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The corrosion resistance of friction stir welded (FSW) AA2024 base material (BM) reinforced with
different AA7075 weld material (WMyith differentwidth namely 1.0, 1.5, 2.0, 2.5, and 3.0 mm as a
compensation layer wergudied The effect of praveld hea treatment on the corrosion resistance of
BM, WM, and heat affected zone (HAZ) weneestigatedBoth AA2024 and AA7075 alloywerepre-

weld treatedunder different heat treatment conditions, the firstdttion was anneale@O), while the
second conditin wassolution heat treated followed by artificial aging (T6). The welded samples were
examined for corrosion resistance using potentiodynamic measurements in 3.5% NaCl solution for the
two heat treatment conditio(® and T6) Then, the corroded zones tbe two conditions after welding

were examined using scanning electron microscopy (SEM), energy dispersipmamxalysis (EDAX)

and mapping of the elemental distribution. It was found that-WAvhas a higher corrosion rate than
WM-O with a uniform corosion, localized pitting and local galvanic cells formation. After welding,
both alloys were highly susceptible to corrosion, and AA2024 alloy had higher susceptibility to corrosion
than AA7075 alloy.
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1. INTRODUCTION

7xxx alloys are commonly used as traditional structural materials in the transport industries, such
as civil and military vehicles, higbpeed trains and ship structures, because of their high specific
strength2xxx Al alloys have amxcellent structurgbropertieshus theirtypically used in some parts,
along with 7xxx Al alloys of higher strengiuch aghe aircraft industry1-3]. Friction Stir Welding
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(FSW) is a soliestate joining process that can join almost any kind of metal, including someysigvio
unweldable alloys 2xxx and 7xxx series [1, 4, 5, §jch asmanufacturing process with several
applications including aerospace, automotive, electronics and shipbuilding [1, 2, 3, 7, 8, 9]. Because of
its low energy consumption and low heat inge®W is the most widely used for joining lightweight
alloys [3]. Many investigators examined the impact of-wedd heat treatment conditions of base
material (BM) on FSW Al alloys' microstructural and mechanical properties, but few studrexffinets

on corrosion resistance {9$4].

To obtain a good balance of strength and corrosion resistance, a considerable deal of effort was
made to achievamprovedcorrosionresistance with the least loss of strength [15]. Elav, several
manuscriptgoncentrated oalloys such as aluminum alloy (AA) 7075 with high Cu and low Zn material
[16-18]. The FSWinduced variation in precipitation and grain morphology significantly affects the
corrosion resistance of the welded plate [6, THje action of anodipolarization has been affected by
the precipitate chemical composition, as the alloy elements have different effects on the potential for
corrosion. Zrand Mgin the solid solution move the corrosion potential in the active direction, but Cu
shifts the corrosiongiential to the noble directiof20-22]. This region is also generally susceptible to
corrosion because of the alteration of the precipitate composition [23]. It is well documented that when
there are the constituent particles, the corrosion resistancglostiength Al alloys will deteriorate.

The presence of ACuMg precipitates and coarse constituent particles makes AA2024 susceptible to
localized corrosionwhich occurs intergranularly in 7xxx Al alloys according to a {umiform
distribution of MgZn, [3, 24]. Alloying Al with other metals contributes to the formation of local
galvanic cells, which can act as either anode or cathode sites in relation to theXAlThatefore, Alis

more corrosion resistant than alloys AA20P3 or AA7075T6. Aggressive ions such as chloride lead

to powerful,localizedalloy attacks, i.epitting, intergranular,galvanic or creviceorrosion, as they
facilitate aluminumoxide film breakdowrj21, 24].

Owing to its hardness and low density AA2024 alloy is commonly used in the aeronautical and
automotive industriesdowever, under some specified conditions, the alloy AA2024 is susceptible to
exfoliation corrosion, which would signgi@ntly reduce its mechanical properties and decrease its
optimized service lifeMany researchers reported the effect of aging treatment orrdsigiance, Al
alloy exfoliation corrosion behavior $26]. Most of them also assuméhat the precipitated pises of
alloys wereachieved in different ageing treatmexunditionsplaying a significant role in exfoliation
corrosion, including phase type, shape/size and phase distrif2joBecause AA2024 contains Cu,
however, it experiences extreme corrosion in aggressive media such as saline or low Earth orbit
environments [3]. AA2024 is a high strength alloy with a complex microstructure that contains the Al
matrix as well as numerous intermetallic particles. Numerous articles attempted to characterize the
resulting alloy microstructure and the intermetallic particle compositidij. [Bhe most popular
intermetallic particles in the microstructure of AA2024 are thgh&se particles (ACuMg). Adding
additional alloying elements creates scattered particles subhs éSu, Fe, Mn), Al7CuFe, and (Al,
Cu)sMn [28]. Due to its strong mé@nical properties, AA70756 is commonly used in the engineering
industry as a higispecific resistance equivalent to higinength steg?9-35]. It offers the opportunity
for substantial weight loss, which is important in some applicatichs3@ 32]. However, two main
factors restrict the wider use of AA701%: susceptibility tdocalizedcorrosion and poor tribological
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properties due to relatively low durability and strong propensity for adh¢3&jn Al-CwFe and
(Al,Cu)s(Fe,Cu) are the maimtermetallics in AA7075I'6 that are electrochemically less active than
the matrix, and can thus dissolve the surrounding ar&@hsH®ally, parameters of thermal treatment,
such as temperature, length and cooling rate, may change the form, quamtigndsidistribution of
intermetallic particles that are both soluble and insolulblee resistance to certain types of corrosion
depends on the alloy and final tempeB8][3Also, the media for the corrosion may be aggressive
especially in chlorine ions (Glsuch as sea water which broken the protective oxide layer that contain
on the Al alloyq39]. Scientific researchers have until now carried out extensive analysis and evaluation
on the FSW of 2000 series and 7000 series Al alloy at home and §bddad

The purpose of this research was to examine the corrosion resisténate AA2024 (BM) and
AA7075 as a welded material (WM) with different WM widths joined by FSW. Moreover, the effect of
pre-heat treatment on the corrosion behavior which studied through corrosion rates and the
microstructures of the samples (O and T6).

2. EXPERIMENTAL WORK

The AA2024AAT7075 friction stir welded samples used for this work were prepared by previous
work [1, 41, 42. The chemical composition of th&A2024 and AA7075 alloysre listed in Table 1.
The samples were welded usifigrtion stir welding FSW) where AA2024aluminum alloywas the
base materialBEM) and AA7075aluminum alloywas thewelding material (WM). The AA7075 alloy
weldment hadive different WM widths of 1.01.5, 2.0, 2.5, and 3.0 mm as shown in Fig. 1. The samples
were preheat treatd before weldingn two conditions the first case waannealingheat treatment (O)
andthe second case was solution heat treated with artificial aging $d&)tion heat treatemnt with
artificial ageing (T6) was performed by means of a combination of solution treatment at 470 °C for a
soaking time of 1 h, finally quenching at room temperature in water and subsequent artificial ageing at
165 °C for 6 H1, 41]. Annealing heat t@tment consisted of initial heating to 435 °C, soaking for 2 h,
accompanied by air cooling and reheating for 4 h at 230 ° C, eventually air cooling progressively until
ambient temperature was reachedd], The FSW technique was used to join thaléeys after natural
ageing of the alloys for about 2 months.

Table 1.The chemical composition of BM (AA2024) and WM (AA7075) in wt.%

Chemical | o 1 i | zn | Mg | Fe| si | o | Ti | A
CompOSItlonS
=he 38| 075|002| 1.3 | 015 01 | 0.006 | 006 | Bal
e 8o . 3o . . . .
WM

AATOT5 15| 001| 56 | 26 |0.15] 0.1 0.22 0.12 | Bal.
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Accordingly, the samples studied in this work consists of two groups, the first group included
annealed (TO heat treatment condition), friction stir welded samples and the second group included T6
heattreated friction stir welded samples. Both groups were subjected to corrosion testing applied on all
three parts. For the annealed condition the three parts are base material with annealing heat treatme
(BM-0), welding material with annealing heat treatth(WM-O) and heat affected zone with annealing
heat treatment (HAZD). For the T6 condition, the three parts are the base material with artificial aging
(BM-T6), welding material with artificial aging (WM®6) and heat affected zone with artificial aging
(HAZ-T6).

A yidh 100 mm

-I Base Material (BM) (AA2024 Aluminum alloy)

-’ Welding Material (WM) (AA7075 Aluminum alloy)

Figure 1. Welding joint configuration

Thecorrosion of botlgroups of samples were investigatad3.3% NaCl solutionMeasurements
of linearpolarizationwere conducted out using samples with a surface aréacof and 3.5 mm in
width. The working electrodes we cutinto three samples (WMHAZ, andBM) with wire cutting
instruments. Eackvorking electrode waprepared dér metallographianvestigation by grindingvith
different grades of silicon carbide paper, 100, 240, 360, 500, 600, 800 and 1000 grifgwligh0.3
um alumina paste, then polisig to 1um using a diamond passsd were finallyinsed with deionized
water and dried with acetone before electrochemical analysis.sfidy was carried outat room
temperature with PGZ 100 potentiostat with a cgioo cell containing 500 ml 08.5% NaCl. A
platinum electrode was used as the auxiliary electriteecalomel electrode (mercury and mercury
chloride) was used as the reference elecirade the samplesereused asheworking electrodevhile
the steadystate open circuit potential (OCP) was noted. The potentiodynamic investigations were made
from -1 mV versus OCP to +1 mV versus OCP at a scan rate of 0.338nd/she corrosion currents
was recorded. The corrosion current dengityr(), and corrosion potentiaEfor) were determined from
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the Tafel plots of potential versus logarithm of corragiarrent density i.e. applied current (log I). The
corrosion rate (CR) was calculated from Eq. (B, @] as follows:
CR (mm/yr) = (0.00327 * icorr * eq.wt.) /D (1)

Whereicorris the current density ipA/cm?, D is the specimen density in g/&mnd eq.wt. is the
specimen equivalent weight in grams. The surface microstructure of the two group of samples after
corrosion in 3.5% NaCl solution were examined using scanning electron microscope (SEM), FEI
inspects SNetherlands linked with energy dispmn xray analysis (EDAX), Bryker AXSlash
detector Germany. The mapping of the corroded samples was investigat€dl aatdTTG with
microstructures investigation for BM, WM, and HAZ.

3.RESULTS AND DISCUSSION
3.1 Corrosionresults for Group 1TO) case

Table 2. The corrosion behavior of BMD and WMO for different WM widthan 3.5% NaCl solution

Different WM widths
Conditions BM
1 mm 1.5 mm 2 mm 2.5 mm 3 mm
E(=0), 951 869 772 807 776 703
mV
| corrosion, 46 0.02 0.12 0.01 0.07 0.15
mA/cm?2
Rp, 574 1930 132 2990 257 137
ohm.cm?
CR, 476 0.18 1.4 0.17 0.82 1.80
mm/Y

Table 3.The corrosion behavior of HAD for different WM widthsn 3.5% NaCl solution

Conditions Different WM widths
1 mm 1.5 mm 2 mm 2.5 mm 3 mm
E(=0), -744 -770 -767 -761 -757
mV
| corrosion, 0.1 9.6 45 15 15
mA/cm?2
Rp, 140 390 773 1230 2510
ohm.cm?2
CR, 531 185 175 112 1.2
mm/Y

The corrosion polarization curves BM-O, WM-O and HAZO for different widths of WM
samples in 3.5% NaCl are provided in Fig. 2. Table 2 illustrates the results for the potentiodynamic
polarization curves of BMD and WMO in 3.5% NaCl. The corrosion rate values of 8#Mand WMO
were studieatorresponding with values of the corrosion current and polarization resistance. The WM
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O with WM width 2 mm showed the lowest corrosion rate and the highest polarization resistance
compared with other WM and BI® as given in Fig. 2(a). The corrosion poiahnEcorr for different

WM widths were shifted to more positive values from M-951mV). Corrosion behavior of HAD

at a different WM width are shown in Fig. 2(b) and Table 3. The {@AZith WM width 3 mm showed

the lowest corrosion rate compared withey WM widths.
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Figure 2. The corrosion behavior for different WM widths3.5% NaCl solutionf (a) BM-O and WM
O, and (b) HAZO
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Both BM-O and WMO showedsignificant pitting corrosion over the corroded surfat@3000
series alloys, pitting corrosion has ba&own to occunear Cu and Fe containing intermetallic particles
because Cu and Fe are more cathodic than the Al matrix wiadsttethe formation of a galvanic
interaction [4]. Figs. 3 and 4 provide the microstructure of the corroded surface of th@,BMZ-O
and WM-O at a different WMwidths. EDAX analysis of the corroded BI® showed24.16%0,
2.27%Na, 0.05%Si, 0.27%Cl, 7.41%Fe, 2.31%Cu, 2.95%ath 60.59%Al asoted fromFig. 3(b)
where EDAX results for WMD with different WM widths are presented in Fig. 5 and Tabli 4.
shown from theEDAX resultsthat BM-O corrosion was higher than the WW® corrosionwhich was
alsoconfirming with the poentiodynamic data. Fig. 6 gives the mapping of HB4At a different WM
widths.

Table 4.EDAX results ofcorrodedWM-O for different WM widthdn 3.5% NaCl solution

WM widths, Elemental analysis, wt.%
mm O Na Cl Cu Zn Mn Mg Al
1 11.8 0.6 0.0 2.9 0.0 0.6 0.0 Bal.
1.5 18.8 0.4 0.1 3.1 1.1 0.3 2.0 Bal.
2 10.4 0.2 0.7 2.9 0.4 0.7 1.8 Bal.
25 15.5 0.0 0.0 3.3 1.4 0.0 2.1 Bal.
3 16.7 0.4 0.0 3.5 0.9 0.0 2.2 Bal.

4 6 8 10 12 14 16 18
keV

(@) (b)

Figure 3. The corroded BMO in 3.5%NacCl solutiorfa) SEM image and (b) EDAX analysi
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Figure 4. The SEM image oforrodedHAZ-O in 3.5% NaCl solution witldifferent WM widths (a) 1
mm, (b) 1.5 mm, (¢) 2 mm, (d) 2.5 mm and (e) 3 mmamtbdedVM-O in 3.5% NaCl solution
with different WM widths (f) 1 mm, (g) 1.5 mm, (h) 2 mm, (i) 2.5 mm and (j) 3 mm
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Figure 5. The EDAX analysis oforrodedWM-0 in 3.5% NaCl solution witldifferent WM widths (a)
1 mm, (b) 1.5 mm, (c) 2 mm, (d) 2.5 mm and (e) 3 mm
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(a) (b) (© (e)

Figure 6. Mapping of thecorrodedHAZ-O in 3.5% NaCl solution witldifferent WM widths (a) 1 mm,
(b) 1.5 mm, (c) 2nm, (d) 2.5 mm and (e) 3 mm
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For both the BMO and WMO for different WM widths only pitting corrosion was observed
with no apparent intergranular corrosidhis noticeable from Fig. 3 that the weld nugget is relatively
free from pitting corrosionni comparison to BMD region. The BMO also has an inhomogeneous
distribution of pitting relegating the majority of damage to the outer surfaces. TheCH#®&gions
suffered a slight increase in pitting corrosimmmpaed with the adjacent BMDO and WMO regions.
This effect was more pronounced on the advancing edge side of the weld but was also observed on th
retreating side after careful analyBi§).

3.2Corrosion results for Group 2 (T6) case

The corrosion polarization curves of BM6 and WMT6 for different WM widths in 3.5% NaCl
are illustrated in Fig. 7(a).

Table 5. The corrosion behavior of B\6 and WMT6 for different WM widthsn 3.5% NaCl solution

Different WM widths
Conditions BM
1 mm 1.5 mm 2 mm 2.5 mm 3 mm
E(=0), -685 -667 -732 -680 -684 -670
mV
L corrosion, |- 4, 0.07 0.01 0.03 25 0.09
mA/cm?2
Rp, 165 981 | 1400 | 3650 1220 414
ohm.cm?2
SR 495 078 | 032 0.15 1.04 294
mm/Y

Table 6. The corrosion behavior of HAZ6 for different WM widthan 3.5% NaCl solution

Different welding widths
Conditions
1 mm 1.5 mm 2 mm 2.5 mm 3 mm
E(=0), -697 -798 -671 -733 -650
mV
| corrosion, 15 0.22 0.01 0.01 19
mA/cm?2
Rp, 289 318 2310 4360 884
ohm.cm?2
CR,
183.9 25 0.11 0.08 223.8
mm/Y
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Figure 7. The corrosion behavian 3.5% NaCl solutiorwith different WM widths of (a) BMT6 and
WM-T6, and (b) HAZT6
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Figure 8. The corroded BMT6 in 3.5% NaCl solutiorfa) SEM image and (b) EDAX analysis

Table 7.EDAX results ofcorrodedWM-T6 for different WM widthdn 3.5% NacCl solution

WM widths, Elemental analysis, wt.%
mm @] Na Cl Cu Zn Mn Mg Al
1 13.0 0.4 0.1 6.9 0.0 1.8 1.7 Bal.
1.5 24.1 1.3 0.0 3.1 0.0 0.3 1.5 Bal.
2 11.8 0.6 0.0 2.9 0.0 0.6 0.0 Bal.
2.5 28.7 3.1 0.1 2.0 0.0 0.4 1.8 Bal.
3 18.0 1.0 0.1 4.8 0.0 0.2 1.3 Bal.

Table 5 lists the potentiodynamic polarization curves results feffBMnd WMTG6 for different
WM widths in 3.5% NaCl. The corrosion rate values of the-B&land WMT6 were investigated
corresponohg with thevalues of the corrosion current and polarizatiesistance. The WNI6 for WM
width 2 mmshowedthe lowest corrosion rate and the highest polarization resistance compared with
other WM widths and BMI'6. The corrosion potenti&corr for different WM widths shifted to more
positive values from BM6 (-685 mV). Corrosion behavior of HAZ6 for different WM widths is
provided in Fig. 7(b) and Table 6. The HAB for WM width 2.5 mm has the lowest corrosion rate as
it compared with other WM widths.

Both BM-T6 and WMT6 contained significant pitting corrosion over the corroded surfaces as
shown in Figs. 8 and 9. The corroded surface microstructures eT@NHAZ-T6 and WMTG6 for
different WM widthsaregiven in Fig. 9. The EDAX resudbf the corroded BMI6 showedl11.97%0,
0.72%Na, 1.64%Mg, 0.05%Cl, 1.91%Cu and 83.71%Al as flearFig. 8(b) where the EDAX results
for WM-T6 for different WMwidths aregiven inFig. 10 andTable 7. The mapping of HAZT6 at a
different WM widthsare illustrated in Fig. 11. In hetrteatable Alalloys, the corrosion behavior is
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generally controlled by the type, size and volumetric fraction of the precipitates, and precipitates form,
dissolve or grow in various temperature ran@gas.

Figure 9. The SEM image oforrodedHAZ-T6 in 3.5% NacCl solution withlifferent WM widths (a) 1
mm, (b) 1.5 mm, (c) 2 mm, (d) 2.5 mm and (e) 3 mm emdodedWM- T6 in 3.5% NaCl
solution withdifferent WM widths (f) 1 mm, (g) 1.5 mm, (h) 2 mm, (i) 2.5 mm and® (nm



