 with a T3 tempering was utilised. The chemical com-
position of this alloy is given in Table 1. The under-aged
tempering condition of the precipitation-hardenable alloy
was chosen in order to enable the application of an appropriate
post-weld heat treatment and to avoid unintentional over-
ageing due to pre-heating.

For autogenous laser welding, no additional filler wire was
used. However, for comparison purposes, laser-beam welding
with a filler wire was conducted. Therefore, the Al-Si alloy
AA4047 was used (Table 1).

The sheets had a thickness of 3.2 mm. All laser welding

experiments were conducted perpendicular to the rolling
direction of the sheets.

4.2 Laser-beam welding

The laser-beam welding was performed using an Yb fibre

laser (IPG YLS 8000) with a maximum laser power of

8.0 kW. For the first and the second approach, a fibre diam-
eter of 200 um was utilised. For the third approach, a second
fibre diameter were used, which resulted in different laser
focus spot diameters using the same optical device with a focal
length of 300 mm and a collimator length of 120 mm. The
resulting laser beam properties for both fibre diameters are
summarised in Table 2. The focus spot diameter was measured
with a laser beam diagnostic system (Primes Focus Monitor).
The increase of the laser focus spot diameter by + 234 um
results in a reduction of the theoretical beam intensity of 53%
for the same laser power.

Moreover, different laser parameters were used, which re-
sulted in different heat inputs, as given in Table 3. All of the
laser-welding parameters were chosen so that a full

Fig. 5 Effect of the pre-heating a b
temperature on the total crack B T T T
length of AA2198 (a) and — I AA2198 T3 ° g
longitudinal section of a specimen S 30 ] 2 ~
laser welded (with one parameter £ I reference | g E
set) at room temperature and pre- < s
heated to 200 °C (b) 8’ T =
)
3 ol
G . 3 S
© v =7.5 m/min pre-heated s S
2 5T dyy =200 ym ] g *|
0 L 1 L 1 L 1 L 1 L 1 L
100 120 140 160 180 200 220

temperature [°C]
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Fig. 6 Influence of the pre-heating on the microhardness of laser welded
AA2198

penetration of the sheet was achieved. The welding velocity
was realised by moving the laser optical system above the
specimen with the help of a high-accuracy 6-axis industrial
robot (KUKA KR 30HA).

For all autogenous welding experiments, argon was used as
shielding gas, which was supplied only from the root side with
a gas flow rate of 5 I/min. In order to enable the comparability
with the first approach, for which no top gas shielding was
possible, this one-sided gas shielding strategy was chosen for
all approaches.

For comparison purposes, non-autogenous laser welding
was also conducted. Therefore, the same laser fibre diameter
and laser optical setup was used as for the first and second
approach. The used parameters were determined in a prelim-
inary study (Table 4). Due to the addition of a filler material, a
higher heat input was required for achieving full penetration.
Helium was used as shielding gas, which was supplied from
top and root side with a flow rate of 30 l/min.

4.3 Assessment of the weld quality

For assessing the quality of the obtained welds with special
regard to the HCS, macrographs of longitudinal-sectioned

specimens were taken. Therefore, the samples were cut,
grinded, and polished as target preparation for the centre of
the fusion zone. In addition, macrographs of cross-sections
were also taken. All sections were etched using Dix-Keller
reagent in order to achieve the visibility of the microstructure.
The TCL, defined as the sum of all cracks along the entire
weld seam, were determined using an image processing soft-
ware for the longitudinal sections. Non-destructive testing,
such as radiographic or penetration testing, does either have
a limited resolution for detecting low-volume cracks or can
solely detect surface cracks and was therefore not applied for
the quantification of the HCS.

The local mechanical properties, in terms of microhardness
profiles, were determined (according to DIN EN ISO 6507-1)
using a semi-automated Vickers microhardness testing ma-
chine (Shimadzu HMV-2000) with a test load of 1.961 N and
an indentation time of 20 s was used. Flat tensile specimens
were used to investigate the global mechanical properties under
tensile load (according to DIN ISO 6892-1) with flat tensile
specimens. For this purpose, an electro-mechanical testing ma-
chine with 100 kN load cell (SchenkTrebel RM100) was used.
A constant testing speed of 0.5 mm/min was applied for tensile
testing. The elongation was measured contact free with the help
of a laser extensometer (Fiedler WS-160).

5 Results and discussion

Using the recommended AA4047 filler wire with high Si
content in a sufficient quantity for welding, Al-Cu-Li re-
sulted in crack free weld. In the longitudinal section no
cracks were detected.

5.1 Effect of pre-heating

In comparison to the reference weld, laser welded autogenously
with the same welding parameters but without pre-heating, a
considerable reduction of the TCL was only achieved for pre-

Fig. 7 Influence of the pre- a b
loading on the total crack length B T T 1
of AA2198 laser welded with — 30 [ AA2198T3 61% ] g 8§
three different parameter sets but IS d =200 e g
: H e [ Mfiore ~ pum o o
with a constant heat input of 48 J/ S o5 L | 52
mm (a) and longitudinal section < | reference "q:, g
of a non-loaded and pre-loaded © 20| (non-loaded) = £
specimen laser welded with a o 3 8 kW
laser power of 8 kW (b) X 15F P - b
®© 2 kW -]
© 10 ] 8
S s
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bending

Fig. 8 Cross-section of a specimen laser welded with preloading
showing slight bending
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Fig. 9 Effect of pre-loading on the microhardness of laser welded
AA2198

heating temperatures higher than160 °C, as it can be seen in
Fig. 5a. For the pre-heating temperature of 200 °C, a TCL
reduction of up to 42% was achieved, when compared to the
reference weld laser welded at room temperature (RT). The
welds showed almost no reduction of the frequency of the oc-
currence of cracks, but considerable shorter cracks (Fig. 5b).
And the majority of the cracks seem to nucleate from the weld
seam surface and propagating to the centre of the weld seam.

Fig. 10 Influence of the laser

Y]

However, for the pre-heating temperature of 120 °C, the hot
cracking seemed to be slightly aggravated above the level of the
reference weld laser weld at room temperature.

The occurrence of the same amount of cracks with
shorter lengths implies that the crack propagation was
inhibited but not the crack nucleation. The amount of crack
nucleation sites, such as pores or inclusions, could not sole-
ly be reduced by pre-heating. Due to the fact that the chem-
ical composition of the alloy was kept constant, the solidi-
fication range and thus the maximum amount of liquid film
could not be changed. However, by pre-heating, it is possi-
ble to reduce the cooling rate. In this way, the time for so-
lidification is prolonged. Moreover, the rupture of the liquid
film, as a mechanism for crack propagation during solidifi-
cation described by Katgerman and Eskin [10], was
inhibited to certain extend by the more even thermal con-
traction and the extended time for strain release.

The contradictory hot cracking behaviour observed for a
pre-heating temperature of 120 °C cannot be explained with
the currently known theory for HCS. It is assumed that an
unknown external factor could have caused the slightly in-
creased TCL, whereas the influence of statistical scattering is
assumed to be small. From the theoretical considerations, a
value close to the TCL of the reference welded at room tem-
perature is expected.

The welded sample pre-heated to 200 °C showed in the
heat-affected zone as well as in the base material an approxi-
mately 10 HV0.2 higher microhardness than the reference
sample, laser welded at room temperature, as it can be seen
in Fig. 6. Moreover, no severe hardness degradation in the
heat-affected zone occurs as for the reference sample.
However, no improvement of the hardness was achieved for
the fusion zone.

The decrease of hardness in the heat-affected zone by the
dissolution of the metastable precipitates. The reason for the
improved microhardness in the heat-affected zone and the
base material of the pre-heated sample lies in the initial tem-
pering condition T3 condition, which enables to some extend
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Fig. 11 Effect of the laser focus spot diameter on the microhardness of
laser welded AA2198

ageing during the pre-heating treatment. The influence of dif-
ferent heating temperatures between 170 and 210 °C on an
under-aged AA2198 sheet was for example investigated by
Alexopoulos et al. [21]. The distinct hardness drop in the
fusion zone can be explained by the fact that due to melting
and subsequent solidification, the microstructure was
completely changed. As explained earlier, it is also possible
that the chemical composition could be slightly changed due
to the vaporisation of volatile alloying elements during deep
penetration laser welding. The temper condition after laser
welding corresponds to the as-fabricated condition, since no
special control of the heating and cooling has been performed
during welding.

5.2 Effect of pre-loading

Pre-loaded samples for laser welding generally showed low
level of TCL. However, for low laser power and welding
velocity levels, the TCL was slightly above the level of the
reference sample, laser welded with the same parameters, as
shown in Fig. 7a. Again, the pre-loaded samples, laser welded
with higher laser power and welding velocity, exhibited

considerable shorter crack lengths, which predominantly nu-
cleated from the surface (Fig. 7b). For a laser power of 8 kW, a
reduction of the TCL of approximately 61% was possible in
comparison to the reference welds.

The reason for the reduced crack propagation during solid-
ification lies again in the inhibition of the liquid film rupture.
The applied compression load support the transmission of
shrinkage forces from the residual melt to the ambient solidi-
fied microstructure and thus counteracts to some extend the
shrinkage strains in the welding zone. Due to the fact that the
welding zone was very localised running through the sheet, and
the compression load was always applied to the entire sample,
it is assumed that the stress and strain condition might differ
along the weld line. This could limit the reproducibility of the
results and also the transferability to more complex structures.

Furthermore, a slight, but unintended, bending of the sam-
ple was observed due to the pre-loading perpendicular to the
welding direction, as it can be seen in Fig. 8.

The microhardness profiles of the pre-loaded and the refer-
ence sample do not differ from the reference welds (Fig. 9),
since the same parameters were used for laser welding. This
means that both samples experience the same thermal history.

5.3 Effect of the laser focus spot diameter

The influence of the used fibre diameter and thus of the
resulting focus spot diameter on the TCL is comparatively
very limited. In Fig. 10a, it can be seen that an increase of
the focus spot diameter from 512 um for the 200-pum fibre to
746 pm for the 300 um led only to a reduction of the TCL of
approximately 11% for a laser power of 8 kW resulting in a
high HCS. Surprisingly, the sample laser welded with the
larger focus spot diameter exhibit comparatively high
porosity.

The slight improvement of the HCS for the larger focus
spot diameter can be mainly explained by the increase of the
melt pool width. The size of the trailing mushy zone is not

Fig. 12 Influence of the heat a b
input on the total crack length of 50 T — I —
AA2198 (a) and longitudinal 45 [ ]
section of a specimen laser 'g' EoA P=8kKW AAZ198 T3 ] 1=
welded with a heatinputof30and £ 40 [ 1 £}
48 J/mm and a laser power of Z 35 C 'Q\ 7] o |
6 kW (b) S 30 | —. 1 °
o 2L .
S 20 L T ]
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Fig. 13 Calculated temperature a b
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expected to increase considerably, due to the fact that the beam
intensity is smaller for the larger focus spot diameter.
Moreover, this can also result in a slightly lower thermal gra-
dient in the welding zone. The presence of large pores in the
fusion zone of the weld indicates the occurrence of keyhole
instabilities during welding with the larger focus spot diameter
for the given welding parameters.

The microhardness profiles of the sample laser welded with
the same laser power and welding velocity, but different focus
spot diameters resemble each other in appearance (Fig. 11).
Although a lower beam intensity results for the larger focus
spot diameter, no influence on the microstructure and thus on
the microhardness was determined.

5.4 Effect of the laser power, welding velocity, and heat
input

The largest effects on the TCL were observed for the variation
of the laser power and the welding velocity, as it is shown in
Fig. 12a. It turned out that low laser power levels and low
welding velocities resulted in the small TCL’s. The lowest
TCL (with 2.2 mm) was achieved for 4 kW and 5 m/min
yielding in a high heat input of 48 J/mm (later referred as
optimised autogenous laser welding parameters). The fre-
quency of occurrence as well as the length of the single cracks

y position [mm]

could be reduced with this approach, as it can be seen in
Fig. 12b. However, for similar heat inputs implemented with
different welding parameters, the crack lengths can differ
considerably.

As mentioned above, the size and shape of the melt pool
strongly depend on the laser power and the welding velocity
(Fig. 4a, b). And even for similar heat inputs, different melt
pool sizes can result (Fig. 4c). From this theoretical consider-
ations and the experimental results, it can be assumed that a
small melt pool and in particular a small trailing mushy zone
has a beneficial effect on the HCS of AA2198 even in case of
high heat inputs. This is contrary to the study of Cross [8], in
which it was stated that high inputs generally result in larger
TCL.

In addition, the consideration of the temperature profile for
the different welding parameter sets (Fig. 13) showed that the
thermal gradient for the optimised welding parameters (4 kW
and 5 m/min) lies in welding direction (x direction) between
profiles for the welding parameters, which both resulted in
considerable higher TCL’s. However, in y direction (perpen-
dicular to the welding direction), the temperature profile for
the optimised welding parameters differ from the other two
profiles. The thermal gradient in the critical temperature range
(TR) between 500 °C (773 K) and 610 °C (883 K) during
solidification (referring to Tian et al. [12]) is noticeable lower

Fig. 14 Influence of the welding a b
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laser-welding parameters) (b) on g L v=7m/min | g | v =5 m/min
the microhardness T 140 | Pz E=34gmm { I 1d0r "2 autogenous
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Fig. 15 Influence of the heat a b
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as for the other welding parameters. For this reason, the sam-
ple welded with 4 kW and 5 m/min showed a lower TCL,
although the melt pool is larger as for the sample welded with
the same laser power but 8 m/min. This means that besides the
size of the trailing mushy zone, the low thermal gradients are
of great importance in order to improve the HCS of AA2198.
The obtained results correspond to the findings of earlier stud-
ies of Wang et al. [22] and Tian et al. [12].

The microhardness profiles in Fig. 14a show also differ-
ences caused by the dissimilar heat inputs and melt pool di-
mensions. For high welding velocities, the hardness degrada-
tion in the heat-affected zone is lower as for the samples with
the same laser power but lower welding velocities. Even for
the same heat input, different hardness profiles are obtained.
Here, higher laser power levels result in a larger hardness drop
in the heat-affected zone. By comparing the optimised autog-
enous laser, welding parameter with the optimised parameters
for laser welding with AA4047 filler wire, it can be seen that
the fusion zone and the heat-affected zone of the autogenously
welded sample are considerable narrower. However, the hard-
ness drop in the fusion zone is slightly higher.

The optimised welding parameters also resulted in slightly
improved tensile properties in terms of tensile strength and
strain to failure, when compared to the other autogenous

strain [%]

welds (Fig. 15). The tensile strength of the sample laser
welded with filler wire is only 7% higher as the optimised
autogenously welded sample, when compared to the base ma-
terial. The ductility of both sample laser welded with filler
wire and laser welded autogenously is comparable low with
1.8 and 0.7% strain, respectively. However, this is typical for
welded precipitation hardenable aluminium alloys.

A joint efficiency of 57% for the optimised autogenous
welding parameters corresponds to the results obtained for
other Al-Li alloys laser welded autogenously (with joint effi-
ciencies of 53-59.8%), as summarised in the work of Xiao
et al. [22] and Ning et al. [23].

5.5 Effect of the shielding gas

Finally, it was demonstrated that also the amount of shielding
gas has a certain influence on the HCS. In Fig. 16a, it can be
seen that without the use of the top shielding gas and a lower
gas flow rate at the root side, it was possible to reduce the TCL
by approximately 82%. Surprisingly, the sample laser welded
without top shielding gas exhibited a lower porosity level.
The explanation for this improvement of the HCS can be
found in the cooling effect of the shielding gas, which results
in higher thermal gradients on the top surface. In spite of the

Fig. 16 Influence of the top a b
shielding gas supply on the total 35 T T
crack length of AA2198 (a) and . [ P=4KkW AA2198T3 1 = E ‘
longitudinal section of a specimen e 30 v =5m/min ] E =
laser welded with and without top £ 25 L _ 1 <2
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positive effect of laser welding without top shielding gas on
the HCS, this approach is often not applicable for aluminium
alloys due to the fact that the improper gas shielding generally
result in rapid growth of the oxide layer on the surface and in
the formation of porosity. It was shown by Enz et al. [24] thata
large laser beam diameter can have a positive effect on the
degassing behaviour of the melt pool during laser welding of
aluminium alloys. This could be the explanation for the slight-
ly lowered porosity level. Nevertheless, low gas flow rates
and/or an improved shielding strategy are generally recom-
mended, in order to provide complete shielding of the melt
pool but also to avoid unintended too fast cooling of the melt.
Only in this way, welds with a high weld quality, in matters of
low porosity and low hot cracking, can be obtained.

6 Conclusions

Based on the results obtained from this study, the following
conclusion can be drawn:

1. Each of the three approaches for improving the hot crack-
ing susceptibility of autogenously laser beam welded Al-
Cu-Li alloy AA2198 presented in this study, resulted in a
reduction of the total crack length and thus to an improve-
ment of the hot cracking sensitivity.

2. In direct comparison, the greatest improvement in terms
of the lowest total crack length was achieved for the third
approach intending a high heat input for laser welding
realised with low laser power and low welding velocity,
since these parameters result in small melt pool and low
thermal gradients.

3. With regard to the resulting mechanical properties, the
third approach for autogenous laser welding proposed in
this study is competitive with non-autogenous laser
welding intending the use an Al-Si filler wire.

4. The variety of available and effective approaches for im-
proving the hot cracking susceptibility of aluminium al-
loys enables autogenous laser welding tailored to the
specifications of the structure and the process conditions.

6.1 Remarks to the industrial applicability

Due to the promising results for optimised autogenous laser-
welding parameters and the high industrial implementation
potential of this approach, an abandonment of a filler wire
for the laser welding of the Al-Cu-Li alloy AA2198 could
already be justified. Although pre-heating and pre-loading al-
so resulted in an improvement of the hot cracking susceptibil-
ity, the higher manufacturing effort and the limited transfer-
ability to complex structure could limit their industrial appli-
cability. Moreover, an incorrect application of these two

approaches could also lead to an aggravation of the hot crack-
ing susceptibility. The abandonment of shielding gas is also
often not applicable due to the possibility of increased poros-
ity formation. However, improved gas shielding strategies
with low gas flow rates should be considered for industrial
application.
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