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Abstract: Corrosion behavior of frictiostir lap welded AA6061T6 aluminum alloy was investigated by immersion tests in sodium
chloride + hydrogen peroxide solution. Electrochemical measurement by cyclic potentiodynamizapatarscanning electron
microscopy, and energy dispersive spectroscopy were employed to characterize corrosion morphology and to realize corrosion
mechanism of weld regions as opposed to the parent dlley.microstructure and shear strength of weldeihtj were fully
investigated. The results indicate that, compavéh the parent alloy, the weld regioase susceptible to intergranular and pitting
attacks in the test solution during immersion time. The obtained resui#p shear testing discloseattensile shear strength of the
weldsis 128 MPa which is more than 608bthe strength of parent alloy in lap shear testing. Electrochemical results show that the
protection potentiglof the WNZ and HAZ regionaremore negative than the pitting potehtiThis means that the WNZ and HAZ
regions @ not show more tendencies to pitting corrosion. Corrosion resistance of pareris dligier than that for the weldments,
and the lowest corrosion resistanserelated to the heat affected zone. The pitéitigcks originate from the edge of intermetallic
particles as the cathode compareith the Al matrix due to their high setforrosion potential. Its supposed that by increasing
intermetallic particle distributed throughout the matrix of weld regiors,gddvanic corrosion couplese increasedand hence
decrease the corrosion resistance of weld regions.
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which combines frictional heating and stirring motion to
soften and mix the interface between two metal plates to
produce fully consolidated welds [3]. Although theat

As an emerging green solid state joining process,input in the FSW process is relatively low and the time at

1 Introduction

friction stir welding (FSW) is used to join Al alloys of all
compositions such as alloys essentially consider
unweldable [1]. In this process, joining metal plates

done based on a thermeechanical action used by a
non-consumable welding tool tm metal plates [1]. Most

process temperature is short companeidh fusion
welding, various grain structures and grains
recrystallization phenomena dynamically occurring
during the FSW process) 6xxx series of stiwelded Al
alloy, have different corrosion susceptilidg in each

AA6xxx alloys are generally considered to have goodarea of the jointed zone. In FSW process, generally, in

corrosion resistance comparedith other series of

the weld nugget zone (WNZ), and heat affected zone

aluminum alloy. However, some treatments or processes(HAZ), the time at peak temperatussshort, and cooling

such as thermomechanical treatment or alloying have aris

relatively rapid. Inthis case, a corresponding

effect on the localized corrosion alloys. Accordingly, the microstructural gradient care develogdfrom the WNZ
treatments or processes can lead to create a pittininto the parent alloy (PA) with the precipitation

corrosion and intgranular corrosion (IGC) in the

distributionat and around grain boundaries as a result of

alloys [2]. In fact, FSW is a thermomechanical treatment,temperature excursions [} hen exposed to a corrosiv
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environment, some of these microstructures exhibit a
selective grain boundary attack, and the pitting potential
is decreased as opposed to the parent alloy. As a matter
of fact, the response of the microstructure to the welding
is intense, and intergranular corrosion (IGC) is mainly
placed along the interface of the WNZ and HAZ. In this
respect, the IGC attack incsess as a result of coarsening

of the grain boundary precipitates [4]. The IGC initiation e
is generally believed to begin along the precipitate 90 mm 50 mm
regions. Accordingly, the created pits and intergranular
attack connect together and grow as microstructural pits
which result in selective corrosion of grains [4]. There is
a limited research on the relationship between
microstructure and corrosion characteristics of friction
stir lap welded Al alloy. The purpose of the present work
is to evaluate how the changesnmicrostructure in the
weld zone affect corrosion behavior.

Tilt angle
()

Tool rotation

& %‘V”eldipg
Abvancing Retreating direction

Top sheet

Fig. 1 Schematic of friction stir lap welding process and joint
tlesign used in this research

welded joint, room temperature lap shear tests were
performed by using a 1KN Instron mechanical testing
machine with the cross head speeddix¢ 2.0 mm/min.
Due to no test standards for friction stir welded lap joints,
ASTM: D3164 [5] providing test method for strength
properties of adhesively bonded joints was chosen as the
reference test standard for lap shear t@shensions of

the samplesised for lap shear testimglonger tharihose
used by EDERQVISTand REYNOLDS [6]. For tensile
sheattesting specimen, fracture locations were recorded
eoy scanning electron microscopy (SEM).

2 Experimental

2.1 Materials and welding parameters

By applying automatic CNC machine, friction stir
welding technique was used to produce lap welds. Th
materials used were AA60606 aluminum pates with
the thickness of 5 mm. The nominal compositisn
displayed in Table 1. The lap joint configuration was
prepared to produce the joints. The direction of welding
was normal to the rolling direction of aluminum plates. A
nortconsumable welding tdanade of high carbon steel

(H13) was applied to fabridag the joints. The welding ASTM G110 [7]. The tests were carried dat 24 and

conditions used to produce the joints in this investigation ;g o arsion time wit a constant concentration of

are I.|sted in Table 2 .The sF:hematlc repre.ser.ltatlon thydrogen peroxide based on ASTM standard [7]. After
welding process and joint design are shown in Fig. 1.

immersion tests, the corroded specimens were subjected
to the surface cleaning procedure recommended in
ASTM standard [8].

2.3 Immersion corrosion test

In the present research, the aeior against the IGC
of friction stir welded lap joints of AA6061 aluminum
alloy has been studied under specific conditions.
Immersion corrosion tests were performed by using the

2.2 Lap shear test
In order to investigate the mechanical property of

2.4 Electochemical measurements

Electrochemical masurements were carried out
with a conventional threelectrodeelectrochemical
glass cell using an EG&G Princeton Applied Research
2273 Potentiostat controlled by softcorr 352. The cell
was operd to the air and the measurements were
Table 2Weldingconditions and process parameters used in thisconducted at ambieemperature. Each set of working
work electrodes, which were the WNZ (weld nugget zone),

Table 1 Chemical composition oAl6061 parent alloy used in
welding processnfass fraction%)

Si Fe Cu Mn Mg Cr Ti Zn Al
0.66 0.30 0.27 0.03 1.00 0.18 0.02 0.05 Bal.

Parameter Value HAZ (heat affected zone), and parent alloy (PA)
Rotation spedr-m'Y) 1000 specimens, was connected to a copper wire, and sealed in
Welding speetfmm-min'?%) 60 epoxy resin with the exposure area of 1°dar the PA
Tool shoulder diameténm 20 and 0.8 crifor the WNZ as well as 0.3 crfor the HAZ.
Pin diameteimm 8 The graphite rod was used as the auxiliary electrode, and
Pin lengtimm 8 the saturated chalomel electrode (SCE) as a reference
Tilt angle/(*) 3 elgctrode. Durlng. the measurement, thg solution was not
) stirred. All potential values were reportadmV (SCE).
. ) Coniformed and left hand . .
Pin profile The exposed surface of each specimen was ground using

thread 61 mm pitch

abrasive SiC papers through 6@ade to 120@rade,
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and were mechanically polished with €m diamond  the sizes of which are less homogeneous in size and the
paste, rinsed with double distilled water, and degreasedengtts of themarear ound 50 & m. Mor eove
with ethanol. The degreasedomking electrodes were displayed two kinds of intermetallic particles including
then dipped in concentrated Hi@r 30 s. After that, inhomogeneous distributed sermund particles and
they were rinsed with deionized water and inserted intoirregularshaped particles, as shown in Fig. 3(a) [10].
3.5% (nass fractionNacCl solution. According to Figs. 3(a) and 3(b), EDS point analysis

After 30 min of immersion in the electrolyte, the peformed on these particles disclosed that irregular
cyclic potentiodynamic polarizatiofCPP) of specimens shaped particles which appeared in brighibr (point A)
were performed by starting scanning electrode potentialcontained the Fech particles, whereas semdund
from an initial potential of 0.25 V below the OCP up to particles which appeared in darkolor (point B)
10.2 V. The scan direction then was reversed and theontained the Siich particles. It was alsobserved that
potentials were scanned back to the initial potential. Athe size of Feich particles present in the Al matrix
vertex current density of 0.001 A/émwas applied. From is comparable to that dhe Si-rich particles. This caneb
cyclic polarization, various corrosion parameters such as
corrosion potential {.n), pitting potential @),
repassivation/protection  potential (ipf,), and pit
transition potential{,,,) were obtained.

2.5 Microstructure characterization

Microstructural examination of AA606I6 welded
lap joints before and adt corrosion tests were analyzed
by scanning electron microscopy (SEM) with energy
dispersive spectroscopy (EDS) and atomic force
microscopy (AFM) techniques.

3 Results and discussion

3.1 Mechanical properties ® Pomt &
The obtained tensile shear strength of tiedde was -
(12845) MPa (whereas the shear stress of AAGOGlis :
207 MPa [9]) as a mean of four tests of this welded joint.
This demonstrates more than 6086 the strength of
parent alloy in lap shear testing. The fracture path was Mg
through the weld along thiaterface of top and bottom
sheet whereas it was propagated from advancing side Fe
toward retreating side. The SEM image of fracture
surface predominately shows a brittle fracture as Cu . Fe Cu C
S . . b N S u
indicated in Fig2. 0 S 10
Energy/keV
(c) |Al Point 4
Mg
Fe i
: BN : — Cr‘Cu 1 CrFe
Fig. 2 SEM image of fracture surface Cr jFe Cucu
0 5 10
Energy/keV

3.2 Microstructural analysis
3.2.1 Microstrature of parent &y (PA) Fig. 3 BSE micrograph of PAa) and associateBEDX analysis
The parent alloy exhibited elongated alpha grains,taken at indicated locatiorfb, c)
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attributed to the chemicalomposition of plate and its
heat treatmentcondition. Additionally, as shown in
Fig. 4, a lot of small grain boundary phasdark points)

can also be seatthe grain boundaries. As illustrated in
Fig. 4(b), EDS point analysis displayed that these
patticles are richin Si phases. As a matter of fact, these
precipitates cause an increase in the strength of parent
alloy. This means that they act as strengthening
precipitates in the parent alloy. Thus, the strengthening
precipitates can affect localizedreosion of parent alloy

in corrosive environments.

(b) JAl Point C
Mg
F
: cr ki
l i Fe
| Small grain . Crcr. Fe Cu (y
boundary phases 0 5 -~ 10
2 v AVENE | Energy/keV
(© Al Point D
Si
Fe
M
Cr @
Cr rFeFe )
0 5 10
Energy/keV
_ Fig. 5 BSE micrograph of HAZ (a)and associatedEDX
Si analysis taken at indicated locatidqibs c)
Mg
Ee Fe C exhibited bigger grains thatihe WNZ region (Fig. 6),
Cu Fe Cu u . . .
0 5 1‘0 due to the heating effect. In this regards, according to
Energy/keV ASTM E562standard [11] the average volume fractien
Fig. 4 BSE micrographs of small grain boundary phases in of intermetallics in the WNZ and HAZre about 0.02
parent alloy (PA)a, b) and associated EDX analy$s and 0.04, respectively. The HAZ experiences heating
without mechanical deformation during welding. Thus,
3.2.2 Microstructure of weld regions the induced heah this region and the cooling rate after

Backscattered electron micrographs of grains andFSLW can signitantly alter the grain size and lead to
distribution of intermetallic particles in the WNZ and the grains coarsening in the HAggion. On the contrary,
HAZ regions of welded lap joint are shown in Figs. 5 the structure of WNZegion contains fine and equiaxed
and 6, respectively. As can be seen in Fig. 5, thegrains. This structure is a typical feature of dynamically
prominent feature is obvious difference of the size andrecrystallized structure when the WNZ is subgecto
shape of the grains in the HAZgion The HAZ ara high temperature and extgive plastic deformation [12]
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their volume fraction is lower. As matter of fact, it can be
said that the intermetallic particles are the main factor
that controls the corrosion properties of the parent alloy
and weldmerg and the corrosion resistance of
weldments is basically affected by the composition,
density and distribution of intermetallic particles within
the microstructure [10,13].

3.3 Corrosion morphology analysis
3.3.1 Microstructure of parent alloy after 24 df
immersion

Figure 7 presents the corrosion morphology of the
parent alloy after 24 h of immersion in the test solution.
According toFig. 7, it is obvious that localized corrosion,
i.e., tunnel like pittingis not the dominant corrosion type
observed inthe parent alloy, and it also shows
susceptibility to intergranular corrosion along grain
boundaries. Accordingly, it is important to consider that
the pits formed in the matrikave nogrowths in depth
and size due to the lack of immersion time, ane:é@nss
that many small pits in an early stage=formed on Al

Fe matrix with ringlike deposits (corrosion products)
Mo 1o consisting of oxy-hydroxide compounds around the
Mgf .. MpMn p
CrE ils' a C? Po iy pits [12]. It can be said that the corrosion products are
I .
0 s A= Y T formed where Al ions become ovensatted due to local
Energy/keV dissolution of the Al miix. Indeed, the IGC mechanism
(c) |Al Point F
Mg Si
Cu
Fe
.L..ﬂ Fe'® cuCu
0 ) 10
Energy/keV

Fig. 6 BSE micrograph of WNZ (ajand associatedEDX
analysis taken at indicated locatiqbs c)

The results of EDX analysis of two different
intermetallic precipitates are shown higs. 5(b,c) and
6(b,c). From the EDS point analysis, it is easy to identify
two particles: the Feich particles (bright points, labeled
as C and E) and the Srich particles (dark points,
denoted a® andF). According to Figs. 5(a) and 6(a),
the sizes of irohand siliconrich particlesin the HAZ
regionare bigger thathatin the WNZ area. This can be
attributed to that in the WNZ region, the string crashed
the intermetallic particles and distributed them into the
Al matrix. The number of intermetallic pastés in the Fig. 7 SEM imagesof parent alloy after 24 h of immersion
WNZ region is higher thathatin the HAZ region, but (&) Lowmagnification (b) High magnification
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including micro galvanic cell formation of grain
boundaries can contiille to the grain boundaries
intermetallic precipitates so that they are either more
active or nobler than the surrounding Al matrix (Fig. 4
and Fig. 7). Overall, it seems that the formation of small
pits with lower growth in depth and size as well as lower
intergranular corrosion along grain boundaries iegl
minor susceptibility to localized corrosion in parent alloy
after 24 h of immersion.
3.3.2 Microstructure of parent alloy after 48 h of
immersion

According to Fig. 7, it is obvious that localized
corrosion attacks were generated by seiting and
intergranular attacks. In this case, it seems that the
grooves, that secalled circumferential pitwere formed
around strengthening precipitates due to the cathodic
reduction of oxygen, and occurred at timermetallic
particles. They caused an increment in the pH of the
solution to alkalinity around the particldsading to the
dissolution of Al matrix, ascribed to the localized
galvanic attack of the more active matrix by the more
noble particles [13]. Aelevant fact observable from the
images in Fig. 8 was that when the immersion time was
extended to 48 h, intergranular corrosion attacks were the
main featurein Al matrix, and they grow widely on it.
Finally, it seems that the formation of sepitis with high
growth in depth and size as well as higher intergranular
corrosion along grain boundaries imm@s major
susceptibility to localized corrosion in parent alloy after

Cu

48 h immersion. e
3.3.3 Microstructure ofvelded lap jointafter 24 h of Sudsi WM C6
immersion

Microscopic images of corrosion attack of the lap
welded specimens after 24 h of immersion in 5.7%
sodium chlorideand 0.3%hydrogen peroxidesolutions
are shown in Fig. 9, revealing the following important i
findings. O' g A : 10 15

First, although all areas show the samerasion Energy/keV
attacks, the HAZ shows' hlgher rate of corrqsmn attac'kFig. 8 SEMimagesof parent alloy after 48 of immersion (ab)
than the WNZ due to a bigger size and more |ntermetalllc(,jmd associated EDX analy$
particles in the interior grain and grain boundaries
(Figs. 5 and 6). Additionally, the IGC was not the 33 4 \jicrostructure of welded lap joint after 48 h of
dominant corrosion type in theeld regionsSecondthe immersion
evidence of cathodic reactivity of the kinds of rings of Figure 10 depicts the microscopic images of

attack around constituent intermetallic particles can becgrrosion attack of the lap welded specimens after 48 h
explained as corrosion attack mechanism in the weldof immersion in the test solution. Some important
zones. In this regard, the rings of attack (or grooves)findingsareexplaired asfollows.

around tle intact intermetallic particles were ascribed to First, the intensive corrosion attack in the nugget
the localized galvanic attack of the more active Al matrix region is poorer than that in the other regions. In this
by the more noble particl@hird, the corrosion products casealthough corrosion resistance of the WNZ is higher
that were naturally formed as the aluminium hydroxyl thanthat ofthe HAZ region, by increasing the immersion
chloride compounds (AIQIOH]z,) [4] were not time (48 h), some corrosion chimneys are observed in
observed in the WNZ and HAZ. this region (see Fig. 11¥econdin the nugget regian
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M
Cr
Fe 5 Fe
Mn, . nMn
C S‘l CrCr ES Cu Cu
o 1 2 3 4 5 6 7 8 9 10

E/keV
Fig. 9 SEM images of corrosiorttacksin weld regions after 24 of immersion (a, b, ¢, @nd associated EDX analy$e

despite other regions, the corrosion products form onlyweld regions is different, and the corrosion attacks will
as a corrosion chimay product. This means that the be increased intensively.

corrosion products are only formed locatly the surbce

of the WNZ.Third, both formations of grooves around 3.4 Electrochemical measurement

the intermetallic precipitates and the corrosion chimney Cyclic potentiodynamic polarizatiofCPP) plots
were dominant corrosion types in the nugget region.obtained for the parent alloy and weld regions in contact
Fourth the value of corrosion attacks in the HAZ region with 3.5% NaCl solution having near natural pH are
was more intensive than that imetWNZ. In this case, it shown in Fig. 12. The average values of potentaé
seems that the corrosion chimneys are uniformly createdummarized in Table 3.

in the HAZ region, and the corrosion products cover the From Table 3, it is evident that the almost similar
whole surface of the HAZ area. In addition, it is valuesof (i for the WNZ and HAZ regions of welded
observed that the depth of grooves formed in these aredsp joints in test solution may indicate that the onset of
is more tharthat in the WNZ. As a result, it seems that pitting is mainly determined by Cion concentration and
by increasing immersion time, the corrosion behavior of not by GQ conten{14]. According to Fig12, it is obvious
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Fig. 10SEM images of corrosioattacks in weld regiorafter 48h of immersion (a, b, ¢, d@nd associated EDX analy$es f)

that the cyclic plots of parent alloy and each region of pitting corrosion. Moreover, the protection poterstiaf
welded lap joint show an example of negative hysteresisthe WNZ and HAZ regionsire more negative than the
with pitting potential located at the samesition of that  pitting potential. This means that the WNZ and HAZ
of corrosion potential, the protection potentiél.{) less regions did not show more tendencies to pitting
than GUer, and narrow area of the hysteresis loop, corrosion. The solid arrows next to the forward and the
suggesting no nucleation and growth of pitting during the reverse anodic branches indicate potential scan direction.
reverse scan [14,15]. The lower hysteresis in theThe cyclic polarization curves show a small region of
presence of oxygen is due to repassivation assisted by passivity with the current density practicatigpendent
reduction on constituentagticles sites, indicating that on applied potential up to pitting potenti@l;=i 0.750

not all such species have been consumed in acceleratinglV. Then, the current deitg increases abruptly untit i



