Revised Manuscript

THE INFLUENCE OF PROCESS PARAMETERS ON
MECHANICAL PROPERTIES AND CORROSION BEHAVIOR OF
FRICTION STIR WELDED ALUMINUM JOINTS

Sara BOCCHI', Marina CABRINI?, Gianluca D’URSO",
Claudio GIARDINIY, Sergio LORENZI? Tommaso PASTORE?

'University of Bergamo - Department of Management, Information and Production Engineering, Dalmine
(BG), Italy, sara.bocchi@unibg.it, gianluca.d-urso@unibg.it, claudio.giardini@unibg.it

2University of Bergamo - Department of Engineering and Applied Science, Dalmine (BG) Italy, INSTM,
CSGlI, marina.cabrini@unibg.it, sergio.lorenzi@unibg.it, tommaso.pastore@unibg.it

Abstract

Aim of the present paper is to analyze if and how the process parameters (namely rotational speed S and feed
rate f) affect both the mechanical properties and the corrosion behavior of friction stir welded (FSWed) butt
joints made of AA7075 and AA2024 alloys and their combination. Tensile tests were performed
orthogonally to the welding direction on specimens having the welding nugget placed in the middle of gage
length. Rockwell tests were carried out on each specimen moving from the joint axis until the hardness of the
base material was reached. A clear dependence of the Ultimate Tensile Strength (UTS) from the process
parameters were observed when the joints are obtained using the same material while the effect is not so
evident when two different materials are concerned. In almost all cases, the best conditions, in terms of
mechanical resistance, were obtained for intermediate values of rotational speed and feed rate. Further tests
were performed for evaluating the corrosion behavior and the stress corrosion cracking susceptibility of
FSWed joints. In particular, local corrosion potential measurements were executed and longtime immersion
tests were carried on four points bending specimens loaded up to 80% of the Yield Strength (TYS), in 35g/L
sodium chloride solution. The same tests were replicated on unloaded specimens. The potential trends are
always well defined and much higher for the AA2024 alloy, since it is more noble than the AA7075 alloy.
Mixed welding allows to identify the AA7075 alloy as an anode part, having a lower copper concentration
and a high concentration of zinc. A correlation of some corrosion behaviors to the mechanical characteristics
was evidenced, in particular for the AA2024 alloy.
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1. Introduction

Friction Stir Welding (FSW) technology, patented by TWI in 1991 [1,2] has been successfully used to join
different aluminum alloys (e.g. 2024-T3 [3], 6082 AA-T651 [4]) and other materials that are difficult to be
welded, such as Ti-alloys [5] and Mg-alloys [6] but also advanced high-strength steel [7] and metal-matrix
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composites [8]. The technique is now widely used in naval [9], aerospace [10], automotive and railway
applications [11]. The rotation of the tool and the movement along the joint axis cause an increase in
temperature because of friction between tool and workpiece and within the stirred material [12]. In such
conditions, the plasticization of the material occurs due to the combination of the mixing effect of the tool
pin and the pressure applied by the tool shoulder, that cause the formation of a solid bonded region [13,14].
This technology permits the solid-state welding in several configurations and also the joining of dissimilar
alloys [15]. The FSW technology has a large interest especially for high resistance aluminum alloys (e.g.
2000 and 7000 aluminum alloys series, because of their aeronautical use), which are difficult to be joined
with traditional techniques because of the microstructure alteration during age hardening. The high plastic
flow and the heat generated by FSW may result in remarkable local microstructural modifications and local
changes of material characteristics [16].

When considering the behavior of Friction Stir Welded joints, it is normal practice to focus the attention on
the mechanical characteristics of the welds through the execution of tensile tests and the analysis of the
hardness distributions inside the joined materials. For these reasons, it is very important to understand the
effects of process parameters and process setup on the weld quality. Several Authors studied these aspects
with particular attention to the quality of FSW joints in terms of mechanical properties (UTS, fatigue
resistance etc.) [17-19]. For example, in [20] the Authors evidenced how some very important issues related
to the mechanical properties of aluminum friction stir welded joints are process parameters such as feed rate,
rotational speed, tool geometry and pin axis inclination. Tool rotational speed was considered as one of the
most important process variable: high rotational speeds may raise the strain rate, so affecting the re-
crystallization process. Moreover, some authors showed how high welding speeds are related to low heat
inputs, which gives rise to faster cooling rates of the joint. This can reduce the extent of metallurgical
transformations taking place during welding (such as solubilization, re-precipitation and coarsening of
precipitates) and hence the local strength of individual regions across the weld zone. Based on these
considerations, the ratio between the tool feed rate and the rotating speed can be considered as a relevant
parameter in determining the mechanical strength of the joints [21]. In [22] empirical relationships were
developed to predict the tensile strengths of friction stir welded AA1100, AA2219-T87, AA2024-T3,
AAB061-T6, AA7039-T4 and AA7075-T6 aluminum alloy joints. Other authors found that there is an
optimal tool rotational speed range and that too low or too high speeds correspond to a low quality of the
joints [23], demonstrating that these parameters can be optimized for obtaining sound parts.

On the other hand, these local microstructural modifications and local changes of material characteristics
may affect the corrosion behavior [24]. Several literature works pointed out the corrosion behavior of FSW
joints [25-29], but the effects on stress corrosion cracking are not yet completely understood. In addition,
particular attention has to be paid to the well-known susceptibility of the copper-aluminum and zinc-
aluminum alloys to stress corrosion cracking. Despite the enhanced properties, the added elements introduce
higher degree of heterogeneity due to the presence of secondary phases or termed constituent particles [30].
Corrosion behavior can be mainly affected by the presence — size and distribution — of such phases,
modifying the anodic and cathodic behavior of the zones of joining [27,31,32]. Several works describing
corrosion morphologies that can occur also concomitantly in form of localized corrosion, e.g., galvanic
corrosion, pitting, dealloying or intergranular attack [28] were found, but very few data regarding the
combination of different alloys and the systematic correlation between mechanical properties and corrosion
behavior can be noticed. Under such considerations, the corrosion behavior can be significantly influenced
by welding parameters and a strict correlation between them and alloy macro and microstructure has to be
further investigated [25].

Aim of this study is to analyze how the process parameters affect both the mechanical properties and the
corrosion behavior of butt joints obtained on different aluminum alloys by FSW. The experimental study was
performed by the friction stir welding of sheets made of two different commercial aluminum alloys, namely



AA2024-T3 and AAT7075-T6; the combination among these materials was also considered. Tensile tests
were performed orthogonally to the welding direction on specimens having the welding nugget placed in the
middle of gage length. Rockwell tests were carried out on each specimen moving from the joint axis to the
base material. Four-point bending tests (4PBB) at 80% TYS were performed in aerated 0.6 M NacCl solution
for about 1400 hours. Free corrosion potential measurements were carried out on both loaded and unloaded
specimens for comparison. Corrosion morphology was observed by means of optical and Scanning Electron
Microscope (SEM) equipped with Energy Dispersive Spectroscopy (EDS). Data are discussed as a function
of the welding parameters.

2. Experimental procedure

2.1 Characteristics of the base materials
The chemical composition and the mechanical properties of the AA2024-T3 alloy are reported in Table 1.
The alloy is a commercial product, provided solubilized and then naturally aged. The alloy shown o-Al
grains oriented along the rolling direction (mean grain size 100 um). As well known, the matrix contains
homogeneous coherent precipitates, denoted as GPB zones that are not visible at the optical microscope and
at the SEM. Several intermetallic macro-precipitates are present. The EDS analysis evidenced coarse round
shaped S-phase (Al,CuMg) particles (Figure 1) and irregularly shaped Al-Cu-Fe-Mn particles (Figure 2).

Table 1: Chemical composition (%w) and mechanical properties of the AA2024-T3 alloy.

Cu | Mg | Si Fe | Mn | Zn | Ti Yield UTS base material | Elongation
Strength (MPa) %
(MPa)

4416|008 010|048 | 0.1 | 0.04 345 459 17

70um Electron Image 1

Figure 1: EDS maps of the AA2024-T3 base alloy Al,CuMg intermetallic precipitates.



The chemical composition and mechanical properties of the AA7075-T6 alloy are reported in Table 2. The
alloy, provided solubilized and artificially aged, presents a-Al grains oriented along the rolling direction; the
strengthening particles have MgZn, composition (n-phase) and size in the nanometer range, then not visible
thorough optical and SEM analysis. Several macro-precipitates of intermetallic phases are present. The EDS
analysis evidenced elongated shaped Al;Cu,Fe particles and coarse round shaped MgZn, and MgSi particles

50pm

Electron Image 1

Figure 2: EDS maps of the AA2024-T3 base alloy Al-Cu-Fe-Mn intermetallic precipitates.

(Figure 3).
Table 2: Chemical composition (%w) and mechanical properties of the AA7075-T6 alloy.
Zn |Mg | Cu| Fe | Mn | Si Cr Ti Yield UTS base material | Elongation
StrengthYS (MPa) %
(MPa)
59127 |15]012]0.02]0.06 | 0.19 | 0.05 511 578 11

50pm

Electron Image 1

Figure 3: EDS maps of the AA7075-T6 base alloy intermetallic precipitates.




2.2 FSW experimental set up

FSW joints were carried out on sheets having a thickness equal to 4 mm by means of a CNC machine tool.
Sheets of 200 x 80 mm were welded by using tools with smooth plane shoulder (16 mm diameter) and a
frustum of cone pin shape (pin maximum and minimum diameters equal to 6 and 4 mm, pin height equal to
3.8 mm). Three different series of weldings were performed: AA2024-AA2024 joints, AA7075-AA7075
joints and mixed joints AA2024-AA7075 (figure 4). The tests were carried out (based on a general full
factorial 3% design) using three different rotational speeds (S=1000, 1500 and 2000 rpm) and feed rates (f=10,
35 and 60 mm/min) considering all the combinations of these parameters. Three repetitions were performed
for each combination for evaluating the process repeatability.

Figure 4: Weld sample.

2.3 Mechanical testing of the joints

The mechanical properties of the joints were evaluated by means of tensile tests executed orthogonally to the
welding direction, according to UNI EN ISO 6892-1:2016. The specimens, having the welding nugget placed
in the middle of gage length, were tested using a testing machine Galdabini with a load cell of 50 kN. The
tests were carried out under speed control (7.6 mm/min) and a pre-load equal to 0.5 kN. The joint tensile
resistance was evaluated as a function of the different process parameters. The influence of process
parameters on both the material structure and the joint strain hardening was evaluated by measuring the
hardness distribution in the welded sections for all the tested conditions. A hardness tests map (HRb) was
carried out on the top side of the joint region through a grid of indentations (3 lines of indentations, 5 mm
spaced). On each line, the tests were executed moving from the joint axis to the base material.

2.4 Corrosion Potential profile measure

The specimens were polished by emery papers up to 1000 grit, degreased in acetone in ultrasonic bath for 5
minutes and then stored in still air for 48 hours to allow the formation of the natural protective film. Free
corrosion potential measurements were carried out by moving a 1 mm capillary equipped with a Standard
Calomel Electrode (SCE) over the specimen length every 10 mm (figure 5). Before the measurements, the
specimens were pre-soaked for 48 hours in distilled water to achieve stable potential values. The potential
profile was measured on the top of the joint, in the central zone of the specimen, to avoid border effects. The
specimens were covered by a thin layer of distilled water to permit the execution of the potential
measurements.



Figure 5:Corrosion tests device.

2.5 Longtime immersion tests

Four-point bending tests were performed according to ASTM G39. The specimens were loaded up to the
80% of the tensile strength of FSW joints, reached during tensile tests. The specimens were positioned into a
bending device to attain uniform tensile strain distribution across the weld. Four glass cylinders were used to
avoid galvanic coupling between the stainless-steel holder and the aluminum specimen (figure 6-a). The
specimens were exposed in a cell filled with about 30L of water with 35 g/L sodium chloride for more than
1400 hours (figure 6-b). The same procedure was followed for unloaded specimens, obtained in the same
welding conditions.

Figure 6:a) Load cell system; b) Longtime immersion tests set-up.

2.6 Fractographic analysis
After the exposure, all the specimens (loaded and unloaded) were rinsed in distilled water and degreased
with acetone in ultrasonic bath. The surfaces were observed by means of an optical microscope and a
scanning electron microscope (SEM) equipped with energy dispersive x-ray analysis (EDS). Metallographic
sections were also taken by cutting the specimens along longitudinal direction.



3. Results and discussion

3.1 Mechanical properties
The average UTS data, their standard deviations and elongation [%], calculated for all the alloys and for all
the tested conditions, are reported in Table 3.

Table 3: Average UTS data and standard deviations of all the tested conditions.

AA2024-AA2024 AAT075-AAT7075 AA2024-AAT075

[rpSm] r [ngl/l-gas] DSetV E % [rpSm] r [';\J/I-gas] DSetv E % [rpSm] r [LI\J/IﬁaS] DSetv E %
1000 | 10 | 307.7 | 104 | 94 1000 | 10 | 378.3 8.8 | 14.0 1000 | 10 | 3114 | 7.1 | 101
1000 | 35| 3258 | 334 | 53 1000 | 35| 4347 | 159 | 2.2 1000 | 35| 345.2 | 124 | 4.0
1000 | 60 | 229.0 | 276 | 3.5 1000 | 60 | 322.1 | 28.8 | 4.0 1000 | 60 | 301.0 | 10.3 | 6.4
1500 | 10 | 317.0 | 3.0 | 10.7 1500 | 10 | 360.8 | 14.6 | 154 1500 | 10 | 271.3 | 20.0 | 10.8
1500 | 35| 358.0 | 243 | 8.3 1500 | 35| 426.0 | 106 | 7.6 1500 | 35| 3185 | 279 | 75
1500 | 60 | 3049 | 45 4.1 1500 | 60 | 272.8 | 15.7 | 4.9 1500 | 60 | 2825 | 34.0 | 47
2000 | 10 | 320.0 | 15.1 | 10.3 2000 | 10 | 296.4 | 13.3 | 13.2 2000 | 10 | 184.3 8.5 4.9
2000 | 35| 1423 | 183 | 2.8 2000 | 35| 309.8 | 29.2 | 6.7 2000 | 35| 195.1 | 10.7 | 5.8
2000 | 60 | 1235 | 13.7 | 2.7 2000 | 60 | 1335 | 288 | 24 2000 | 60 | 150.2 | 4.7 3.1
*f [mm/min]

A general full factorial 3° ANOVA analysis was carried out on the recorded UTS data. Table 4 reports the F-
values and the P-values about the effects of speed, feed and their combination. In general, a factor was
considered to have a relevant influence if its P value is lower than the cut off limit (in this case set equal to
0.05). A clear dependence of the UTS from the process parameters can be observed when the joints are
obtained using the same material while the effect is not evident when the two different materials are
concerned.

Table 4: ANOVA results.

UTS AA2024-AA2024 UTS AA7075-AA7075 UTS AA2024-AA7075
F P F P F P
speed 28.05 0.000 5.02 0.019 2.92 0.080
Feed 22.05 0.000 6.21 0.009 0.30 0.747
speed * feed 10.76 0.000 2.63 0.069 2.96 0.048

Figure 7 shows the contour plots of the UTS in all the tested conditions, expressed as a function of feed rate
[mm/min] and rotational speed [rpm]. As a general remark, it is possible to observe that the best conditions
in terms of UTS are always obtained for intermediate values of rotational speed and feed rate, except for the
AA2024-AAT7075 that shows the best properties for low values of speed. A decrease of the mechanical
properties can be noticed moving towards the limits of the technological window. The failure of the joints
after tensile tests usually occurred in TMAZ, for both homogenous and mixed joints. Moreover, the failure
occurred in correspondence of the region having the lower hardness (see also paragraph 3.3).
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Figure 7: Tensile strength of the joints (UTS) as a function of feed rate [mm/min]and rotational speed [rpm], (a)
AA2024-AA2024 (b) AAT075-AA7075 (c) AA2024-AAT0T75.




3.2 Microstructure of the welding
As demonstrated by the UTS data, the joints resistance for high values of feed (60 mm/min) and speed (2000
rpm) resulted to be lower with respect to the other welding conditions. In these conditions some defects were
also observed in the joints section. Therefore, microstructural analysis and corrosion tests were executed
only for the joints obtained using speed equal to 1000-1500 rpm and feed equal to 10-35 mm/min.

The common FSW structure was evidenced in all the considered conditions: the central zone, called
“nugget” in which the fully recrystallization takes place, the Thermo-Mechanically Affected Zone (TMAZ)
and the Heat Affected Zone (HAZ). No significant microstructural differences were noticed between the
microstructure of the advancing and retreating side. Moreover, within the range of the adopted welding
parameters, no significant differences about the width of the different zones can be observed.

For both the alloys, fine recrystallized grains (mean grain size 3-5 um in AA2024-AA2024 joints and 5-7 um
in AA7075-AAT7075 joints) were detected in the nugget, surrounded by small precipitates of secondary
phases (Figure 8 and Figure 9).

AA024-AA2024 S$=1000 rpm; f=35 mm/min

a) b)
Figure 8: Microstructure of the nugget of the AA2024-AA2024 joints welded using different parameters: a) optical
images, b) SEM close up of the precipitates.



_ AA7075-AA7075 S=1000 rpm; f 35=mm/min

Mag = 5.00 KX Signal A=QBSD
WD=11.0mm EHT =20.00 kV

Mag = 5.00K X Signal A=QBSDO|
WD=105mm EHT = 20.00 kV

b)
Figure 9: Microstructure of the nugget of the AA7075-AA7075 joints welded using different parameters: a) optical
images, b) SEM close up of the precipitates.

Jariyaboon et al [25] and J.J. Pang et al. [33] reported that the precipitates particles of the 2024-T3 alloy are
S-phase. The increase in thermal input does not affect the grain size in the nugget. However, the number of
secondary phases decreases and their dimension increases [34-35]. A decrease of the number of precipitates
at grain boundaries was observed increasing the rotational speed from 1000 to 1500 rpm, whereas the feed
rate resulted not to have influence on the precipitates.

Severe plastic deformation was noticed in the zones between the nugget and TMAZ. The microstructure in
the HAZ shows elongated grains similar to the base material and also the micrometric precipitates in these
zones are similar to the base metal. The TMAZ and HAZ have similar microstructures characterized by
elongated grains and several precipitates, with a mean grain size of 100 um, comparable with the original
grains dimensions. For both the alloys, shape and dimension are not altered by the welding parameters;
Figure 10 and Figure 11 show an example for the two alloys.



b)
Figure 10: Microstructure of the HAZ of the AA2024-AA2024 joints welded using different parameters; a) optical
images, b) SEM close up of the precipitates phases.

AA7075-AA7075 S=1000 rpm; F=35 mm/min

Mag= 5.00KX Signal A=QBS
WD=11.0mm EHT =20.00 kV

D : - £ )
Figure 11: Microstructure of the HAZ of the AA7075-AA7075 joints welded using different parameters; a) optical
images, b) SEM close up of the precipitates phases.

As far as mixed welds are concerned, the welding process generates a microstructural variation for both the
alloys. As in the cases previously studied, the thermal input generated by the pin, coupled with the strong
plastic deformation, leads to a fine grain structure in the nugget, with a mean size of about 3 pm. Figure 12
shows a clear demarcation between the two alloys in correspondence of the junction where the precipitation
of a continuous line of second phases can be observed.



Mag= 100X
WD=11.0mm

Figure 72: Microstructure and EDS analysis of the AA7075-AA2024 welded joint, S=1000 rpm; f=35 mm/min.

3.3 Hardness tests
Figures 13, 14 and 15 show the hardness as a function of the distance from the joint axis. Three profiles of
indentations, 5 mm spaced, were executed on the top surface of the specimens. For each profile, the
indentations were executed at a distance of 2.5 mm (until a distance of 20 mm from the joint axis). On each
line, the tests were executed moving from the joint axis to the base material.

A symmetry is observed with respect to the center of the weld. No significant differences between advancing
and retreating zone were noticed. The weld has lower hardness compared to base material. In all cases, the
lowest hardness was found in the TMAZ for low values of feed rate per unit revolution (feed/speed
[mm/rev]), which is an index of the thermal power transferred to the joint region during the process. In
general, the softening occurred in the TMAZ is greater in the conditions that provide higher heat input.
Nevertheless, no systemic effects between joint hardness and process parameters were found. A peak of
hardness is observed in the HAZ of the AA2024 joints, ascribable to high density of fine intragranular
precipitates.
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Figure 13: Hardness profile of the FSW AA2024-AA2024 joints as a function of different welding parameters.
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Figure 14: Hardness profile of the FSW AA7075-AA7075 joints as a function of different welding parameters.
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Figure 15: Hardness profile of the FSW AA7075-AA2024 joints as a function of different welding parameters.

The hardness profile is due to the microstructural modifications and to the distribution of precipitates owing
to the thermo-mechanical action. The micrometric precipitates do not strongly influence the hardness of the
alloy because the main effect on hardness is due to the presence of sub-micrometric precipitates in the GPB
(Guinier Preston Bagaryatsky) zones.

In both cases the alloys were heat treated to solubilize the second phases and then naturally (AA2024) or
artificially (AA7075) aged. The matrix of the AA2024 joints contains homogeneous coherent precipitates,
denoted as GPB zones, as well as fine precipitates (S-phase). In the base material, the high value of
microhardness is related to the high density of coherent GPB zones. Dissolution and coarsening of
strengthening precipitates as well as the formation of wide precipitate-free zones take place in the weld
region. In the HAZ, close to the base material, the decrease of hardness is attributed to the dissolution of
GPB zones. In the center of the HAZ, the hardness is ascribable to high density of fine intragranular
precipitates. In the nugget zone, the hardness is mainly determined by the balance between small grain size
and high density of GPB zones; coarsening of S-phase precipitates can be noticed.

In the AA7075 alloy, the dynamic recrystallization in the nugget produces a re-dissolution of the precipitates
obtained by the artificially ageing treatment, while these precipitates are coarsening in the HAZ, reducing the
hardness. Similar to the AA2024 alloys, the reduction of grain size increases the hardness up to intermediate
values between base material and HAZ. The mixed joints showed a hardness profile similar than the ones
realized with the same alloy.

3.4 Corrosion potential
The measurement of the free corrosion potentials along the FSW joints, together with the hardness
distributions, are reported in Figures 16-27 for AA2024, AA7075 and mixed joints. The images of the loaded
and un-loaded specimens after 1400 hours of exposure in NaCl 0.6M are reported in the same figures.



The AA2024-2024 FSWed alloys (Figure 16-19) show the minimum of hardness in the center of the nugget
whilst the AA7075-AA7075 (Figure 20-23) FSWed alloys show two well defined softened areas in the
thermo-mechanically affected zone. The mixed joints (Figure 24-27), far from the nugget, show the same
behaviors of the two different base alloys welded using the same parameters. Free corrosion potential of
mixed joints is minimum in the zone of AA7075 base metal and it increases moving across the nugget to
values typical of the AA2024 base metal. Such behavior is due to the metal partial mixing in the joint and to

the precipitates distribution.
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Figure 16: Profile of local corrosion potential for the AA2024-AA2024 unloaded specimen welded with speed=1000

rpm and feed=10 mm/min.



-400 100

AA2024-AA2024_1000;/3:/}

1 80
T =600
-
E {1 70
o
@ =700 4 60 g
2 === R ockwell
=
S BM HAZ TMAZNuggetTMAZ HAZ BM 4 s0
L -800 '

{ 40

900

Unloaded’

_lwo A L L L A L 1 A A L 1 A 'l L A 20
-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 S50 60 70 80
Distance from the center of the weld [mm]

Figure 87: Profile of local corrosion potential for the AA2024-AA2024 unloaded specimen welded with speed=1000
rpm and feed=35 mm/min.
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Figure 98: Profile of local corrosion potential for the AA2024-AA2024 unloaded specimen welded with speed=1500
rpm and feed=10 mm/min.
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Figure 19: Profile of local corrosion potential for the AA2024-AA2024 unloaded specimen welded with speed=1500
rpm and feed=35 mm/min.

The distribution and the size of the second phases also affect the free corrosion potential. The joint is less
noble than the base metal. In this works, no significant differences in open circuit potential values depending
on the welding parameters have been noticed. In general, corrosion of AA2024 aluminum alloys initiates at
micrometric second phases. In fact, the corrosion potential distribution is due to the presence of sub-
micrometric precipitate. In the correspondence of the nugget, copper rich precipitates at grain boundaries and
free precipitates zones inside the grain can be noticed. The free precipitate zones are less noble than the base
material, unaffected by the welding process. The precipitation of copper-rich second phases causes the
depletion of copper in the aluminum matrix; as a consequence, the corrosion potential decreases. In addition,
it is well known that copper and iron rich phases are more efficient cathodes, which promote a local increase
of pH and passive film destabilization occurs.
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Figure 20: Profile of local corrosion potential for the AA7075-AA7075 unloaded specimen welded with speed=1000
rpm and feed=10 mm/min.
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Figure 21: Profile of local corrosion potential for the AA7075-AA7075 unloaded specimen welded with speed=1000
rpm and feed=35 mm/min.
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Figure 22: Profile of local corrosion potential for the AA7075-AA7075 unloaded specimen welded with speed=1500
rpm and feed=10 mm/min.
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Figure 23: Profile of local corrosion potential for the AA7075-AA7075 unloaded specimen welded with speed=1500
rpm and feed=35 mm/min.



The corrosion potential of the AA7075-AA7075 alloy does not seem to be influenced neither by the feed rate
nor by the rotational speed. Moreover, the trend of the potential varies slightly along the longitudinal
direction of the specimen. Moreover, no clear separation between the potentials of base metal, HAZ and
nugget was observed. In the case of AA7075 alloy, the precipitates of MgZn,, which assure the strength of
the matrix, are anodic with respect to the same matrix. As described by Andreatta et al [28], these
precipitates are particularly reactive and, as a result of heating, they coalesce to the grain edge. This situation
occurs, for example, in over-aging conditions leading to intense intergranular corrosion. These conditions
occur mainly in the HAZ, that is particularly affected by the phenomenon because the grains retain the
original size and orientation; therefore, there is an elongated grain edge in the rolling direction, which offers
a preferred path to the corrosive attachment. For this reason, the aluminum matrix is fully active in this area.
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Figure 24: Profile of local corrosion potential for the AA7075-AA2024 unloaded specimen welded with speed=1000
rpm and feed=10 mm/min.
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Figure 25: Profile of local corrosion potential for the AA7075-AA2024 unloaded specimen welded with speed=1000
rpm and feed=35 mm/min.
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Figure 26: Profile of local corrosion potential for the AA7075-AA2024 unloaded specimen welded with speed=1500
rpm and feed=10 mm/min.
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Figure 27: Profile of local corrosion potential for the AA7075-AA2024 unloaded specimen welded with speed=1500
rpm and feed=35 mm/min.

The potential trends are always well defined and much higher for the AA2024 alloy, since it is more noble
than the AA7075 alloy. Mixed welding allows to identify the AA7075 alloy as an anode part, having a lower
copper concentration and a high concentration of zinc. In this case, the difference of nobility between the two
alloys can be considered the source of corrosion phenomena by galvanic coupling. However, the high
resistivity of aluminum oxide inhibits the localized galvanic corrosion only in the mixed area, protecting the
AA2024 alloy from the corrosion observed in the AA2024-AA2024 joints.

In all cases the welding parameters affect the thermal input and therefore may modify the size and
distribution of the precipitates and the extension of nugget, TMAZ and HAZ. However, there are no
systematic effects of the parameters on the corrosion potential.

3.5 Corrosion morphology

The metallographic section of the AA2024-AA2024 specimens showed an intense intergranular attack on the
loaded specimens, in correspondence of the nugget, that grows perpendicularly to the direction of load
application, both on the tensioned and compressed sides. This attack is not present on the un-loaded
specimens (Figure 28). It is possible to assert that the presence of intergranular attack in friction stir welded
Al-Cu alloy is due to the precipitation of Cu-rich intermetallic particles at grain boundaries in the nugget
(Figure 29), which results in the formation of anodically-active Cu-depleted regions adjacent to the
boundaries.



Figure 28: Metallographic section of un-loaded (a) and loaded (b-c) AA2024-AA2024 joint after 1400 hours of
immersion in aerated 0.6M NaCl solution (a and b specimen welded with S=1000 rpm and f=10 mm/min, ¢ specimen
welded with S=1500 rpm and f=10 mm/min).

T0um 2 Mex

Figure 29: Chemical analysis and SEM image of the precipitates in the AA2024-AA2024 nugget welded with S=1000
rpm and f=10 mm/min (red dots underline the presence of copper).

In the absence of macroscopic cracks, the morphology of corrosion can be considered not properly stress
corrosion cracking, but rather a Stress Enhanced Intergranular Corrosion, due to the microstructural

modifications of the alloy [36].

AAT7075 welded joints, regardless of the adopted welding parameters, showed an attack concentrated
towards the limits of the TMAZ, that propagates becoming exfoliating at the rolling bands of the sheet, even
though with a different intensity (Figure 30). Contrary to the results observed for the alloy AA2024, the
nugget is not corroded. The attack is more affected by the microstructure than by the applied stress and
grows in the direction of the precipitates coarsened by the thermal action of the welding.



Figure 30: Corrosion morphology of an AA7075-AA7075 joint welded with S=1000 rpm and f=10 mm/min.

Corrosion is more severe in the mixed joints and it is limited in the TMAZ of AA7075, whilst only localized
attack in correspondence of larger precipitates of AA2024 can be observed. MgZn, precipitates of alloy 7075
are anodic with respect to the aluminum matrix, they are very reactive and prone to grow preferentially at the
grain boundaries. Aluminum matrix is active in such areas, as demonstrated by low corrosion potentials.
Metallographic alloy texture, with elongated grains in the direction of plastic deformation, prevails on the
external stress, leading to an attack moving from the welding to the base metal.

4. Conclusions

The paper investigates the effect of the process parameters on the mechanical properties and the corrosion
behavior of butt joints obtained by friction stir welding (FSW). In almost all cases, the best conditions, in
terms of mechanical resistance, were obtained for intermediate values of rotational speed and feed rate.

FSW process modify the microstructure of the alloy and, as consequence, the hardness, the corrosion
potential and the corrosion morphology in the presence of external loading. Different behaviors were
observed for the AA2024 and the AA7075 joints: the first showed lowest values of hardness in the TMAZ,
and more anodic potential in the nugget. Such effect was attributed to the precipitation of copper rich second
phases at the recrystallized grain boundaries that depletes the aluminum matrix and stimulates corrosion in
these zones. As a consequence of the microstructural modification, in the presence of applied stress, intense
Stress Enhanced Intergranular Corrosion occurred in the AA2024-AA2024 joints.

In the AA7075 both the lowest value of hardness and the more anodic corrosion potentials are located in the
TMAZ; this alloy unlike the AA2024, is artificially aged and the FSW causes solubilization of the anodic
precipitates of MgZn, in the recrystallized areas of the nugget and coarsening of these precipitates at the
grain border in the TMAZ. Severe localized attack occurs in the TMAZ of these joints, growing in the rolling
direction, because the preferential path created by the oriented grains prevails on the effect of the external
applied load. In the mixed joints, corrosion is more severe and it is limited in the TMAZ of the AA7075
alloy with a similar mechanism. Within the limits of the present investigation, no systematic relationship
between the process parameters and the corrosion behavior can be observed. Based on this consideration, the
selection of the process parameters can be only done through the UTS optimization.
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