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The corrosion resistance of friction stir welded (FSW) AA2024 base material (BM) reinforced with
different AA7075 weld material (WM) with different width namely 1.0, 1.5, 2.0, 2.5, and 3.0 mm as a
compensation layer were studied. The effect of pre-weld heat treatment on the corrosion resistance of
BM, WM, and heat affected zone (HAZ) were investigated. Both AA2024 and AA7075 alloys were pre-
weld treated under different heat treatment conditions, the first condition was annealed (O), while the
second condition was solution 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 conditions (O and T6). Then, the corroded zones for the two conditions after welding
were examined using scanning electron microscopy (SEM), energy dispersion x-ray analysis (EDAX),
and mapping of the elemental distribution. It was found that WM-T6 has a higher corrosion rate than
WM-O with a uniform corrosion, 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, high-speed trains and ship structures, because of their high specific
strength. 2xxx Al alloys have an excellent structural properties thus their typically used in some parts,
along with 7xxx Al alloys of higher strength such as the aircraft industry [1-3]. Friction Stir Welding
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(FSW) is a solid-state joining process that can join almost any kind of metal, including some previously
unweldable alloys 2xxx and 7xxx series [1, 4, 5, 6], such as manufacturing 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 input, FSW is the most widely used for joining lightweight
alloys [3]. Many investigators examined the impact of pre-weld heat treatment conditions of base
material (BM) on FSW Al alloys' microstructural and mechanical properties, but few studied their effects
on corrosion resistance [9-14].

To obtain a good balance of strength and corrosion resistance, a considerable deal of effort was
made to achieve improved corrosion resistance with the least loss of strength [15]. However, several
manuscripts concentrated on alloys such as aluminum alloy (AA) 7075 with high Cu and low Zn material
[16-18]. The FSW-induced variation in precipitation and grain morphology significantly affects the
corrosion resistance of the welded plate [6, 19]. The action of anodic polarization has been affected by
the precipitate chemical composition, as the alloy elements have different effects on the potential for
corrosion. Zn and Mg in the solid solution move the corrosion potential in the active direction, but Cu
shifts the corrosion potential to the noble direction [20-22]. 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 resistance of high strength Al alloys will deteriorate.
The presence of Al,CuMg precipitates and coarse constituent particles makes AA2024 susceptible to
localized corrosion which occurs intergranularly in 7xxx Al alloys according to a non-uniform
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 the Al matrix. Therefore, Al is
more corrosion resistant than alloys AA2024-T3 or AA7075-T6. Aggressive ions such as chloride lead
to powerful, localized alloy attacks, i.e. pitting, intergranular, galvanic or crevice corrosion, as they
facilitate aluminum oxide film breakdown [21, 24].

Owing to its hardness and low density AA2024 alloy is commonly used in the aeronautical and
automotive industries. However, under some specified conditions, the alloy AA2024 is susceptible to
exfoliation corrosion, which would significantly reduce its mechanical properties and decrease its
optimized service life. Many researchers reported the effect of aging treatment on high-resistance, Al
alloy exfoliation corrosion behavior [25-26]. Most of them also assumed that the precipitated phases of
alloys were achieved in different ageing treatment conditions playing a significant role in exfoliation
corrosion, including phase type, shape/size and phase distribution [26]. Because AA2024 contains Cu,
however, it experiences extreme corrosion in aggressive media such as saline or low Earth orbit
environments [25]. 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 composition [27]. The most popular
intermetallic particles in the microstructure of AA2024 are the S-phase particles (Al.CuMg). Adding
additional alloying elements creates scattered particles such as Als (Cu, Fe, Mn), Al7CuzFe, and (Al,
Cu) sMn [28]. Due to its strong mechanical properties, AA7075-T6 is commonly used in the engineering
industry as a high-specific resistance equivalent to high-strength steel [29-35]. It offers the opportunity
for substantial weight loss, which is important in some applications [29, 30, 32]. However, two main
factors restrict the wider use of AA7075-T6: susceptibility to localized corrosion and poor tribological
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properties due to relatively low durability and strong propensity for adhesion [36]. Al-CuzFe and
(Al,Cu)e(Fe,Cu) are the main intermetallics in AA7075-T6 that are electrochemically less active than
the matrix, and can thus dissolve the surrounding areas [37]. Finally, parameters of thermal treatment,
such as temperature, length and cooling rate, may change the form, quantity, size and distribution of
intermetallic particles that are both soluble and insoluble. The resistance to certain types of corrosion
depends on the alloy and final temper [38]. Also, the media for the corrosion may be aggressive
especially in chlorine ions (CI") such as sea water which broken the protective oxide layer that contain
on the Al alloys [39]. 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 abroad [40].

The purpose of this research was to examine the corrosion resistance of both AA2024 (BM) and
AAT7075 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 AA2024-AAT7075 friction stir welded samples used for this work were prepared by previous
work [1, 41, 42]. The chemical composition of the AA2024 and AA7075 alloys are listed in Table 1.
The samples were welded using friction stir welding (FSW) where AA2024 aluminum alloy was the
base material (BM) and AA7075 aluminum alloy was the welding material (WM). The AA7075 alloy
weldment had five different WM widths of 1.0, 1.5, 2.0, 2.5, and 3.0 mm as shown in Fig. 1. The samples
were pre-heat treated before welding in two conditions, the first case was annealing heat treatment (O)
and the second case was solution heat treated with artificial aging (T6). Solution heat treatment 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 h [1, 41]. Annealing heat treatment 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 reached [1, 42]. The FSW technique was used to join these alloys after natural
ageing of the alloys for about 2 months.

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

Chemical 1\ v | zn | Mg | Fe | si | cr Ti | Al
CompOS|t|0nS
2l 38 | 075 | 002 | 1.3 |015| 0.1 | 0006 | 0.06 | Bal
N 8 | o . 3 |o. . . . .
WM

AATOTS 15001 | 56 | 26 |015| 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
heat treated 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 treatment
(BM-0), welding material with annealing heat treatment (WM-O) and heat affected zone with annealing
heat treatment (HAZ-O). For the T6 condition, the three parts are the base material with artificial aging
(BM-T6), welding material with artificial aging (WM-T6) 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

The corrosion of both groups of samples were investigated in 3.5% NaCl solution. Measurements
of linear polarization were conducted out using samples with a surface area of 1 cm?and 3.5 mm in
width. The working electrodes were cut into three samples (WM, HAZ, and BM) with wire cutting
instruments. Each working electrode was prepared for metallographic investigation by grinding with
different grades of silicon carbide paper, 100, 240, 360, 500, 600, 800 and 1000 grit, polishing with 0.3
um alumina paste, then polishing to 1um using a diamond paste, and were finally rinsed with de-ionized
water and dried with acetone before electrochemical analysis. This study was carried out at room
temperature with PGZ 100 potentiostat with a corrosion cell containing 500 ml of 3.5% NaCl. A
platinum electrode was used as the auxiliary electrode, the calomel electrode (mercury and mercury
chloride) was used as the reference electrode, and the samples were used as the working electrode while
the steady-state 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 0.333 V/s, and the corrosion currents
was recorded. The corrosion current density (icorr), and corrosion potential (Ecorr) were determined from
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the Tafel plots of potential versus logarithm of corrosion current density i.e. applied current (log I). The
corrosion rate (CR) was calculated from Eq. (1) [43, 44] as follows:
CR (mm/yr) = (0.00327 * icorr * eq.wt.) /D Q)

Where icorr is the current density in pA/cm?, D is the specimen density in g/cm® and 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 S-Netherlands linked with energy dispersion x-ray analysis (EDAX), Bryker AXS-flash
detector Germany. The mapping of the corroded samples was investigated at TO and T6, with
microstructures investigation for BM, WM, and HAZ.

3. RESULTS AND DISCUSSION
3.1 Corrosion results for Group 1 (TO) case

Table 2. The corrosion behavior of BM-0O and WM-O for different WM widths in 3.5% NaCl solution

Different WM widths
Conditions BM
1 mm 1.5 mm 2 mm 2.5 mm 3 mm
E(1=0), 951 869 772 807 776 793
mV
I corrosion, 46 0.02 0.12 0.01 0.07 0.15
mA/cm?
Rp, 574 1930 132 2990 257 137
ohm.cm?
CR, 476 0.18 1.42 0.17 0.82 1.80
mm/Y

Table 3. The corrosion behavior of HAZ-O for different WM widths in 3.5% NaCl solution

Conditions Different WM widths
1 mm 1.5 mm 2 mm 2.5mm 3 mm
E(i=0), 744 770 267 761 e
mV
i corrosion,
mA/cm?2 0.1 9.6 45 15 15
Rp, 140 390 773 1230 2510
ohm.cm?2
CR, 531 185 175 o >
mm/Y

The corrosion polarization curves of BM-O, WM-O and HAZ-O 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 BM-O and WM-O in 3.5% NaCl. The corrosion rate values of BM-O and WM-O
were studied corresponding 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 BM-O as given in Fig. 2(a). The corrosion potential Ecorr for different
WM widths were shifted to more positive values from BM-O (-951mV). Corrosion behavior of HAZ-O
at a different WM width are shown in Fig. 2(b) and Table 3. The HAZ-O with WM width 3 mm showed
the lowest corrosion rate compared with other WM widths.
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Figure 2. The corrosion behavior for different WM widths in 3.5% NaCl solution of (a) BM-O and WM-
O, and (b) HAZ-O
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Both BM-O and WM-O showed significant pitting corrosion over the corroded surfaces. In 7000
series alloys, pitting corrosion has been shown to occur near Cu and Fe containing intermetallic particles
because Cu and Fe are more cathodic than the Al matrix which leads to the formation of a galvanic
interaction [45]. Figs. 3 and 4 provide the microstructure of the corroded surface of the BM-O, HAZ-O
and WM-O at a different WM widths. EDAX analysis of the corroded BM-O showed 24.16%0,
2.27%Na, 0.05%Si, 0.27%Cl, 7.41%Fe, 2.31%Cu, 2.95%Zn and 60.59%Al as noted from Fig. 3(b),
where EDAX results for WM-O with different WM widths are presented in Fig. 5 and Table 4. It is
shown from the EDAX results that BM-O corrosion was higher than the WM-O corrosion which was
also confirming with the potentiodynamic data. Fig. 6 gives the mapping of HAZ-O at a different WM
widths.

Table 4. EDAX results of corroded WM-O for different WM widths in 3.5% NacCl solution

WM widths, Elemental analysis, wt.%
mm @) 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.
2.5 155 0.0 0.0 3.3 1.4 0.0 2.1 Bal.
3 16.7 0.4 0.0 35 0.9 0.0 2.2 Bal.

4 6 8 10 12 14 16 18
keV

(@) (b)

Figure 3. The corroded BM-O in 3.5%NaCl solution (a) SEM image and (b) EDAX analysis
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Figure 4. The SEM image of corroded HAZ-O in 3.5% NaCl solution with different WM widths (a) 1
mm, (b) 1.5 mm, (c) 2 mm, (d) 2.5 mm and () 3 mm and corroded WM-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 of corroded WM-O in 3.5% NaCl solution with different WM widths (a)
1 mm, (b) 1.5 mm, (c) 2 mm, (d) 2.5 mm and (e) 3 mm
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(© (e)

Figure 6. Mapping of the corroded HAZ-O in 3.5% NaCl solution with different WM widths (a) 1 mm,
(b) .5 mm, (c) 2 mm, (d) 2.5 mm and (e) 3 mm
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For both the BM-O and WM-O for different WM widths, only pitting corrosion was observed
with no apparent intergranular corrosion. It is noticeable from Fig. 3 that the weld nugget is relatively
free from pitting corrosion in comparison to BM-O region. The BM-O also has an inhomogeneous
distribution of pitting relegating the majority of damage to the outer surfaces. The HAZ-O regions
suffered a slight increase in pitting corrosion compared with the adjacent BM-O and WM-O regions.
This effect was more pronounced on the advancing edge side of the weld but was also observed on the
retreating side after careful analysis [46].

3.2 Corrosion results for Group 2 (T6) case

The corrosion polarization curves of BM-T6 and WM-T6 for different WM widths in 3.5% NaCl
are illustrated in Fig. 7(a).

Table 5. The corrosion behavior of BM-T6 and WM-T6 for different WM widths in 3.5% NaCl solution

Different WM widths
Conditions BM
1 mm 1.5 mm 2 mm 2.5 mm 3 mm
E(1=0), -685 -667 -732 -680 -684 -670
mV
I corrosion, | - 45 0.07 0.01 0.03 25 0.09
mA/cm?
Rp, 165 081 1400 3650 1220 414
ohm.cm?2
I 495 0.78 0.32 0.15 1.04 204
mm/Y

Table 6. The corrosion behavior of HAZ-T6 for different WM widths in 3.5% NaCl solution

Different welding widths
Conditions
1 mm 1.5 mm 2 mm 2.5 mm 3 mm
E(1=0), -697 -798 -671 -733 -650
mV
| corrosion, 15 0.22 0.01 0.01 19
mA/cm?
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 behavior in 3.5% NaCl solution with different WM widths of (a) BM-T6 and
WM-T6, and (b) HAZ-T6
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2 4 6 8 10 12 14 16 18 20
keV

(b)

Figure 8. The corroded BM-T6 in 3.5% NaCl solution (a) SEM image and (b) EDAX analysis

Table 7. EDAX results of corroded WM-T6 for different WM widths in 3.5% NaCl solution

WM widths, Elemental analysis, wt.%
mm 0 Na Cl Cu Zn Mn Mg Al
1 13.0 0.4 0.1 6.9 0.0 1.8 1.7 Bal.
15 24.1 1.3 0.0 3.1 0.0 0.3 15 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 for BM-T6 and WM-T6 for different
WM widths in 3.5% NaCl. The corrosion rate values of the BM-T6 and WM-T6 were investigated
corresponding with the values of the corrosion current and polarization resistance. The WM-T6 for WM
width 2 mm showed the lowest corrosion rate and the highest polarization resistance compared with
other WM widths and BM-T6. The corrosion potential Ecorr for different WM widths shifted to more
positive values from BM-T6 (-685 mV). Corrosion behavior of HAZ-T6 for different WM widths is
provided in Fig. 7(b) and Table 6. The HAZ-T6 for WM width 2.5 mm has the lowest corrosion rate as
it compared with other WM widths.

Both BM-T6 and WM-T6 contained significant pitting corrosion over the corroded surfaces as
shown in Figs. 8 and 9. The corroded surface microstructures of BM-T6, HAZ-T6 and WM-T6 for
different WM widths are given in Fig. 9. The EDAX results of the corroded BM-T6 showed 11.97%0,
0.72%Na, 1.64%Mg, 0.05%Cl, 1.91%Cu and 83.71%Al as clear from Fig. 8(b) where the EDAX results
for WM-T6 for different WM widths are given in Fig. 10 and Table 7. The mapping of HAZ-T6 at a
different WM widths are illustrated in Fig. 11. In heat-treatable Al alloys, 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 ranges [43].

Figure 9. The SEM image of corroded HAZ-T6 in 3.5% NaCl solution with different WM widths (a) 1
mm, (b) 1.5 mm, (c) 2 mm, (d) 2.5 mm and (e¢) 3 mm and corroded WM- T6 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 10. The EDAX analysis of corroded WM-T6 in 3.5% NaCl solution with different WM
widths (a) 1 mm, (b) 1.5 mm, (c) 2 mm, (d) 2.5 mm and (g) 3 mm
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(a) (b) (©) (d) (e)

Figure 11. Mapping of the corroded HAZ-T6 in 3.5% NaCl solution with different WM widths (a) 1
mm, (b) 1.5 mm, (¢c) 2 mm, (d) 2.5 mm and (e) 3 mm

3.3 General Discussion

The BM-T6 corrosion rate is higher than the BM-O corrosion rate. Generally, the BM's corrosion
rate for the two sample groups is higher than the WM. The AA2024 alloy has a low corrosion resistant
which limited their wide applications [47]. Even after using two different heat treatment modes, it still
showed low corrosion resistance. Fig.12 provides a comparison for different WM widths between the
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WM-0 and WM-T6. For different WM-T6 widths except 1.5 mm width, the WM-TG6 corrosion rates are
higher than Wm-O, and nearly equal for 2 mm width. For different WM widths except 3 mm width, the
corrosion rates of HAZ-O are higher than HAZ-T6 however as provided in Fig. 12(b).

m WM-O mWM-T6

0.322
1.04
294.2
1.419
0.828
1.802

WM widths, mm
(@

CR, mm/Y

mHAZ-O mHAZ-T6

CR, mm/Y

0.113
175.9 0.084
112.6

WM widths, mm
(b)

Figure 12. Comparison for different WM widths between the corrosion rates in 3.5% NaCl solution of
the (a) WM-O and WM-T6, and (b) HAZ-O and HAZ-T6

WM-T6 reveals various forms of corrosion, such as uniform corrosion, localized pitting
and forming a local galvanic cell. The intermetallics (IMs) and surrounding areas that form micro-
galvanic cells, resulting in [48, 49] trenching as seen in Figs 6 and 11. Alloying Al is caused by increasing
intensity by forming the particles from IMs. Al's good corrosion resistance is due to the effective
passivity of a protective oxide film made up of Al20s3, Al(OH)s, and AIO(OH)2. The involvement of
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IMs in alloys, therefore, reduces their resistance to corrosion. Cu-enrichment at Al-Cu-Mg precipitates
occur after selective dissolution of Mg and Al which leaves residual Cu-rich particles. If copper
dissolves, it can then redeposit to the alloy matrix around the IMs as a thin layer of Cu [21]. The key
fortifying particle precipitations include MgZn; in WM-T6 [36]. Due to their extremely low
electrochemical potential [50], these precipitations can create anodic pathway for the localized attack
along grain boundaries, leading to intergranular corrosion [36, 49]. It is noted that corrosion occurs
around the precipitates of MgZn, for WM-TG6, leaving these precipitates uncorroded until the attack has
penetrated deep enough theses precipitates are washed away leaving voids in their positions [51]. EDAX
results show the element mapping of HAZ-O and HAZ-T6 in different WM widths, revealing the
precipitated phases were rich in Cu and Fe elements [26].

4. CONCLUSIONS

The corrosion behavior of the BM (AA2024) and WM (AA7075) with different widths 1.0, 1.5,
2.0, 2.5 and 3.0 mm WM were investigated. The samples were pre-heat treated before welding with two
heat treatment conditions, the first one was annealing, heat treatment (TO), where the second case was
solution heat treatment followed by artificial aging (T6). The corrosion rate of AA2024 is relatively
higher for T6 heat treatment than for annealed condition and this was confirmed with SEM and EDAX
results. The corrosion rates of AA2024 are higher than corrosion rates of AA7075 for all heat treatment
conditions and EDAX results confirmed this behavior. Similar trends were obtained for AA7075 as T6
pre-heat treated samples have higher corrosion rate than annealing pre-heat treated samples. Uniform
corrosion, localized pitting and local galvanic cells formation were observed. However, The HAZs with
TO pre-heat treatment with different WM widths have generally higher corrosion rates than HAZs with
T6 pre-heat treatment. WM-T6 has a uniform corrosion and a localized pitting induced by reinforcing
particles of precipitates or intermetallics.
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