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Abstract Higher productivity, lower distortion and better
penetration are the main advantages provided by laser welding
in comparison with conventional processes. A Trumpf Tru-
Disk 2002 Yb:YAG disk laser is used in this work to increases
productivity and quality. Aluminium alloys lead to many
technological issues in laser welding, resulting in shallow
penetration and defects. In particular, AA 2024 aluminium
alloy in a thin sheet is investigated in this paper, being it is
used extensively in the automotive and aerospace industries.
Bead-on-plate and butt autogenous laser welding tests with
continuous wave emission on 1.25 mm thick AA 2024 alu-
minium alloy sheets were examined morphologically and
micro-structurally. The geometric and mechanical features of
the welding bead were evaluated via a three-level experimen-
tal plan. In addition to the power and speed which are tradi-
tionally referred to, beam defocusing was considered as an
additional governing factor in a central composite design
scheme because it massively affects keyhole conditions. Soft-
ening in the fused zone is discussed via Vickers micro-
hardness testing and magnesium loss through energy disper-
sive spectrometry. After properly performing the modelling
and optimisation of the fused zone and the cross-section shape
factor as the response variables, the laser welding conditions
for thin sheets of AA 2024 aluminium alloy are suggested. X-
ray and tensile tests were conducted on the specimens

obtained with the recommended processing parameters to
characterise the AA 2024 disk laser welded beads.
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1 Introduction

Among all of the commercial high-strength heat-treatable
and age-hardenable aluminium alloys, AA 2024 was among
the first ones to be used and is still one of the most common.
Belonging to group 2xxx, its major alloying element is
copper; the complete chemical composition is given in
Table 1. Although its tensile strength, its Young modulus
and its hardness are much lower than those of steel, its
excellent plasticity, corrosion resistance, electric conductiv-
ity and strength to weight ratio make it particularly useful in
a wide range of applications and manufacturing areas, espe-
cially in the automotive, military and aerospace industries,
because weight reduction is one of the most effective ways
to enhance efficiency in vehicles and aircraft [1–3]. In
particular, interest has been shown in studying welding of
AA 2024 thin sheets that are under 2 mm in thickness and
satisfactory results have been achieved using Nd:YAG and
CO2 lasers sources [3].

Aluminium and its alloys can be joined by as many or
more methods than any other metal, such as gas arc welding,
resistance welding, friction welding, stud welding, electron
and laser beam welding. Despite these advantages, the
applications of aluminium are usually restricted because
several challenges are involved in the welding processes
due to oxidation, cracking, softening and the solubility of
hydrogen in the molten metal, which results in porosity
within the welding bead [4–6]. Moreover, the thermal ex-
pansion of aluminium is approximately twice that of steel; in
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particular, aluminium welding beads shrink approximately
6 % by volume during solidification [4].

Research has been already performed to understand the
behaviour of AA 2024 in TIG welding and friction stir
welding (FSW). The high heat inputs in TIG welding pro-
duce a large heat-affected zone (HAZ), where softening and
hot cracking are observed [7], while the metal is not melted
in FSW, thus resulting in less micro-structural changes with
a partial local recovery in strength due to the high shear
stresses induced by the tool motion [6]; nevertheless, a
counterproductive reduction in the corrosion resistance has
been noticed [8] and very slow welding rates are required.

The benefits of laser welding have been clearly demon-
strated [9–11], and thus recent studies have considered the
welding of AA 2024 using different laser sources [1, 3, 5, 12,
13]. Deeper penetration as a consequence of metal vaporisa-
tion in keyhole welding conditions, lower distortion, narrow
HAZ and higher productivity are obtained compared to con-
ventional welding process due to the localised heat input [14,
15]. However, laser welding is still a great challenge because it
involves several physical and chemical processes. In addition
to any typical issues in aluminium welding, a detailed under-
standing of the phenomena of laser welding is further compli-
cated by material features, such as high thermal conductivity
and low absorptance. Although the melting temperature of
aluminium is lower compared with those of steel and any
ferrous alloy, a higher specific energy is required in welding
due to the high reflectivity, which ranges between 0.86 and
0.90 for pure aluminium at laser wavelengths between 900
and 1,000 nm [16]. Thus, the absorption of the incident
radiation is low; furthermore, the absorbed heat is rapidly
transmitted to the base material due to its high thermal con-
ductivity which is of 120 W/mK for AA 2024 and thus six
times greater than that of steel.

A Trumpf TruDisk 2002 Yb:YAG disk laser was used in
this work because it can increase productivity and welding
quality compared to traditional rod or slab lasers. The main
difference is the gain medium, which is a thin crystal disk,
such that the heat dissipation occurs in the longitudinal
direction rather than in the transverse direction [17, 18].

Better outputs are reached in terms of power scaling laws
because multiple pump beam passes are used through the
disk, and thus the demands on the power density of the
pumping diodes are reduced; as a consequence, a higher
total efficiency is achieved [18]. The thin disk design is
therefore suitable for quasi-three-level systems such as Yb:
YAG, which, in general, allows the highest energy

efficiency but requires both high power densities to over-
come the transparency threshold and efficient cooling at the
same time [19].

Only weak thermal lensing effects arise in the disk in
comparison with rod and slab lasers, thus resulting in a sig-
nificant reduction in the focus diameter and an increase in the
beam quality, as the divergence and the diameter variation
along the propagation axis decrease [13]. In particular, a
Rayleigh range of 2.8 mm is obtained with the welding system
and optics in place. Consequently, a higher and nearly con-
stant specific energy is provided through the piece thickness.
A better beam quality and increased focusability allow the
work piece distance to be increased, which improves the
productivity in industrial contexts because it enables remote
welding, which uses rapid beam deflection to eliminate non-
productive idle time when moving the beam or the work piece
from one welding spot to the next one [17].

When welding aluminium alloys, the advantages of the
use of a disk laser allow for a better concentration of the
energy to melt the base material in a keyhole shaped and
fully penetrative weld; a disk laser also reduces the extent of
both the fused zone and the HAZ, whose mechanical prop-
erties are lower than those in the base metal.

The work focuses on the morphological and micro-
structural analysis of the welded samples to relate the weld-
ing output to the processing parameters. Energy dispersive
spectrometer (EDS) analysis and Vickers micro-hardness
tests were conducted. Moreover, because the ultimate tensile
strength in the welded specimens is affected by the extent of
the fused zone [12], an optimisation procedure for multiple
response variables was performed. The optimal welding
condition was finally tested via X-ray and tensile tests.

2 Design of experiments

Many variables are involved in laser welding, thus a series of
structured tests must be conducted to characterise the process.
Planned changes are made to the input-independent variables
and the effects are assessed on the response controlled varia-
bles [20]. A proper choice of the governing variables among
all of the variables involved in laser welding was based on the
literature and past experience [11–13, 21]. The laser power
and the welding speed are the main factors because they
determine the rate of energy input to the work piece [10],
and thus they definitely must be considered. The porosity is
also expected to be dependent on the thermal input [21],
which is the power to speed ratio.

In addition, successful laser welding requires the optimi-
sation of other parameters, such as the size and the location
of the focal spot. Indeed, to produce structurally sound and
defect-free beads, welding in defocused conditions must be
applied [21] by locating the beam focus point inside or

Table 1 Nominal chemical composition of AA 2024 (weight percent)

Cu Mg Mn Si Fe Cr Zn Ti Al

3.80÷4.90 1.20÷1.80 0.30÷0.90 0.50 0.50 0.1 0.25 0.15 Bal.
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outside the upper surface. Laser beams present a convergent
geometry towards the waist, where the radius has a mini-
mum; then, the beam diverges again, with a symmetrical
trend. Conventionally, positive and negative defocusing
designate conditions in which the focal point is placed
respectively above or below the top surface of the work
piece. As the specific energy provided changes, the keyhole
stability is affected and the material response is different
both in terms of the penetration depth and the porosity.
Therefore, a change in the focus position is worth
investigating.

To determine the best values for the controlling parame-
ters to optimise the welding response, a systematic approach
must be used, based both on previous studies and on ad hoc
bead-on-plate (BOP) tests. Given the high reflectivity and
thermal conductivity of aluminium alloys, it was found [21]
that, irrespective of the welding speed, a specific power
density of approximately 18.4 kW/mm2 must be provided
on the upper surface of the plates to start a keyhole mode
welding on the alloy under examination. The beam geome-
try must therefore be considered [13] to evaluate the diam-
eter d of the incident spot and then the specific power
density Ps delivered as a function of the focus position f.
The defocusing range is usually on the order of few milli-
metres, where the geometric features of the beam lead to a
significant variation of the spot diameter anyway. Because
the beam is symmetrical along the propagation axis, the
same diameters for the same positive and negative defocus-
ing values are obtained around the beam waist, where the
minimum diameter is 0.300 mm for the system in place. To
join 1.25 mm thick plates, 0.5 mm positive and negative
defocusing was chosen to be investigated. Based on the
beam geometry, a 1,344 W minimum power level must be
provided to overcome the specific power density threshold
value on the upper surface when defocusing the beam. A
1,400 W power level was therefore chosen as the lower limit
of the power range of the experimental plan. Sensible values
for welding speed were found via BOP tests while taking
care to produce fully penetrative beads with no significant
drop-through on the lower surface of the butting plates.
Factorial experiments were then planned instead of a one-
factor-at-a-time method to evaluate possible interactions
between the leading independent variables.

A three-level (−1, 0, +1) experimental plan with the
power, the speed, and the defocusing as governing factors
was arranged; the factor levels for each parameter are listed
in Table 2, where P is the power, s is the welding speed and f
is the focus position.

A fractional design was preferred to reduce the amount of
welds: a central composite design (CCD) was planned be-
cause it is more appropriate to create response surface mod-
els for analytical prediction. Many schemes have been
suggested [20]; however, given how the region of interest

relates to the operating boundaries of the experimental fac-
tors, a face-centred scheme was chosen to explore the areas
within the ranges previously found via BOP tests. The tests
to be performed are placed on a cubic lattice according to
Fig. 1. The welding conditions are shown in Table 3, with
three replications of the centre point condition as recom-
mended in CCDs construction, while balancing the number
of centre points with the number of factor involved in the
analysis and aiming to achieve a relatively uniform preci-
sion inside the operating window of the processing param-
eters [22].

Because replication aids error estimation, three runs were
planned for each condition to check the dispersion in the
response data and to verify the statistical significance of the
measurements [22]. Then, a random test procedure was
arranged both to allocate the samples and to produce the
specimens, such that the observations are independent ran-
dom variables to reduce experimental errors.

3 System set-up

A Trumpf BEO D70 focusing optics welding head, moved
by an ABB IRB 240 M2004 robot was used to produce the
samples. The system technical data are listed in Table 4.
Inert gas shielding, both on the upper and lower surfaces of
the plates in fully penetrative welding conditions, is required

Table 2 Factor levels for input parameters

Levels

−1 0 1

P (W) 1,400 1,600 1,800

s (mm/s) 50 65 80

f (mm) −0.5 0 +0.5

Fig. 1 Face-centred CCD
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to protect the weld pool and prevent oxidation during the
process. The plume generation and, therefore, the stability
of the process depend on the physical properties of the gas.
Common shielding gases in aluminium welding are argon
[5], helium [1, 14] and nitrogen [23]. By performing a set-up
procedure, it was noticed that the argon upper shielding
resulted in less absorptance due to plasma interaction; better
results were achieved using helium because it has a lower
ionisation energy. The results provided by Hu also indicate
that helium topside shielding leads to a better process sta-
bility than argon [1]. Therefore, argon was used only for
backside shielding while helium was preferred for the upper
surface and was delivered via a trailing copper nozzle with a
flow rate of 30 l/min opposite to the welding direction. The
angle between the nozzle axis and the sheets was 25° and
the flow rate, the welding direction and the nozzle angle
were chosen based on the results of set-up trials. The plates
were clamped on a grooved box to back shield the beads.

A high-speed compressed air cross-jet was used to pro-
tect the optics from possible molten metal spatters, which
could result from fusion and are quite common when weld-
ing aluminium alloys. Additionally, a 5° sideways tilting
angle was used to position the laser welding head, to prevent
damage to the focusing optics and the cavity, due to the back

reflection prompted by the low aluminium absorptance. The
system set-up is shown in Fig. 2.

4 Experimental procedure

4.1 Pre-welding operations

To conduct rigorous tests, a preliminary procedure to find
the focal plane is required. Beam profilers can be adopted to
conduct the test as well as Shack–Hartmann sensors, which
consider wave front properties to find the beam waist sec-
tion where the wave front is planar. An alternative is based
on producing welding spots while moving the laser head
along the beam propagation direction. An anodized alumin-
ium sheet was used and several welding spots were made:
for each spot, the distance between the laser head and the
sheet was changed. Each point was spotted using a 300 W
single rectangular pulse input for 50 ms, thus only produc-
ing vaporisation on the upper layer of the sheet. The spots in
the resulting array were measured via optical microscopy.
The same procedure was further conducted on thermal paper
to fine tune the welding head position. The idea that drives
the procedure is that the focus point is exactly located on the
surface of the sheet when the corresponding spot has its
minimum diameter. Eventually, this procedure checks the
focal position to further defocus the beam.

Then, AA 2024 in 1.25 mm thick plates was considered
for butt welding. The butting edges were obtained via abra-
sive cutting to provide homogeneous and smooth surfaces
and prevent differences between specimens. Careful consid-
eration is required in the preparation of the samples before
welding because many resulting imperfections, or supposed
problems, are often a direct result of improper methods to
prepare the joint. Indeed, optimal welding occurs when the
metal is clean and dry with a minimum oxide thickness on
the surface, which may result in incomplete fusion of the
base metal because the melting point of the aluminium
oxide is approximately 2050 °C, which is much higher than
the melting point of the base metal. Stainless steel brushes
are preferred to avoid rust contamination of the joint, and a
light pressure should be applied to remove the thick oxide
because high forces can embed the oxide or the contaminant
into the surface, thus increasing, rather than eliminating, the
risk of possible weld discontinuities [4]. Any source of
hydrogen, moisture or foreign material following metal
working and sawing, which may dissolve in the molten
metal, must also be eliminated to produce sound welds
and prevent defects such as pores and inclusions [4]. There-
fore, preliminary procedures are required before welding to
prepare the butting edges, both within the gap and on the top
and backside surfaces to a distance beyond the HAZ. A
hydrofluoric and nitric acid mixture was used as a pickling

Table 3 Tests in face-
centred CCD Test P (W) s (mm/s) f (mm)

1 1,400 50 −0.5

2 1,800 50 −0.5

3 1,400 80 −0.5

4 1,800 80 −0.5

5 1,400 50 +0.5

6 1,800 50 +0.5

7 1,400 80 +0.5

8 1,800 80 +0.5

9/10/11 1,600 65 0

12 1,600 65 +0.5

13 1,600 65 −0.5

14 1,600 80 0

15 1,600 50 0

16 1,800 65 0

17 1,400 65 0

Table 4 Welding system technical data

Maximum output power (kW) 2.0

Laser light wavelength (nm) 1030

Beam parameter product (mm×mrad) 8.0

Focal length (mm) 200

Maximum power density (kW/mm2) 28.3
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agent [4]. The aluminium plates were then further degreased
with acetone immediately prior to welding.

The primary fit up is critical, given the need to minimise
any gap between the plates. A system-integrated camera is
employed when setting the welding path; an excellent pose
and a repeatability robot accuracy of 0.03mm can additionally
maintain the alignment during the process because it has been
suggested that the laser beam should not wander off the centre
line by more than the 10 % of the beam diameter [10].

Before starting each test, a welding point was spotted
both at the beginning and at the end of the welding path,
using a 180 J single rectangular pulse input, to better tighten
the samples and to prevent slippage during melting. It has
been found [12] that the entry spot also plays a major role
because it locally reduces the reflectivity to start a keyhole
mode and enhance deep penetration. Butt autogenous

weldings in continuous wave emission were then performed
on 100 mm long joints.

4.2 Post-welding operations

To perform the metallographic analysis, the butt samples were
cross-cut perpendicularly to the welding direction and then
polished to a mirror finish with SiC paper and grinding dia-
mond paste on polishing cloths; three cross-cuts were exam-
ined for each sample. Chemical etching was conducted using
Keller’s solution at room temperature [4] to highlight the bead

Fig. 2 System set-up

Fig. 3 Bead aspect of the sample corresponding to the CCD centre: a
topside and b backside surfaces

Fig. 4 Cross-section micrograph of the sample corresponding to the
CCD centre
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boundaries in the cross-section; the etched specimens were
eventually blow dried and observed using optical microscopy.

The geometric features of the cross-sections were evalu-
ated via Nikon NIS-Elements imaging software for each
operational condition by referring to international standards
[24] to evaluate the welding quality level.

The concentrations of elements on transversal cross-
sections were examined using a LEO EVO 50 with a
LaB6 gun SEM and a resolution of 4 nm at 30 keV,
equipped with an Oxford INCA Energy 300 EDS; the
available EDS detector can provide information starting
from elements with atomic number higher than 4. Anal-
yses were performed with a 20 keV primary energy
with a probe current of 100 pA. The Vickers micro-
hardness was tested on cross-sections according to the
referred specification [25] using a LeicaVM HTAuto. A
0.981 N (i.e. 0.1 kgf) load was used for 15 s ata speed
of 60 μm/s. Micro-hardness tests were performed 1 week
after welding to allow the stabilisation of material prop-
erties during its average period of natural ageing [2, 4].
Eventually, to further characterise the samples, X-ray
tests were conducted with a General Electric CRx Flex
CR Scanner and an MTS Insight 30 was used for
tensile tests.

5 Results and discussion

First, visual inspections were performed on both sides: the
beadwidth on the upper crown was found to be constant along
the welding line and no oxidation was detected on the upper
surface or on the backside. No significant distortions in the
plates were produced. As an example, the top and backside
surfaces of the sample corresponding to the CCD centre are
shown in Fig. 3; the micrograph is shown in Fig. 4.

Then, the geometric features and the common imperfec-
tions were evaluated according to the reference guidance for
electron and laser beam welding [24]. The crown width, the
root width and the fused zone extent were considered to
describe the welding bead geometry. Three types of common
imperfections in aluminium alloys require special considera-
tions for the specimens under examination: the excessive
penetration (EP) on the backside surface, the misalignment
(M) between the butting edges and the incompletely filled
groove with sagging (S) on the top surface (Fig. 5).

The average values of geometric features and imperfec-
tions due to the three cross-sections of each three-time-
repeated sample are listed in Table 5, where conditions 9,
10, and 11 are merged, because they are referred to the same
processing parameters of the CCD centre point. Because the
standard deviations have been found to be considerably low
for each measure under any operating conditions, the data
points tend to be close to the mean and therefore are worth
considering in further analyses.

According to the specification, because the thickness is
1.25 mm, the stringent quality category, which is the best
category possible, is met for EP and M because their values
have been found to be lower than 0.39 and 0.13 mm, re-
spectively. Misalignment was discussed also, although one
should assume that it is affected by the improper clamping
of the plates rather than by the processing parameters.

The reference quality level values for Smust be evaluated
for each operating condition which are not only dependent
on the plate thickness, but also on EP because the specifi-
cation allows a tradeoff between sagging and excessive
penetration, provided some specific conditions on the sheet

Fig. 5 Bead characterization: a geometric features, b excessive penetration, c misalignment, d sagging

Table 5 Values of geometric features and imperfections for the differ-
ent welding conditions

Test CW
(mm)

RW
(mm)

FZ
(mm2)

EP
(mm)

M
(mm)

S
(mm)

1 1.80 1.36 1.93 0.10 0.06 0.07

2 1.53 1.03 1.54 0.04 0.06 0.06

3 1.37 0.84 1.33 0.07 0.02 0.00

4 1.40 1.15 1.49 0.13 0.01 0.08

5 2.03 1.41 2.24 0.10 0.02 0.10

6 1.84 2.04 2.38 0.14 0.01 0.18

7 1.51 0.90 1.40 0.01 0.02 0.04

8 1.57 1.26 1.67 0.16 0.01 0.11

9/10/11 1.59 1.34 1.71 0.11 0.02 0.09

12 1.76 1.37 1.87 0.11 0.04 0.10

13 1.54 1.30 1.62 0.09 0.02 0.06

14 1.50 1.14 1.57 0.14 0.03 0.01

15 1.78 1.63 2.00 0.17 0.01 0.22

16 1.51 1.40 1.65 0.10 0.01 0.18

17 1.57 1.31 1.66 0.13 0.02 0.09

CW crown width, RW root width, FZ fused zone extent, EP excessive
penetration
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thickness and the crown width [24]. Therefore, stringent
quality levels are met when the following condition applies:

S � 0:1 � t þ EP

where t is the sheet thickness. The stringent quality require-
ments were effectively matched. It must be stressed that
because the mere average values in the case of defects
may lead to misjudgments, each cross-section from each
replication was considered separately to assess the joint
quality. It is generally expected that one quality level can
cover the dimensional limits for any possible imperfections
in the same joint; nevertheless, it must also be noted that, for
certain applications for aluminium alloys, such as in fatigue
loading or leak tightness, the standard allows to definition of
different quality levels for imperfections in the same welded
joint, such that the overall quality level can be defined by
the application standard on a case-by-case basis in conjunc-
tion with the concerned parties [24].

Other defects, such as undercuts or shrinkage grooves
which are described in the specification, were occasionally
produced in the experimental plan; nevertheless, the defects
met the quality levels as well. According to the micrographs
of the samples, no boundaries of the HAZ are detected, so
additional exams via micro-hardness tests were conducted to
assess its extent and are discussed in the following.

5.1 Porosity

Porosity development is one of the main issues in the laser
welding of aluminium alloys, and thus it must be taken into
account when searching for an optimal welding strategy.
Two types of porosity may arise [13, 15, 26]: the micro-
and macro-porosity, which differ in terms of their pore
diameter ranges and their formation process. Because

macro-pores are distributed along the welding bead centre
line [21, 26], measurements of their content and extent
should be conducted on longitudinal sections of the bead
instead of the cross-sections, for a more reliable calculation.
Because the width of welded samples obtained in this anal-
ysis is very narrow, a proper cut for the observation of the
porosity is not feasible. Nevertheless, it is possible to infer
hypotheses even from qualitative inspections of the cross-
sections already produced for geometric characterization.
Indeed, previous studies [13, 21] on the welding of
3.2 mm thick plates of the same alloy, whose beads were
larger due to the higher specific energy required, have
shown that any significant content of macro-pores is
detected statistically even in cross-sections. Because none
of the cross-sections of the samples analysed in this study
showed macro-porosity, at this stage of the analysis, one
could assume that the parameter window under examination
does not affect the keyhole stability significantly, which is
considered to be the main reason for macro-porosity forma-
tion [1], although this issue will be further addressed in the
following sections. However, isolated evidence of micro-
porosity, which normally does not result in the rejection of
welded parts [24], was detected in the cross-sections and is
ascribed to hydrogen and other common gases, which are
released and trapped in the solidifying alloy because their
solubility in liquid metal is much higher compared to their
solubility in the solid state [4, 15]. Although the quality
requirements are met, specimens differ in terms of micro-
porosity. In particular, a higher amount of micro-pores was

Fig. 7 Scanning strategy for EDS analysis

Table 6 Magnesium content percentage in the scanned EDS pattern

Spot 1 Spot 3 Spot 5 Spot 7 Spot 9 Spot 11 Spot 13

1.48 1.35 1.16 1.18 1.15 1.45 1.40

Spot 2 Spot 4 Spot 6 Spot 8 Spot 10 Spot 12 Spot 14

1.34 1.47 1.03 1.14 0.99 1.55 1.47Fig. 6 Micro-pores distribution in the specimen obtained with 1.6 kW
power level, 80 mm/s speed, focused conditions
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detected for the specimen in condition 14, whose micro-
graph is shown in Fig. 6.

Because the porosity is expected to be dependent on the
power to speed ratio, which is normally referred to as the
thermal input [21], a comparison between the specimen in
condition14 and the specimen in condition15 was conducted,
where the latter experienced a higher thermal input as a
consequence of the same power at a lower speed in the same
focusing condition. No significant micro-porosity was found
for the specimen in condition15. Further analyses of the
concentrations of elements were then conducted. Because
previous studies on 3.2-mm thick plates have shown that the
porosity development is related to magnesium vaporisation in
the fused zone due to the welding thermal cycle, significant
porosity is produced when higher magnesium percentages are
lost [13]. The samples in conditions14 and 15 were subjected
to EDS inspections: a decrease in magnesium content, from
1.44 % in the base material to an average of 1.10 % in the
fused zone, was observed in sample in condition14 while no
significant reduction was detected in the sample in condition
15. A map for the scanning strategy is shown in Fig. 7, which
refers to the specimen in condition14. The corresponding
magnesium percentages for each point are listed in Table 6.
The micro-porosity formation therefore appears to follow the
same behaviour observed for the macro-porosity on thicker
plates depending on magnesium content [21]; nevertheless,
the reasons are different because the thermal inputs in the
welding of thinner plates are 1 order of magnitude lower. It
is inferred that the operative conditions in which hydrogen
acts as a micro-porosity starter also produce a magnesium
migration towards the cavities, and thus a reduction in mag-

nesium content is observed via EDS when considering the
fused zone.

Based on the EDS analysis, additional comments can be
provided. Because the speeds adopted are higher than the
speeds that are normally used to weld samples with greater
thickness [12, 13], the vaporisation of the alloying elements
is lower as a consequence of the shorter interaction period
between the material and the heat source imposed by the
laser beam. Samples of 3.2 mm were welded using a speed
of 10 mm/s: an average loss of magnesium in the order of
53 % was estimated. Moreover, as already noted before, the
lower magnesium vaporisation also affects the macro-
porosity because it changes the balance of the keyhole
pressure towards a condition of stability.

5.2 Softening in the fused zone

Vickers micro-hardness measurements were conducted on
the welding beads in order to characterise the weld-affected
area. Because the beads were performed in fully penetrative
conditions, indentations were made at the mean height with
respect to the thickness, so at a height of 0.625 mm from the
top surface of the plate.

The mechanical properties in aluminium alloys do not
depend only on the alloying elements but also on the heat
treatment [4]. AA 2024 in the T3 state is considered in this
study; this designation applies to cold-worked products
whose strength has been improved after solution heat treat-
ment. The mechanical properties are then stabilised by room
temperature ageing. The enhanced strength in the base alloy
is due to magnesium addition and finely dispersed

Fig. 8 Micro-hardness results
for the specimen obtained with
1.4 kW power, 80 mm/s speed
and 0.5 mm positive defocusing

2164 Int J Adv Manuf Technol (2013) 67:2157–2169



precipitates following ageing heat treatments. In particular,
as little as approximately 0.5 % Mg is effective in changing
the ageing characteristics of the alloy [4].

Degradation and material softening both in the bead
and in the HAZ are caused by a phase transformation
because the dissolution of precipitates occurs due to the
high temperatures experienced in the areas during weld-
ing thermal cycles [4, 10]. Micro-segregation occurs
during solidification [1], and no allotropic modifications
occur [2].

A preliminary evaluation of the mechanical properties
is feasible via micro-hardness testing. A decrease, as
expected for any precipitate strengthened aluminium
alloy, is observed in the weld fusion zone compared to
the base metal, which is consistent with other results in
literature [1, 3]. No significant difference in the values
and the trend were found for the tested specimens,
irrespective of the processing parameters. The micro-
hardness ranged between 135 and 145 HV0.1 in the base
material, as expected according to material data sheets
[4], and between 105 and 110 HV0.1 in the fused zone.
No transition values were observed between the zones,
and thus it is not possible to assess the extent of the
HAZ, which is assumed to be less than the distance
between two consecutive indentations, i.e. 150 μm
according to the referred specification [25]. Larger
HAZs are a result of different laser sources when weld-
ing the same alloy [1, 3]. As an example, the results for
the specimen obtained with a power of 1.4 kW, a speed
of 80 mm/s and a positive defocusing of 0.5 mm are
shown in Fig. 8.

6 Modelling and optimisation

Once it is proved that the welds meet the quality
requirements for each possible imperfection, the re-
sponse variables to optimise the process must be de-
fined. The extent of the fused zone was considered
because its mechanical features are lower compared to
the base material and therefore they affect the bead
ultimate tensile strength [12]. Furthermore, an appropri-
ate shape factor of the bead was defined. As observed
in the cross-sections, no necking zones were observed
in the bead while they are common when welding other
materials. It is possible, therefore, to refer to a shape
factor that only considers the root to crown ratio, irre-
spective of the bead profile at the mean height.

Some preliminary conclusions were drawn from the
main effects plots. The expected basic relationships
were confirmed: any increase in the laser power yields
a proportional increase in the response variables. Simi-
larly, any increase in the welding speed results in a

Fig. 9 Response surfaces for the fused zone with a 50 mm/s, b 65 mm/
s and c 80 mm/s welding speed
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corresponding decrease in the referred variable. On the
other hand, the effect of the focus position seems not be
decisive, although an increase in the fused zone is achieved
with positive defocusing.

The models for both the fused zone and the shape
factor were produced with quadratic interactions among
the governing factors; the corresponding p values were
considered as indicators of significance [22]. P values
of 0.0341 and less than 0.0001 were achieved, respec-
tively. As an example, to show the effects of the pro-
cessing factors, the response surfaces for the fused zone
for each level of the welding speed are shown in
Fig. 9a–c. Interestingly, it is clear from their shape
and already confirmed in the estimation coefficient of
the model in the ANOVA analysis, that the actual effect
of the power is quite moderate compared to the effects
of the speed and the defocusing, which affect the predicted
value significantly. A similar behaviour is noticed when ex-
amining the shape factor.

The next logical step is the optimisation of the referring
response variable, and thus specific criteria must be defined.
In principle, the minimisation of the fused zone is required.
Additional constraints must be added to involve the shape
factor. Given the fact that all of the beads have the typical
keyhole shape, with the boundary narrowing towards the root,
the beads whose root width is close to the crown have to be
rejected because this condition is indicative of welding con-
ditions between the conduction and the keyhole regimes. In
addition, the beads whose root is too narrow must be rejected
because it has been shown that this condition would hamper
the expulsion of vapour, resulting in porosity [12]. Based on

these considerations, an optimal range between 0.5 and 0.7
was chosen for the shape factor. Under this constraint, the
fused zone optimisation procedure was conducted.

Many procedures are feasible for solving constrained
nonlinear optimization problems, such as successive linear
programming, successive quadratic programming, the pen-
alty and barrier function methods, and augmented Lagrang-
ian functions. The penalty function method was preferred in
this work to convert the constrained optimisation problem
into an unconstrained one. The idea is to modify the original
model by the addition of constraints in such a manner as to
have the optimum be found and the constraints be satisfied.
The constraints were added to the optimisation model in
such a way as to penalise the conditions that do not ap-
proach the optimum of the model or satisfy the constraint
equations.

The original nonlinear model used in this work is the
fitted regression equation. The goals are combined into
an overall desirability function. This approach is one of
the most widely used in industry for the optimizsation
of multiple response processes and it is based on the
idea that a product or a process that has multiple quality
characteristics is completely unacceptable if even only
one of them drops outside of some desired limits. The
method finds the operating conditions that provide the
most desirable response values. For each response Yi
(x), the desirability function di (Yi) assigns numbers
ranging between 0 and 1 to the possible values of Yi,
with di (Yi)00 representing a completely undesirable
value of Yi and di (Yi)01 representing a completely
desirable or ideal response value. The individual desirability
values are then combined using a geometric mean, which
gives the overall desirability D:

D ¼ d1 Y1ð Þ � d2 Y2ð Þ � . . . � dk Ykð Þ½ �1k
with k denoting the number of responses. Depending on wheth-
er a particular response Yi is to be maximised, minimised, or
targeted, different desirability functions di (Yi) can be used. A
useful class of desirability functions was proposed by Derringer
and Suich [27]. The first five solutions of the optimisation
process are listed in Table 7 with their corresponding desirabil-
ity values.

Table 7 Processing conditions with corresponding response variables
and desirability values as suggested in the optimization process

P (W) s (mm/s) f (mm) FZ (mm2) SF Desirability

1 1,400 80 0.50 1.35 0.54 0.901

2 1,400 80 0.49 1.35 0.55 0.900

3 1,400 80 0.48 1.35 0.56 0.900

4 1,400 80 0.45 1.35 0.57 0.899

5 1,400 80 0.44 1.35 0.57 0.898

FZ fused zone extent, SF shape factor

Fig. 10 X-ray transmitted
image of the welding bead in
condition7
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An optimal welding condition whose corresponding pro-
cessing parameters are a power of 1.4 kW, a speed of
80 mm/s and a positive defocusing of 0.5 mm is suggested
because it has the highest desirability function value and is
very robust without any significant variation in the response
variables and the desirability output even when affected by
minor changes in the defocusing value within the Rayleigh
range. The condition was actually tested in the experimental
plan as condition number 7 (Table 3); its micro-hardness
trend along the bead is shown in Fig. 8.

7 Analysis of the optimal condition

The final analyses to characterise the bead in terms of the
porosity and the tensile strength, were conducted for the
optimal welding conditions. The cross-section was already
considered at a previous stage of the analysis and the micro-
porosity was found to be low. Although the macro-porosity
is also expected to be low given the cross-sectional appear-
ance when cutting the specimens along the transverse direc-
tion, further tests are now required to verify the assumption
for the suggested processing conditions. Three 100 mm long
beads were produced and then tested; the resulting X-ray
transmitted image is shown in Fig. 10.

No cracks or macro-pores were detected, and thus the
joints can be considered defect-free. Nevertheless, given
that a decrease in the micro-hardness was observed in the
bead compared to the standard values in the base material,
tensile tests are required to assess the joint quality in terms
of the mechanical features. Given the micro-hardness trend
in the cross-section, the fracture is expected to increase into
the welding bead, as already proved with the same alloy for
sheets of a different thickness [12]. It has also been observed
that the failure mode with aluminium alloys depends on the
alloy type and on the heat treatment and the welding

conditions, which affect the extent of the fused zone [3,
12]. The specimen for the tensile test was designed in
accordance with UNI EN ISO 4136:2011 [28] and is shown
in Fig. 11.

A non-welded sample was tested: its ultimate tensile
strength (UTS)0 was found to be 480 MPa and its percent
elongation at break was 18 %, as expected from the material
data sheets [4]. Three specimens were then milled from
three independent welding beads and then tested at a cross-
head speed of 0.015 mm/s after they were loaded in the
direction perpendicular to the welding bead. It is widely
accepted in several studies on different aluminium alloys
[3, 29–31] that any welding bead showing a UTS higher
than 66 % of the base material is acceptable. The percent
elongation at break and the UTS resulting from the tensile
tests are listed in Table 8. The UTSs are also compared to
the value obtained with the original and non-welded sample.

An average value of 370 MPa, which is 77 % of the UTS
of the base material, was the result, and thus an improve-
ment is evident because lower values, below 69 %, were
achieved with a Nd:YAG source on a 0.8 mm thick sheet. A
similar value is expected with a CO2 source [3].

The cracks in each tested specimen start from the weld
and grow towards the interface between the weld and the
base material, where a steep discontinuity is experienced in
crossing zones with different mechanical features, as shown
in the micro-hardness analysis. The top- and back-side crack
surfaces are shown in Fig. 12. The results of the X-ray and
tensile tests are satisfactory and therefore support the choice
of the optimal condition previously suggested through the
optimisation process.

Fig. 11 Dimensions of the
tensile test specimen

Table 8 UTS values for specimens in condition 7

Test UTS (MPa) UTS/UTS0 (%) Elongation (%)

1 385 80 1

2 369 77 1

3 357 74 1 Fig. 12 Top- (a) and back-side (b) crack surfaces for a welded spec-
imen in the optimal processing condition
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8 Conclusions

Using a disk laser source and an adequate parameter win-
dow based on previous experience and ad hoc bead-on-plate
tests, narrow beads with no significant defects were
obtained by joining 1.25 mm thick AA 2024 sheets, which
met the reference international standards in terms of exces-
sive penetration, sagging on the top surface and misalign-
ment. A qualitative analysis was conducted on the content of
the pores: no macro-porosity affects the joint. The micro-
pores were observed in certain welding conditions and are
thought to be related to thermal inputs and magnesium
vaporiation according to the energy dispersive spectrometer
results. Higher welding speeds compared to the speeds used
to weld thicker plates can reduce the magnesium loss in the
fused zone.

The Vickers micro-hardness tests showed a decrease in
the hardness of the bead compared to the base metal, due to
the thermal cycles experienced during welding, which
results in the dissolution of precipitates and phase transfor-
mation. However, no difference in the micro-hardness val-
ues and the trend in the bead were found, irrespective of the
processing parameters. The resulting heat-affected zone ex-
tent is deemed to be narrower than 150 μm.

An optimisation procedure was developed to assess an
optimal set of parameters, considering fused zone and a
shape factor as reference variables. The values of the
corresponding desirability function suggest an optimal
welding condition with a power of 1.4 kW, a speed of
80 mm/s and 0.5 mm of positive defocusing, which, accord-
ing to the micrograph analysis, also results in no micro-
porosity. X-ray and tensile tests were performed to assess
the mechanical quality of the suggested welding condition:
no macro-pores were detected, and the ultimate tensile
strength was determined to be over the accepted threshold
value for the alloy under examination because 370 MPa are
obtained on average, with a significant improvement com-
pared with the results obtained with other laser sources.
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