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a  b  s  t  r  a  c  t

Laser  beam  welding  is  considered  to be  a suitable  joining  process  for high  speed,  low  distortion,  and  high
quality  fabrication  of  aircraft  structures  manufactured  from  aluminum  alloys,  which  are mainly  preferred
due to  their  favourable  properties,  such  as  high  strength  to  weight  ratio,  ease  of forming  and  high  thermal
and  electrical  conductivity.  However,  the  laser  beam  welding  of 6000  series  aluminum  alloys  may  exhibit
a tendency  to  solidification  cracking,  and  porosity  may  be a major  problem  unless  appropriate  welding
parameters  and  filler  metal  are  employed.

In this  study,  the  microstructural  aspects  and  mechanical  properties  of  laser  beam  welded  new  gen-
eration  aluminum  alloy,  namely  6056,  developed  especially  for aircraft  structures,  are  investigated.  A
trength undermatching
echanical properties

atigue

continuous  wave  CO2 laser  using  AlSi12  filler  wire  was  employed.  A  detailed  microstructural  examina-
tion  of  the  weld  region  was  carried  out  by Scanning  Electron  Microscopy  (SEM).  Standard  tensile  and
microflat  tensile  specimens  extracted  from  the  welded  plates  were  tested  at room  temperature  for  the
determination  of  general  and  local  mechanical  properties  of  the welded  joints.  Extensive  microhard-
ness  measurements  were  also  conducted.  Crack  growth  mechanisms  of the  joints  produced  were  also
determined  by  conducting  fatigue  tests  under  various  stress  ratios  (i.e.,  0.1  ≤  R  ≤  0.7).
. Introduction

In recent years, application areas of aluminum alloys have expe-
ienced a great increase; this in turn, stimulated intensive research
ctivities on new generation aluminum alloys. Aluminum alloys
ossessing high strength, low weight and resistance to corrosion
ffer several advantages compared to the other commercial mate-
ials including steels.

Parallel to the increase in research on the weldability aspects of
luminum alloys, applications of welded aluminum structures are
lso expanding. In cases where it is not possible to manufacture an
ntegral component by other production methods, one alternative
olution can be the production of welded components, provided
hat the welding process is feasible and economically acceptable
y the manufacturer. Therefore, weldability is an important factor

or wide-spread application of a material.

Laser beam welding of specified aluminum alloys has been
pproved for a number of applications. These are mainly in the

∗ Corresponding author. Tel.: +90 535 7886978; fax: +90 326 2455499.
E-mail address: gurelcam@gmail.com (G. Ç am).

1 Previously at HZG Geesthacht.

921-5093/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2011.06.010
© 2011 Elsevier B.V. All rights reserved.

automotive, aerospace, construction, and electronics industries
[1–6]. In aerospace industry, laser beam welding is being consid-
ered to be an alternative to mechanical fastening and adhesive
bonding in certain applications. The recent commercial availability
of high powered lasers has made it possible to consider welding as a
practical alternative to riveting in the assembly of commercial air-
craft structures. In compression dominated areas, such as the lower
fuselage, the welded structure may  be on the order of 10% lighter
due to the more efficient use of stringer material, the favourable
yield strength of candidate weldable alloys and the reduction of
the amount of sealant and the number of fasteners [2].

The 6000 series aluminum alloys exhibit a tendency to solid-
ification cracking unless the weld metal composition includes
appropriate filler metal additions. Intergranular cracking in par-
tially melted base metal adjacent to the weld fusion boundary (i.e.,
liquation cracking) is also a known problem in 6000 series arc welds
[3–5,7].

The peak temperature in the heat affected zone (HAZ) causes
varying amounts of grain coarsening and solution of the precip-

itates responsible for strengthening 6000 series alloys. Moreover,
local as-welded microstructural features can be expected to reduce
intergranular corrosion resistance. However, it is believed that a
partial recovery of weldment strength and corrosion resistance can

dx.doi.org/10.1016/j.msea.2011.06.010
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:gurelcam@gmail.com
dx.doi.org/10.1016/j.msea.2011.06.010
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Fig. 1. Schematic showing the positions where microhardness measurements con-
ducted.

ture of the FZ consisted of fine grained dendritic microstructure
with Si, Cu and Mg  rich precipitates at the grain boundaries. The
reason for the formation of this fine grain microstructure in the
M. Pakdil et al. / Materials Science a

e achieved by welding in the naturally aged condition, followed
y an artificial aging heat treatment of the welded assembly [3].

When welding an age hardenable alloy, the HAZ can be thought
f as two temperature zones. The lower temperature zone near
he unaffected base material (BM) is exposed to temperatures just
elow the solvus line and overaging may  take place, a process asso-
iated with the growth of equilibrium precipitates due to diffusion.
n the higher temperature zone near the fusion zone (FZ) where
he temperatures during welding exceed the solvus line, the respec-
ive phases are dissolved. Subsequently, at positions adjacent to the
Z higher peak temperatures are experienced and greater amount
f dissolution of strengthening phases can occur. The higher tem-
erature zone becomes solutionized eliminating the effects of age
ardening [4–7]. Moreover, excessive porosity in aluminum welds
an occur unless effective measures are taken prior to and during
elding, to keep sources of hydrogen, such as moisture or organic

ompounds, away from the weld zone [8–10].
Compared to other conventional welding processes, such as arc

elding, laser beam welding offers the benefit of a narrow heat
ffected zone that helps to minimize metallurgical problems that
an arise from welding age hardened aluminum alloys. The low net
eld heat input associated with this process results in rapid solid-

fication rates in the fusion zone and lower peak temperatures in
he adjacent base metal. Subsequently, this results in the formation
f a narrow heat affected zones, and therefore, reduced thermal
egradation of the adjacent base metal occurs [6–8].

Meeting the demand of the aerospace industry for a weldable
uselage skin alloy with equivalent static and dynamic properties,
ut with an improved resistance to intergranular corrosion (IGC),
A6056 alloy has been proposed [11,12].  Pechiney-patented 6056
lloy is an age-hardened, Al–Si–Mg–Zn–Cu–Mn alloy, developed to
rovide weldable thin extrusions with an excellent compromise
n high strength and corrosion resistance [11,12].  6056-T6 or -T78
heet and thin plates are particularly suited for fuselage panels,
specially when weldability and corrosion resistance are the key
esign characteristics.

In the present study, laser beam weldability of this weldable
l-alloy AA6056 was studied. Microstructural investigations and
echanical tests were conducted on the welded joint, in order to

stablish the local microstructure–property relationship. Macro-
orosity was detected in the weld region. Also, the influence of
trength loss (undermatching) in the fusion zone on the local and
lobal fracture behavior was determined. Fatigue crack propaga-
ion behavior of base metal and laser beam welded joint was
nalysed for R (stress ratio) ratios of 0.1, 0.3, 0.5, and 0.7. Fatigue
rack propagation behavior of laser beam welded new genera-
ion aluminum alloy 6056 was examined and analysed in detail.
rain boundary liquation and porosity were determined in the
eld regions of new generation aluminum alloys which were laser

eam welded using AlSi12 weld wire. The effects of these com-
on  problems (grain boundary liquation and porosity) on fatigue

rack propagation were investigated. Moreover, the relationship
etween R and porosity has been determined.

. Experimental procedure

In this study, AA6056 Al-alloy plates of 6 mm  thickness were
oined by continuous wave CO2 laser beam welding in the T6 heat
reated condition using AlSi12 wire filler.

The plates have been butt-welded parallel to their rolling
irections. The filler wire used (AlSi12) is 1.2 mm in diameter.

icrostructural examinations were carried out using SEM. Exten-

ive microhardness measurements were conducted across the weld
egion including the HAZ and base metal from three different
ocations, namely top, middle and bottom as shown in Fig. 1.
Fig. 2. Micro-flat tensile specimen cutting plan.

Energy-dispersive X-ray spectroscopy (EDX) analyses were also
conducted in the BM,  FZ and the HAZ of the joint to determine the
chemical compositions of the respective areas.

Standard tensile specimens were extracted from the base metal
(both in LT and TL directions, that is, parallel and normal directions
to the rolling direction) and from the welded joint. These specimens
(3 specimens for each condition) were tested at room temper-
ature to determine the effect of laser beam welding on global
fracture behavior of the plate. Micro-tensile specimens extracted
from the three different regions of the joint, namely BM,  FZ and
HAZ (Figs. 2 and 3) were tested to determine the local mechanical
property changes resulting from laser beam welding. The micro-flat
tensile tests were conducted at a rate of 0.4 mm/s. Fatigue crack
propagation (FCP) mechanisms of this new generation 6056-T6
series aluminum alloy, joined with a CO2 laser using AlSi12 filler
wire, were also determined experimentally.

3. Results and discussion

3.1. Microstructural and hardness aspects

X-ray analyses were conducted to identify the general problem
of porosity in the FZ of CO2 laser beam welded aluminum alloys.
It was found that there is a considerable amount of small-sized
porosity (i.e., ≤1 mm  in size) in the weld seam.

Fig. 4 shows a macrograph of laser beam welded Al-alloy 6056
joint obtained in this study, illustrating also that porosity exists in
the fusion zone, which is quite usual in Al-alloys. The microstruc-
Fig. 3. Micro-flat tensile specimen dimensions.
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ig. 4. Optical macrograph showing the cross-section of laser beam welded joint
btained.

Z is the high solidification rates involved in power beam welding,
hich helps retaining the strength of the re-solidified aluminum

5–7]. No solidification cracking or liquation cracking occurred in
he FZ or in the HAZ (Fig. 5), which are quite usual in arc weld-
ng of aluminum alloys. This can also be attributed to the higher
ooling rates involved in laser beam welding. Moreover, owing to
he higher cooling rates, a narrow HAZ has been formed and the
oarsening of the strengthening precipitates in the HAZ is not that
ronounced as it is the case in arc welding, where a higher extent of
iffusion takes place due to the higher heat input during welding.
here was, however, some liquation at the grain boundaries in the
Z and HAZ (Fig. 5).

The microhardness profiles obtained from three different loca-
ions (Fig. 1) are given in Fig. 6. As illustrated, a hardness decrease
strength undermatching) was observed in the HAZ and the FZ, the

ardness minimum lying in the FZ in contrast to arc welding, where
he hardness minimum lies in the overaged HAZ region [13,14].
he reason for the hardness decrease in the HAZ is due to the fact
hat overaging takes place as a result of heat input during weld-

Fig. 5. Optical micrographs showing the HAZ in detail: (a) the edge of the
Fig. 6. Microhardness profile of the weld joint at T6 condition.

ing, which is usual for 6000 series Al-alloys. However, the hardness
decrease in the HAZ was much lower than that of the HAZ formed in
arc welds of the same plate [4–7]. The hardness level of the FZ was
found to be restored to that of the HAZ, which can be attributed to
the use of Si-containing filler wire, which changes the chemistry of
the weld pool, and also to the relatively higher cooling rates associ-
ated with laser beam welding. Although a Si-containing filler wire
was  used to recover the strength, a hardness loss still occurred in
the FZ.

EDX analyses results are presented in Table 1. Figs. 7–9 illus-
trate the positions where EDX analyses were conducted. The grain
boundaries in the FZ were found to be rich in Si, Cu and Mg
suggesting that the segregation of alloying elements (already exist-
ing in the base plate and added with the filler wire) to grain
boundaries. The hardness decrease in the FZ of the joint can be
attributed to the loss of strengthening phases and the segregation
of Si to the grain boundaries eliminating the solid solution hard-
ening, which are the dominant strength-determining mechanisms
in the FZ. On the other hand, the overaging is the most dominant
strength-determining mechanism in the HAZ. The grain boundary
segregation was  also detected at the HAZ. However, the Si-content
of the grain boundaries at the HAZ (about 1 wt.%) is much lower
than those of the FZ (about 7 wt.%), where the increase of Si-content
is due to the use Si-containing filler wire which changed the chem-

istry in the weld pool. However, the less pronounced hardness
decrease in the HAZ in comparison to arc welding can be attributed
to the lesser extent of overaging in laser beam welding.

 fusion zone and (b) the details of the HAZ marked by square in (a).



M. Pakdil et al. / Materials Science and Engineering A 528 (2011) 7350– 7356 7353

Table  1
Chemical analyses results conducted in the welded joint in various regions, namely BM,  HAZ and FZ.

Positiona Element (wt.%)

Cu Mg Mn  Fe Si Al

FZ a1 0.555 1.249 0.282 0.079 1.422 96.412
a2 2.944 3.167 0.615 0.402 7.292 85.580
a3 0.270 0.961 0.399 0.093 0.124 98.144

HAZ a1 1.081 1.924 0.273 0.155 1.112 95.454
BM a1 0.589 1.416 0.261 0.080 0.449 97.205

a2 0.656 1.329 0.174 0.054 0.352 97.434

a See Figs. 7–9.

Fig. 7. SEM micrographs showing: (a) the microstructure of FZ and (b) positions
where EDX analyses conducted.

Fig. 8. SEM micrograph of the HAZ showing the EDX analysis point.
Fig. 9. SEM micrograph of the BM showing the analysis points.

3.2. Tensile properties

Global tensile properties of the laser beam welded joint were
determined by testing conventional flat transverse tensile speci-
mens at room temperature. The results are summarized in Table 2
and Fig. 10,  which also includes the base metal properties both in

LT and TL directions. The yield strength of the base plate was found
to be the same value (i.e., 347 MPa) both in LT and TL directions,
whereas the tensile strength varied slightly, being 362 and 371 MPa
in LT and TL directions, respectively. The elongation of the BM also

Fig. 10. Stress-strain curves from the BM (both in LT and TL directions) and weld
joint  specimens.
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Fig. 11. Stress–strain curves obtained from the base metal and all-weld metal flat
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Fig. 12. Tensile property profiles of the welded joint obtained from micro-flat tensile
specimens.

3.3. Fatigue crack propagation (FCP) test

T
T

icrotensile specimens.

aried slightly with the change of the direction of the specimen
ith respect to the rolling direction, being 3% higher when tested
arallel to the rolling direction.

All transverse tensile specimens extracted from the joint failed
n the weld region due to the strength undermatching condition
the strength loss in the weld region, see the hardness profiles,
ig. 6). The joint efficiency in terms of yield and tensile strengths
as about 65% and 75%, respectively, being relatively high com-
ared to literature data [4–7,13,14].  On the other hand, transverse
ensile test results showed significant losses in ductility, owing to
train concentration in the lower strength weld region, as expected
rom the hardness profile of the joint, Fig. 6. Thus, the joint effi-
iency in terms of elongation was quite low, being about 6%,
hich is not unusual due to the significant strength undermatching

ncountered in power beam welding of age-hardenable Al-alloys
4–7,13,14]. In undermatching cases, the stress concentration and
onsequent failure (confined plasticity) occur in the lower strength
eld region of the joint, leading to an increased constraint within

he weld region, and thus, significantly lower elongation values
13,14].

Micro-tensile specimens extracted from the three different
reas of the joint (the BM,  FZ and HAZ) were tested to determine
he local mechanical characteristics. The results are presented in
ig. 11.  The yield strength of the all-weld metal microtensile spec-
men was found to be 226 MPa, whereas that of the base material
BM) was 347 MPa, yielding a mismatch ratio of 0.65. This value

s reasonable high compared to the data in the literature for laser
eam welded age-hardenable Al-alloys joints. Moreover, the ten-
ile properties of the base plate determined by standard macro-

able 2
ensile properties of Al6056-T6 base material both in LT and TL directions and the welde

Specimen Rp0.2 (MPa) 

6056 T6-LT 348 347 

345  

348  

6056  T6-TL 348 347 

345
348  

6056  T6 (LB welded joint) 225 226 

225
227  

a Due to the presence of highly undermatched fusion zone.
Fig. 13. FCP path in TL–welded specimen.

and non-standard micro-tensile specimens are in accordance with
each other.

The tensile property profiles of the welded joints were also
obtained by testing flat microtensile specimens and are illustrated
in Fig. 12.  The variations in strength values in the weld zone are
in good agreement with the hardness results (see Figs. 6 and 12).
Furthermore, these values are consistent with transverse tensile
specimen results (see Fig. 10).
As seen in Fig. 4, porosities were identified. To study the effect
of these porosities on FCP, the following tests were undertaken:

d joint (bold characters are the average values).

Rm (MPa) A (%)

363 362 16.3 16.0
360 15.8
362 16.1
372 372 13.8 13.2
371 13.0
372 12.9
275 275 0.9 0.9a

276 0.9
275 0.9
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Si along the grain boundaries increased. The overaging in the HAZ
Fig. 14. da/dN − �K curves of TL–BM specimens.

ll of the fatigue crack propagation tests were conducted in accor-
ance with ASTM E647. C(T) 100-type specimens were selected for
he FCP tests, the reason being that C(T) 100-type specimens allow
or better examination of the effect of porosity compared to C(T)
0-type specimens. Fatigue tests were conducted under various
tress ratios (i.e., 0.1 ≤ R ≤ 0.7). Effects of microstructural changes
n crack growth mechanism were also investigated. Furthermore,
he effect of grain boundary liquation in addition to the effects of
tress ratio and porosity size, on the crack growth mechanism, was
lso determined. The results have shown that sound joints have
een achieved by laser beam welding [15].

Fatigue crack propagation during testing was measured both
ith a crack opening mouth displacement (CMOD) clip and electri-

al potential drop (EPD) technique; in which the increase in crack
ength has been transferred to the computer during testing. More-
ver, the crack length was measured by digital microscopes from
oth sides after the testing and the three measurement values have
een compared with each other.

Appropriate parameters to be applied to TL–BM and TL–welded
(T) specimens were calculated separately according to ASTM
47 Norms. The maximum load, the frequency and other related
arameters for valid crack lengths (between 0.20 ≤ a/W ≤ 0.60)
ere calculated. As a result of these calculations, the applied

requency was chosen as 10 Hz in all FCP tests, the maximum
oad was 5.5 kN and all tests were conducted in air at room
emperature.
The crack propagation occurs as a result of void formation and
heir coalescence typical in ductile fracture mechanism in BM spec-
mens. The crack propagation mechanism in the welded region, on
Fig. 15. da/dN − �K curves of TL–welded specimens.

the other hand, is observed to be due to intergranular propagation
along the grain boundaries (see Fig. 13).

When the graphics given in Figs. 14 and 15,  drawn accord-
ing to the Paris–Erdogan equation, are compared, the effect of
porosity can be observed [15,16]. What is of interest in Fig. 14
and other fatigue diagrams is the instant variations in the fatigue
curves of TL welds and decrease in crack propagation as a result
of these variations. Porosity is thought to be the cause of this
decrease.

4. Conclusions

In the present study, the microstructural aspects and mechan-
ical properties of CO2 laser beam welded 6056 aluminum alloy
using AlSi12 filler have been investigated. The favourable results
for manufacturing of such aluminum alloys by laser beam weld-
ing are expected, however, with such thickness of the material as
used in the present study, the following results obtained show the
merit of the present work. It is shown that high quality joints could
be obtained in laser beam welding of 6056 Al-alloy plate using
AlSi12 filler wire although some acceptable amount of porosity was
present due to the hydrogen entrapment. Although grain boundary
liquation was detected in the FZ and HAZ, no liquation cracking was
observed. Another important observation to note is that the grain
boundary liquation becomes more pronounced as the amount of
region of the welding leads to a decrease in the strength of HAZ
while the strength of the FZ is restored to the level of the HAZ by
using Si-containing filler wire. In the present study, higher mis-
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atch ratios of the joints could be achieved when compared to
he data in the literature for power beam welded age-hardenable
l-alloys joints.

Another important aspect of the present article is the determi-
ation of the crack growth mechanisms of the joints obtained with

atigue tests under various stress ratios; indeed typical ductile crack
ropagation mechanism is observed in the fatigue tests of TL–BM
pecimens while intergranular crack propagation is detected in the
L–welded specimens. However, as this study has clearly shown,
he presence of porosity retards the crack propagation and slows
own the crack propagation rate in relation with the value of R.
hen joining two parts, if the part that may  cause the crack initia-

ion (such as welding) is joined transverse to the rolling direction,
atigue crack propagation may  proceed slower.
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