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The present study shows results of friction stir welded (FSW) samples after different plastic
deformation routes. The welds were made of coarse-grained and ultrafine-grained
commercially pure aluminium. As a plastic deformation method a new hybrid process
has been chosen, which resulted in obtaining samples with different characteristics of
microstructure, which also differed in dependance of the examined plane. Microstructure
observations showed that, regardless of the base material, due to continuous dynamic
recrystallization a stir zone was characterized by equiaxial grains with an average size of
3.5-5.0 ym. However, significant differences in the changes of the microstructure in
thermomechanically affected and heat affected zones have been obtained between welds.
Microhardness profiles revealed a decrease in the stir zones in comparison with the
initially deformed samples, but an increase for the annealed samples. Tensile tests showed
differences between the samples. In the deformed samples, the rupture occurred in a stir
zone, while in the undeformed samples in the base material. In addition, due to the
application of 3D digital image correlation, it was possible to observe deformation and local
changes between the weld zones during the tensile test. Additionally, local electrochemical
measurements were performed with two sizes of working electrode, which included the
application of microcapillary technique. The results showed higher corrosion resistance in
3.5% NaCl in the stir zones.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Friction stir welding (FSW) [1] is a solid-state welding tech-
nique by which metallic plates or sheets can be joined
together. A solid weld is achieved through a mixing of plasti-
cized materials by intensive plastic deformation at a tem-
perature lower than the melting point of the welded materials.
FSW provides a unique combination of large strain, high
temperature and high strain rate that results in both unique
performance and complex microstructural changes such as
grain structure, texture, phase transformation and dispersion
of intermetallic compounds [2]. The welds obtained are
characterized by four specific zones in which different
changes in the microstructure occur: (i) base material (BM); (ii)
heat-affected zone (HAZ); (iii) thermomechanically affected
zone (TMAZ) and (iv) in the center of the weld, nugget or stir
zone (SZ). Due to plastic deformation at elevated high tem-
perature, dynamic recrystallization (DRX) may occur in this
area, resulting in equiaxed grains a few microns in size.
Applied process parameters determine the microstructure
and properties of welds, as was summarized in details in a
review paper [3].

In the literature, a large number of works can be found on
welding aluminium (Al) alloys using FSW, e.g. [4,5]. FSW is a
well-established method, and the microstructural changes it
induces have been described in detail for coarse-grained (CG)
materials [6]. However, the changes in properties which are
caused by FSW are mainly examined in a global manner. It
could be seen in case of examining corrosion resistance in the
weld zones, since complex changes in microstructure also
affect electrochemical behavior [7]. Due to their properties,
FSW welds display enhanced corrosion resistance in com-
parison with the commonly applied welding techniques used
for welding Al components. Immersion tests in 3.5% NaCl of
welds of AA6xxx obtained by FSW and the metal inert gas
(MIG) method have shown that FSW results in better corrosion
resistance [8]. Both welds experienced pitting corrosion, but
for FSW there was no difference between zones, while for MIG
the interfaces around the thermally affected zone were the
most critical. The enhanced corrosion resistance of the FSW
joint has been attributed to its more homogenous micro-
structure, including the distribution of intermetallic particles
[8]. For MIG welds, the heat input caused a coarsening of
grains along with a partial dissolution of the intermetallics
that re-precipitated at grain boundaries; this together with
high porosity, has a detrimental impact on corrosion resis-
tance. Furthermore, a FSW weld of AA5083 showed a signifi-
cant improvement in corrosion resistance in comparison to a
weld obtained by the tungsten inert gas (TIG) method [9]. The
TIG weld was more susceptible to both intergranular and
exfoliation corrosion compared with BM, but also with the
FSW joint. This was caused by the high heat input during TIG
welding, which resulted in coarser grain structures and the
precipitation of phase BAl-Mg (aluminium — magnesium
intermetallic compounds) at grain boundaries, which makes
them susceptible to corrosion. Also, in [10] the corrosion
resistance was higher for an FSW weld than for a TIG weld of
AA2014, as the TIG welding resulted in a dissolution and
coarsening of the precipitates, which in turn reduced the

corrosion resistance. Moreover, FSW can improve the corro-
sion resistance of the material, as was shown for 2xxx Al al-
loys [11]. It was mainly attributed to solid solution and
precipitation evolution of high equilibrium potential ele-
ments, which resulted in microstructure with enhanced
corrosion resistance in comparison to the base materials.

Not only corrosion properties are changed by FSW, but also
mechanical properties. Therefore, due to preserving the solid
state during welding, FSW is also a promising method for
joining thermally unstable materials, such as ultrafine-
grained (UFG) ones, which can be obtained by the group of
methods known as severe plastic deformation (SPD) [12] or
other novel techniques such as deformation-driven metal-
lurgy [13]. In our previous works [14,15], we investigated the
influence of initial microstructure on the microstructure and
properties of SZ for commercially pure Al. It was shown that,
due to the DRX, grain growth in the weld occurred which
caused a decrease in microhardness and mechanical strength
in comparison with the base UFG material. However, the
strength obtained of the UFG joints was higher than for the
annealed material. Similar findings have been made in other
works on this topic. For UFG commercially pure Al and 6016 Al
alloy [16], welding using FSW caused a decrease in micro-
hardness in SZ to a value similar to that of undeformed ma-
terials. For age-hardening UFG Al-Cu—Mg—Ag alloy, it was
shown that, by a combination of FSW and ageing, high me-
chanical strength could be preserved after welding [17].

It should be emphasized that, although microstructure is
mostly investigated locally, properties (both mechanical and
corrosion) are usually determined globally. In this paper, we
would like to change this perspective and propose a new
approach, i.e. that of investigating welds in a local manner,
which will allow to distinguish differences and resolve local
properties between particular weld zones. The aim of this
study, then, is to examine local changes in mechanical and
electrochemical properties and correlate them with changes
in the microstructure of welds from CG and UFG commercially
pure Al The paper shows a comprehensive approach to
characterizing welds after FSW and describe the changes that
take place in relation to the degree of deformation of the base
material.

This work shows two aspects of the newness — the selec-
tion of chosen welding materials and the approach to char-
acterizing the welds. In the case of the first aspect, it is a very
first work in which samples after chosen deformation routes
have been welded. These samples exhibit different charac-
teristic of the microstructure between each other but also on
transverse and normal planes. The results obtained in the
present study broaden the knowledge of welding plastically
deformed materials, which are thermally unstable. Changes
in a microstructure not only in a SZ, but in all characteristic for
FSW zones have been investigated. Results have revealed,
how the initial microstructure influences the microstructural
changes in particular welds areas. The second aspect comes
from the approach, in which microstructure, mechanical
properties and corrosion resistance characteristics of the
welds were studied not only globally but also locally. It allows
for a comprehensive description of the materials and a
detailed insight into the phenomena taking place during
selected processes of plastic deformation, as well as welding.
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The combination of the applied techniques allowed for a
detailed characterization of the welds and analysing changes
in microstructure with mechanical and electrochemical
properties.

2. Materials and methods

As the material for investigation, commercially pure Al (min.
99.50 wt.% of Al) delivered from Aluminium Konin steelwork
was chosen. Samples in the form of hot extruded bars were
machined and processed in a hybrid process. An idea of the
processing has been presented in our previous work [18]. It
consists of multi-turn equal channel angular pressing (mtE-
CAP) [19] with subsequent upsetting (E + U). The scheme of the
hybrid SPD process has been illustrated in Fig. 1. The mtECAP
(Fig. 1a) is based on pressing the billet through a channel with
two angles of ¢ = 90° at room temperature (RT). Four passes of
route C (rotation of 180° between passes) were performed with
subsequent multistroke flat die upsetting (Fig. 1b) from 26 to
3 mm, resulting in a total equivalent strain of ¢ = 12.6. Addi-
tionally, a sample after conventional metal forming process,
which is flat die upsetting (U) at an equivalent strain of e = 3.4
was also investigated. Together with the initial, i.e. annealed
sample (A), it gave three stocks of flat Al (base materials).

Three similar welds (i.e. A—A, U-U and E + U-E + U) were
prepared using the FSW method, with the same tool and the
same welding parameters. The scheme of the FSW process is
presented in Fig. 2. A tool with a flat shoulder with a diameter
(d) of 12 mm and a cylindrical tapered pin with a thread and
length of 2.85 mm, and a diameter of from 5 to 3.5 mm, was
used. The tool plunge depth was 0.15 mm, the axial force was
~6 kN. The FSW was stroke-controlled with a rotational speed
(n) of 800 rpm and a linear speed (V) of 400 mm/min. The se-
lection of welding parameters was based on the literature
data, but also on the preliminary tests. With chosen rotational
speed, the applied linear speed was the optimal in which
defect-free weld has been obtained. The tilt angle of the tool
(o) was 1.5°.

For a detailed microstructure characterization of the welds
and base materials, electron backscatter diffraction (EBSD) on
an analytical scanning electron microscope (SEM) Hitachi
Su70 was performed, equipped with the Gatan MonoCL 3 CL
spectrometer and the HKL Channel5 EBSD setup. The EBSD
analysis were performed with an accelerated voltage of 20 kV,
sample inclination of 70°, and a step size of 250 nm. The
cleaning procedure was performed via ‘noise reduction’ of

a) b) o
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free pixels option in used software. The limit misorientation
for the grain detection was set for 3°. Additionally, for the BM,
observations on a Jeol Jem 1200 transmission electron micro-
scope (TEM) were conducted. For both investigations, the
samples were prepared by electropolishing on a Struers
Tenupol-5 at a voltage of 35 V and a temperature of 278 K. A
standard electrolyte for Al and its alloys was used. The ob-
servations were carried out on the normal and transverse
planes of the plates (see Fig. 2). From the EBSD measurements,
the following data were designated: (i) average grain size (d),
defined as the equivalent diameter of a circle with the same
area as a measured grain [20]; (i) distribution of grain
boundaries misorientation angles; and (iii) fraction of high
angle grain boundaries (HAGB), defined as boundaries with a
misorientation angle above 15°, while low angle grain
boundaries (LAGB) were defined as those with a misorienta-
tion angle of above 2° and less or equal to 15°. Moreover,
orientation maps (OIM) and maps of grain boundaries were
collected and analyzed. For the microtexture analysis free
ATEX software [21] has been used. Texture analysis was based
on {111} pole figures (PF). For SZ the rotation has been per-
formed with the ideal shear deformation reference frame, in
which textures were described by alignment of the crystallite
lattices with the shear plane normal (SPN) and the shearing
direction (SD).

Mechanical properties were examined by means of tensile
tests, using fivefold rectangular flat samples. The tests were
conducted using non-contact displacement measurement
with 3D digital image correlation (DIC). The tests were carried
out at RT with a strain rate of 1 x 107 s~'. Representative
curves of the engineering stress—strain for the welds, and for
the BMs as well, are presented. The average values of the ul-
timate tensile strength (UTS) and elongation to break (E) were
determined. Additionally, deformation maps showing the
places of strain localization during tensile straining were
plotted. The welds were tested in the as-welded condition.
Additionally, in order to distinguish the changes across the
welds, line scans of the microhardness measurements were
performed on the centre lines of the transverse and normal
sections. The Vickers method was used, with a load of 100 g
(HVO0.1). The loading time was 15 s and the step size of the
measurements was 250 pm.

Electrochemical properties were examined using poten-
tiodynamic polarization (PP) tests in naturally aerated 3.5 wt.%
NaCl. A standard three-electrode system was used with a
platinum wire as the counter electrode, an Ag/AgCl electrode
as the reference electrode, and the examined sample as the

@

-

Fig. 1 — Production of an upset stock of flat Al (for samples E + U): a) schematics of mtECAP (applied in the first stage of the
hybrid SPD process), b) multistroke upsetting process (performed in the second stage of the hybrid SPD process).
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Transverse plane

i ¢

Fig. 2 — The scheme of the FSW process together with marked examined planes.

working electrode. With a standard cell, the area examined,
which had a diameter of 1 mm (surface area of
7.85 x 1072 cm?), was measured. Measurements of SZ and BM
for each weld were taken on their transverse sections. Addi-
tionally, for detailed investigations of each weld zone, tests
were run with a microcapillary cell [22]. A microcapillary with
a diameter of 250 um (surface area of 5 x 10~ cm?) was used.
The experiments were performed on the cross-sections of
each weld, in four areas: (i) BM; (ii) HAZ; (iii) TMAZ and (iv) SZ.
At least three measurements per zone were made. Electro-
chemical parameters: (i) corrosion potential (Ecory) and (ii)
corrosion current density (icory) Were designated from a Tafel
extrapolation. PP scans for both experiments were performed
from 0.05 V below to 0.5 V above the open circuit potential, at a
scan rate of 2 mV/s. An SP 200 Bio-Logic Potentiostat was used.
Afterwards, the surfaces of the samples were examined using
aJeol JSM-IT100 SEM. The samples prior to the measurements
were ground and polished with a diamond suspension with a
final size of 1 um.

3. Results
3.1. Microstructure

OIMs of sample A in two perpendicular planes are shown in
Fig. 3, while the quantitative results are gathered in Table 1.
Sample A shows grains with an average size of about 20 um
and a fraction of HAGBs of 79%. In both planes, the grain size is

comparable and their shape is close to equiaxial. OIMs
together with representative TEM micrographs of the samples
after plastic working are presented in Fig. 4. Application of
plastic deformation caused a significant reduction in grain
size and changes in the fraction of HAGBs. The transverse
planes feature elongated grains with an average size of 1.1 um
and 0.8 pm for the U and E + U samples, respectively. In the
normal plane, the grains are equiaxial with a slightly higher
average grain size of 2.5 ym and 1.5 pm for samples the U and
E + U, respectively. The observed variability in grain size is due
to the fact that grains (with misorientation angle above 15°)
and subgrains (>3°) were taken into account while the average
grain size was calculated. As the subgrains size is smaller, it is
responsible for reducing the average grain size, however the
variability is increased. The shape of the grains is a direct
consequence of the upsetting process, which causes them to
be flattened into ‘pancakes’, but also causes a further grain
refinement. As for the characteristics of the grain boundaries,
it should be noted that for the U sample, the fraction of HAGBs
is about 40%, while for the E + U samples, HAGBs dominate,
constituting about 80% of all grain boundaries.

OIMs together with grain boundary arrangements taken
from the transverse and normal planes of the welds are pre-
sented in Fig. 5 and in Fig. 6, respectively. The maps illustrate
microstructural changes from the BM to SZ taken on the
advancing side of the welds. The quantitative results of
average grain size together with the fraction of HAGBs are
gathered in Table 1. It should be noted that the SZs feature a
very similar equiaxial microstructure, with the average grain
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Fig. 3 — OIM of sample A in planes: a) transverse and b) normal.

size ranging from 3.5 to 4.9 um for both planes and for all three
welds. This indicates that the FSW process changes the
microstructure from elongated to equiaxial for the Uand E+ U
samples, where the grains were highly flattened after the
upsetting process. Another observation is that the grain size in
the SZ is independent of the microstructure of the BM.
Therefore, there is no correlation between grain size in the BM
and SZ. For all three welds, the grains in the SZ are of com-
parable size, which means that they are more dependent on
the applied welding parameters. The HAZ/TMAZ areas reveal
comparable grain size values, but with the biggest variety (i.e.
standard deviation) in the A—A weld. For this weld, a gradual
decrease in grain size can be noticed from the BM to the SZ.
For the U-U and E + U-E + U welds, there is an opposite cor-
relation: the grain size increases in the direction of the SZ.
Aside from grain size, the arrangement and misorientation
angles of the grain boundaries also vary, depending on the
location on the weld. For the A—A weld, the BM features coarse
equiaxial grains with HAGBs. For the U-U weld, the grains in
the BM are elongated in the transverse plane, with HAGBs as
geometrically necessary boundaries and LAGBs as transverse
boundaries, which are incidental dislocation boundaries [23]
(see Fig. 4). For the E + U-E + U weld, the fraction of HAGBs in
the BM is significantly increased. The fractions of HAGBs in
each zone for each weld are listed in Table 1, while the dis-
tribution of grain boundaries misorientation angles taken

Table 1 — Quantitative results of d and fraction of HAGBs

for subsequent weld areas measured in the transverse
and normal planes.

Transverse plane  Normal plane

d[pm] HAGB d[um] HAGB
[%] (%]
A—A BM 184 +10.5 787 203+131 79.0
HAZ/TMAZ 52 +5.5 654 64 +57 63.2
Sz 3617 81.8 42+26 79.5
Uu-u BM NI R A 435 25x17 40.9
HAZ/TMAZ 4.6 + 1.8 644 39+15 66.2
SZ 44+12 757 41x16 78.3
E+U- BM 0.8 +£0.5 791 15+11 68.2
E+U HAZ/TMAZ 33 + 1.1 745 43+138 63.4
SZ 35+12 774 49+1.9 80.1

from the transverse sections are presented in Fig. 7. A Mack-
enzie plot is added to each graph (marked as a black line). It is
a theoretical plot for randomly oriented grains in polycrystals
[24]. The graphs do not match this curve for any of the sam-
ples, indicating the presence of some texture components. For
the A—A weld, the misorientation distribution varies the most
for the TMAZ/HAZ zone, where a higher fraction of LAGBs can
be observed. As a result, in this area the fraction of HAGBs is
the lowest, at 65%, while in the SZ it increases significantly, up
to a value of around 80%. In case of the U-U weld, there is a
constant increase in the fraction of HAGBs in the direction of
the SZ, up to about 76%. For the E + U—E + U weld, the fraction
of HAGBs is stable over the whole cross-section, with a mild
decrease in the TMAZ. This can also be seen in the distribution
of grain boundary misorientation angles, which run along a
very similar path.

{111} PFs from individual weld areas are presented in Fig. 8.
It can be noted that the texture is different for the three BMs.
For both samples after plastic working, i.e. UandE + U, a shear
texture with a dominant B {112}<110>, but also A and C
components are present [25]. For both samples, the texture
components are the same, only the intensity changes, since
for the sample after the hybrid process a higher intensity is
measured. Sample A was annealed, therefore traces of B
texture are still present but at a lower intensity. It is
commonly observed in samples annealed after being previ-
ously plastically deformed that their texture is preserved [26].
Textural changes are also observed across the welds. In the
SZs, shear components are present. The crystal reference
frame has been rotated to align with the local shear coordi-
nate system — SPN and SD. The main components in a SZ are
of B fiber type, i.e. B {112} <110> and B{112} <110> [27].

3.2 Mechanical properties

Microhardness profiles for both planes, transverse and
normal, are presented in Fig. 9. The average values for the BMs
are as follows: 27 + 1 HVO0.1, 48 + 1 HV0.1 and 58 + 2 HVO0.1 in
the transverse-sections for samples A, U and E + U, respec-
tively. In the case of the normal plane, for the A and U samples
the average value is comparable to that obtained in the
transverse sections. However, in the case of sample E + U, the
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101

Fig. 4 — Microstructure of BMs: a) U - transverse plane, b) U — normal plane, c) E + U — transverse plane and d) E + U — normal

plane.

average value of microhardness is lower, and equals 54 + 1
HVO0.1. In the SZ in each weld, the microhardness is reduced to
an average value of 31-32 HVO0.1 for both planes. This repre-
sents a moderate increase in comparison with the BM of
sample A, and a distinct decrease in relation to the BM of the
samples after plastic working (see Table 1). The size of the SZ
is estimated at about 10 mm (measurements were taken in the
middle part of the samples in both planes examined). For the

A—A weld, it is not possible to precisely distinguish the HAZ
and TMAZ, while for the U-U and E + U-E + U welds, this is an
area where the microhardness decreases from the level in the
BM to the SZ. The size of these zones is about 2 mm from each
side, advancing and retreating, for the U-U weld, and about
2.5 mm for the E + U-E + U weld.

The representative engineering stress—strain curves for
the welds and BMs are presented in Fig. 10. In the latter case,
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Fig. 5 — OIMs and maps of grain boundaries of the transverse plane of welds: on the left - BM on advancing size, on the right

- SZ.

the maximum stress significantly increases with plastic
deformation, but the elongation to break decreases. For sam-
ple A, the average values of UTS and E are 78 + 4 MPa and
42 + 5%, respectively. For sample U, these values are
144 + 9 MPa and 11 + 2%, and for sample E + U — 195 + 7 MPa
and 12 + 2%. Such changes are typical for samples of varying
grain size, since grain boundaries are a strengthening factor.
For the A—A weld, the stress—strain curve coincides with the
curve for the BM, as the rupture occurred in the BM of the
welded samples (see Fig. 11b). For the U-U and E + U-E + U

welds, the curves differ from their BM, as the rupture takes
place in the SZ. The UTS is reduced in comparison with
samples U and E + U, and equals about 87 MPa for both welds,
while E has a value of about 8%. However, it should be noted
that the UTS values for the U-U and E + U-E + U welds are
higher than for sample A and the A—A weld, which results
from the smaller grain size in the SZ.

Strain 3D maps are shown in Fig. 11. For each weld two
maps: (i) at the maximum stress (tensile strength) and (ii) at
the rupture are presented. In the A—A weld, a strain
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L VI

A

Fig. 6 — OIMs and maps of grain boundaries of the normal plane, on the left — BM on advancing size, on the right - SZ.

localization was obtained in the BM zone. The location of the
rupture was not detected due to the limited area recorded
during the tests. The SZ's deformation during the tensile test
was negligible, as can be seen by the scale of the Lagrange
strain. However, both the TMAZ and HAZ experienced
straining. In the case of the U-U and E + U — E + U welds, the
strain localization took place in the center area of the SZ. The
rupture also occurred in this area and, in contrast to the re-
sults obtained for the A—A weld, the BMs and the HAZs and
TMAZs as well were not deformed during testing. These re-
sults indicate that the welds were of good quality, since the

strain localization and rupture occurred in the areas with the
biggest average grain size.

3.3. Electrochemical behaviour

The representative PP curves recorded in the BMs and SZs
using 1 mm working electrode (surface area of 7.85 x 10~ cm?)
are presented in Fig. 12. For the BMs, the E.,, is in the range of
—700 + 25 mVag/agcl. It can be noticed that the surfaces of the
samples are very active, as evidenced by the steep slope of the
anodic branches and the sharp increase in the current density
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Fig. 7 — Misorientation grain boundary distribution in
transverse sections of welds: a) A—A, b) U-U, c) E + U-
E + U; black line indicates theoretical Mackenzie plot.

values. For the SZs, the Eo,, is shifted towards more positive
values, and ranges from about —670 + 20 mVag/agc. In this
case, the anodic branches show gentler slopes than the BMs.
The surface morphology after the PP tests is presented in
Fig. 13 for the BMs and in Fig. 14 for the SZs. Pitting corrosion

can be observed in all cases. The corrosion damage is signifi-
cant, as is reflected by the high current density values. In the
BMs, the area covered by pitting is larger than in the SZs. For
the BMs, the percentage values of the area covered by pits are
23.8%,19.2% and 22.2% for sample A, U and E + U, respectively.
For the SZs of the welds from these materials, the area
covered by pitting is lower, at 7.8%, 11.7% and 9.9%, respec-
tively. The calculated values are approximate due to the large
development of the pitting surface. Nevertheless, they show a
trend, and that the corrosion damage on the surface is about
twice as large for the BMs than for the SZs. In the SZs, separate
pits can be observed, while for the BMs the corrosion attack
progressed enough for the pits to merge. Moreover, the pit
morphology is in agreement with the grain size and the dis-
tribution of HAGBs. For all SZs, the shape of the pits is close to
equiaxial, while the cavities are spreading randomly around
them, similarly to sample A, but with the difference that the
corrosion attack is more pronounced in sample A. For samples
U and E + U, the pits are more flattened and the cavities are
located mainly horizontally, as are the locations of HAGBs (see
Fig. 4).

Pitting corrosion initiates in the vicinity of inclusions or
primary intermetallic particles due to the occurrence of
microgalvanic couplings with the Al matrix. In the examined
material, two types of particles were identified seen in Fig. 15:
(i) Si inclusions of irregular shape and various sizes and
lengths even up to 15 pm and (ii) Al;Fe primary intermetallic
particles. The latter are round in shape and up to 5 um wide.
An image of sample U after the PP tests, with both types of
inclusions marked, is presented in Fig. 15. The initiation of
pitting occurs in the vicinity of the inclusions and further
dissolution of the material depends on other microstructural
factors. Due to frictional forces during the FSW, the particles
become shredded and fragmented, as presented in Fig. 15b for
the SZ of the U-U weld. The size of the particles is signifi-
cantly reduced, to a value below 200 nm. Also, their distribu-
tion becomes more homogeneous.

For a detailed characterization of the electrochemical
properties of the samples, experiments were conducted using
a microcapillary, which makes it possible to distinguish dif-
ferences between all four zones. The representative PP curves
are shown in Fig. 16. The size of the microcapillary cell was
250 um (surface area of 5 x 10~* cm?). Two electrochemical
parameters, Ecory and iconr, are gathered in Fig. 17, where the
average values from three measurements are presented. The
curves differ from the results shown in Fig. 12 due to the
different activity on the anodic branches. The corrosion po-
tential remains at similar values, as does the i. (similar to
that of the BM, see Fig. 12). However, the current density on
the anodic branch does not increase as significantly as it does
in a larger area of the working electrode. Nevertheless, in the
case of the microcapillary as well, noise can be seen in the
curves, indicating that metastable corrosion activities are
taking place. From an analysis of the average values, there is
an evident correlation between the position in the weld and
the Eorr values. The general tendency is that this increased in
the direction of the SZ. The biggest difference is observed for
the A—A weld, where the difference between the BM and SZ is
almost 40 mV. The HAZ and TMAZ have values in between.
Moreover, considering only the BM, it can be observed that the
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Fig. 8 — {111} PFs from a) BM and b) SZ.

Ecorr also increases with increasing sample deformation. In
the case of the .oy, there is a correlation for the A—A weld that
the highest value is observed for the BM and decreases in the
direction of the SZ. Nevertheless, all the values are similar and
within the margin of error. It should only be pointed out that,
for the SZs, the value of the i..,, is the most reproducible for
each weld, indicating that this area has the most homoge-
neous microstructure.

The surfaces of the samples after PP using the micro-
capillary is shown in Fig. 18. Similarly to the results obtained
using a standard cell (Fig. 13 and Fig. 14), pitting corrosion is
observed. When the surface area damaged by corrosion is
calculated, it is seen that corrosion attack is less pronounced
in comparison with the 1 mm cell. The highest value of sur-
face covered in pits is achieved for the BM of the A—A weld, at

Microhardness [HV0.1]

T T T T
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Distance from the weld's center [mm]

~7.5%. For the other samples, this value is comparable and the
results are in a range of 3—4.5%, indicating negligible differ-
ences between the samples.

4, Discussion

4.1. Microstructure evolution and its influence on
mechanical properties

Three materials were chosen for welding — annealed, cold
worked via conventional metal forming, i.e. flat die upsetting,
and after a hybrid SPD processing, i.e. mtECAP + multistroke
upsetting. The BMs differed in grain size and shape, micro-
texture intensity, fraction of HAGBs, and (not examined in the
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Fig. 9 — Microhardness profiles from welds a) transverse and b) normal planes; on the left side — advancing side, on the right

side — retreating side.
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present study) dislocation density. The annealed sample
featured equiaxial grains with a size of about 20 pm and an
HAGB fraction of 79%. Plastic working caused a significant
grain refinement to a value below 1 pm. However, due to the
upsetting process, the grains on both samples,i.e. UandE + U,
exhibited different shapes depending on which plane was
examined. This was due to a flattening of the previously
equiaxial grains. In the SZ, the grain shape and size were
comparable in both planes, indicating that equiaxial grains a
few microns across were obtained. Moreover, all three welds
resulted in similar grain sizes.

Based on the microstructure observations, it can be stated
that DRX occurred in the SZ. Intense plastic deformation at an
elevated temperature is a well-established process for form-
ing new grains in FSW joints [28]. It occurs in the SZ, where
strain rates are in a range of 10°-10% s™?, while the peak
temperature in this region is expected to be in a range from 0.6

(b)
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Fig. 11 — 3D DIC deformation maps of welds recorded at a) maximum stress and b) rupture.
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Fig. 12 — Representative PP curves from measurements
performed in the transverse sections of welds for the
diameter of the working electrode of 1 mm.

to 0.95 Tmelr, depending on the welding material and process
parameters. In the case of Al and its alloys, the temperature
usually does not exceed 500 °C (~0.75 Tpent), at which Al be-
haves as a thermoviscous material [29]. In a review [29], three
models of the evolution of grain structure during FSW for Al
alloys are presented — discontinuous dynamic recrystalliza-
tion (DDRX), geometric dynamic recrystallization (GDRX), and
continuous dynamic recrystallization (CDRX). DDRX occurs by
the nucleation and growth of new grains, CDRX is based on
the formation of arrays of LAGBs and a gradual increase in
misorientation angles, while GDRX results from the
impingement of serrated grain boundaries [30]. The dominant
mechanism depends on what material is welded, and for al-
loys with high stacking fault energies (SFE), such as Al, that
mechanism is mainly CDRX. Results from a Monte Carlo
simulation together with the experimental results for
commercially pure Al 1060 have shown that the main DRX
mechanisms may also differ, depending on the side of the
weld and the tool rotational speed, which affects the heat
input level [31]. An increase in tool rotation speed results in a
higher welding temperature. Thus the motion of grain
boundaries is easier, which can prompt the occurrence of
GDRX. Additionally, a higher strain rate and welding tem-
perature can induce DDRX. At a lower tool rotation speed, a
lower heat input is achieved, which promotes CDRX as a new
grain formation process. CDRX is assumed to be the main
restoration process in the present study. A characteristic
feature of GDRX is the fibrous grains that remain in the SZ [5].
Moreover, DDRX is unlikely to occur in Al and its alloys
because high SFE values simplify the cross-slip and the
dislocation climb, which suppress the accumulation of the
strain necessary for the nucleation and growth of grains [32].
CDRX, as in the present study, results in equiaxial grains with
a high fraction of HAGBs in the SZ.

In order to confirm the restoration phenomena, the texture
components observed in the SZ can be used. Recrystallization
via particle-stimulated nucleation, which is based on the
formation and growth of new grains around non-deformable

particles, leads to a random texture, as was shown for
AAS5083 after friction stir processing [28]. Whereas the distinct
share texture components that are observed in the SZ indicate
the occurrence of GDRX or CDRX. Similarly, in [33] CDRX
occurred in a dissimilar weld of AA7003 and AA6060, which
was also observed by a simple shear texture component in the
SZ - B {112}<110>, as in the present study, while the BMs were
characterized by different texture components — for BM 7003
it was cube {100}<001>, E {111}<110> and {223}<122>, while
6060 had a cube texture of {100}<001>. Moreover, in the TMAZ,
a DRX and partially DRV occurred. In the HAZ, a static recov-
ery was the main mechanism for the microstructure evolu-
tion. It resulted in grain structure similar to those of the BMs,
while the fraction of LAGBs increased. In the present study as
well, for the A—A weld an elevated number of LAGBs were
observed in the transition zone between the BM and SZ (i.e.
HAZ/TMAZ) (see Fig. 5 and Fig. 6).

The elevated number of microstructural defects after
plastic working caused an increase in the mechanical
properties. This was visible from the microhardness results,
as for sample A on the transverse plane it was 27 HVO0.1,
while for samples U and E + U those values were 48 HVO0.1
and 58 HVO0.1, respectively. On the surface of sample E + U,
this value differed due to differences in grain size. These
changes are based on the well-known Hall-Petch equation
[34], as an elevated number of grain boundaries causes a
strengthening of the material. Therefore, changes in the
welds cross-sections were observed. The microhardness
profiles obtained for the examined welds (Fig. 9) are in
accordance with the scheme presented in [6], where for the
annealed material a mild increase was shown, while for the
work-hardened material there was a decrease in the SZ. In
the first case, when a weld was performed from annealed
materials, the HAZ was indistinguishable, and there could
be no, or just slight changes in hardness between the BM
and SZ noted. A slight increase in microhardness was
explained by the modest hot work hardening and grain
refinement, which was also achieved in the present study.
Also, since weld formation eliminates the prior deformation
microstructure in a cold-worked material, the hardness of
the nugget zone is independent of the original condition.
The same relationship was observed for the U-U and E + U-
E + U welds, where a decrease in microhardness was
observed in the SZ. Moreover, comparable values in the SZs
were obtained, independent of the initial condition of the
BMs. Tensile tests confirmed the microhardness results, as
the rupture occurred in areas with the lowest microhard-
ness, which is in the SZ for the U-U and E + U-E + U welds,
and in the BM for the A—A weld. Local changes in me-
chanical properties were also analyzed by means of strain-
ing maps, shown in Fig. 11. For the U-U and E + U-E + U
welds, deformation was obtained only in the SZ, even grain
size increased in the TMAZ and HAZ. In the case of the A—A
weld, deformation took place over the entire length of the
weld, although the rupture occurred in the BM.

The correlation between the microstructures of the BM and
SZis an important topic when UFG materials are joined. So far,
only Sun et al. [35] have shown a clear correlation between
these and how the initial microstructure influence the
microstructure and properties in the SZ for commercially pure
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Fig. 13 — SEM micrographs of the surface after PP tests of the BM: a) A, b) U, ¢) E + U.

Al. They claim that the initial grain size influences the
microstructure in the SZ of FSW-processed materials, as was
shown in the microhardness profiles. For UFG Al a distinct
decrease was observed, while the annealed sample having
intermediate grain size was the most preferable for obtaining
the highest hardness in the SZ. Nevertheless, no clear justifi-
cation has been presented. In other works devoted to the
welding of UFG commercially pure Al, results similar to those
of the present study have been obtained with no correlation
between the BM and SZ. As for UFG Al after constrained groove
pressing, where microhardness changes in the SZ resulted
only by changing the FSW parameters [36], not the initial
condition of the BM. A decrease in microhardness in the SZ in
comparison to the BM for UFG AA1050 and AA6016 was
observed in [16], where the conclusion was that pre-
deformation history has no influence on the resulting

microstructure or the mechanical properties within the SZ.
Similarly, in the present study, based on the microstructure
and microhardness profiles, it can be stated that the micro-
structure of the BM does not influence the microstructure and
properties of the SZ. However, such an influence can be
observed in the outer area, which is the TMAZ and mainly the
HAZ. The size of the latter is directly connected with the
process parameters and with the stability of the microstruc-
ture. In our previous work [14], it was showed that, as the
deformation of the BM increases, so does the size of the HAZ.
Similarly, in the present study, the size of the HAZ is bigger for
the E + U-E + U weld than the U-U weld. It may be connected
with the higher stored energy in the sample after the hybrid
cold working process, whereby a lower activation energy
could be needed for the recovery and recrystallization
processes.
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Fig. 14 — SEM micrographs of the surface after PP tests of the SZ: a) A, b) U, ¢) E + U.

Fig. 15 — Surface of sample U: a) BM after the PP test (black arrows indicate Si inclusions, white arrows indicate Al;Fe
intermetallic particles), and b) SZ with fragmented particles.
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Fig. 16 — Representative PP curves obtained in 3.5 wt.%
NaCl of the particular welding zones for welds: a) A—A, b)
U-U and c) E + U-E + U, using a microcapillary cell 250 pm
in size (surface area of 5 x 10-4 cm?).

4.2. Electrochemical behavior

Significant changes in microstructure across the weld influ-
ence the electrochemical properties. Susceptibility to corro-
sion attack has been examined for various Al alloys after the

FSW process. In work [37], a relationship between the grain
size and the electrochemical behaviour of the SZ for AA2050
was identified. Nevertheless, it was not possible to draw an
unequivocal conclusion, because the precipitation state was
identified as the critical parameter. Similarly, in work [38]
welds from Al-Cu-Li showed different electrochemical re-
sponses between the BM and SZ, although those changes were
attributed to high activity of the precipitates, which differed
depending on the weld zone. A comparison between the
TMAZ and BM for dissimilar welds of AA2024 and AA7075 was
investigated in [39]. The TMAZ experienced more severe
localized corrosion during immersion tests in 3.5% NaCl,
which was attributed to a higher stored energy than in the BM.
Moreover, a more negative E.o,, and larger ic.,r were observed
for the TMAZ, indicating lower corrosion resistance in this
zone. It was attributed to the presence of second-phase par-
ticles that were responsible for the initiation of pitting.
Apart from the second-phase particles, primary interme-
tallic particles also play a dominant role in corrosion resis-
tance. Their influence might be even more significant because
they are larger than second-phase precipitates. This is crucial
in the case of pitting corrosion since, due to the changes in
electrochemical potential between such particles and the
matrix, their interface is the place where corrosion initiates. In
the examined material, two types of impurities were detected:
(i) Si inclusions and (ii) AlsFe primary intermetallic particles
(Fig. 15). Both of these are cathodic in character in relation to
the anodic Al matrix [40,41], meaning that they promote the
dissolution of the matrix in the vicinity of the particles. In the
SZ, they can be shredded and uniformly distributed due to
frictional forces. It was shown in [42], and it was also observed
in the present study, where its size decreased significantly in
the SZ (see Fig. 15b). The influence of intermetallic particles
was investigated for FSW joints of 2524-T3 Al alloy in 0.05 M
Nacl [43], whose authors observed no significant difference
between the electrochemical behavior of the SZ and BM,
although the BM corroded more due to the presence of pri-
mary intermetallic particles. In the SZ, the particles were
fragmented and uniformly distributed, which resulted in a
more chemically homogeneous microstructure and thereby
improved overall corrosion resistance. In the present study,
the higher i., in the SZ for the 1 mm working electrode may
indicate that there was higher activity due to an elevated
number of galvanic couplings. Nevertheless, the anodic ac-
tivity was lower than in the BM, and this resulted in more
pronounced corrosion attack on the BM. Microstructure ho-
mogeneity in the SZ may play a decisive role in this. In work
[44], the increased intermetallic constituent particles during
FSW caused an increase in the galvanic corrosion coupling,
and thereby decreased the corrosion resistance of the weld
regions in comparison with the BM. A different approach was
taken by Nam et al., where the corrosion resistance of AA6061
after FSW was examined, but only in the SZ, and depending on
the travelling speed applied in the welding process [45]. It was
shown that a higher speed resulted in better corrosion resis-
tance, which was attributed to a more significant grain
refinement and microstructural homogeneity. It facilitated
the formation of a corrosion resistant film on the FSW speci-
mens due to a shift in positive E.opn, reduced icon, and
increased film and charge transfer resistances. It was also
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suggested that this result could be due to a homogeneous
distribution of the impurities in the alloy caused by the FSW,
on which a homogeneous passive film was formed that
enhanced the material's corrosion resistance.

The use of a microcapillary cell to study the electro-
chemical behavior of FSW joints has been also employed in
the past because it makes it possible to investigate individual
weld zones. Changes can only be properly characterized if one
zone is isolated from the others. Still, only a limited number of

works have taken such an approach. In work [46], a cell with
an exposed area of 0.035 cm? was used for the electrochemical
investigation of dissimilar welds of two Al alloys, AA2024-T3
and AA7475-T651. Examinations in a 0.01 mol NaCl solution
revealed increased corrosion activity in the SZ (e.g. higher
current density) in comparison with the TMAZ/HAZ. This was
attributed to galvanic coupling between the alloys in the SZ.
Local corrosion behavior on FSW joints from Al-Cu-Li alloy
was examined in [47], where for polarization scans the size of

Fig. 18 — SEM micrographs after PP using a microcapillary of the A—A weld: a) BM and b) SZ, weld U-U: c¢) BM and d) SZ, weld

E + U-E + U: e) BM and f) SZ.
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the cell was 0.20 cm?. The authors of that study distinguished
differences between weld zones in a 0.005M NaCl solution —
the SZ displayed an E.,, that was about 100 mV higher, and
slightly lower current densities and pseudo-passive behavior,
which indicates higher corrosion resistance than for the HAZ.
Higher anodic current densities are associated with faster
dissolution. Both the SZ and HAZ areas were more susceptible
to severe localized corrosion, which was attributed to the
microgalvanic cells formed within these welded zones due to
the presence of secondary phases in the 2098-T351 alloy and
their interactions with the adjacent matrix. Electrochemical
properties as a function of placing an FSW weld on Al 5456
alloy were investigated in [48] using a microelectrochemical
cell with a 1 mm capillary to distinguish the size of the
working electrode in a 0.1 M NacCl solution. The anodic reac-
tivity was the most pronounced in the SZ, and was related to
the presence of nano-scale precipitates dispersed throughout
the matrix of the susceptible regions. In the present study, two
sizes of working electrode were analyzed: (i) 1 mm and (ii)
250 um. The latter made it possible to distinguish differences
between all four weld zones. Discrete changes were noticed.
However, the E.,, was connected with the zone, since its
value increased in all the welds in the direction of the SZ from
the BM. Moreover, differences in the results were obtained: for
the 1 mm working electrode the anodic activity was signifi-
cantly higher than it was for the microcapillary, and there was
a more significant corrosion attack on the sample surface. The
influence of capillary size on the polarization curve was also
observed in [49], where it is stated that, when the examined
area is smaller, a lower number of constituent particles are
present, and the anodic current is therefore significantly
reduced. It was concluded that any differences between the
macro and micro measurements are associated with the vol-
ume fraction of the particles in the material. This may explain
the higher anodic activity in the present study, where the area
of the working electrode was increased.

For both sizes of working electrode, differences between
the examined zones were observed, and the SZs are assumed
to have better corrosion resistance as the surface area covered
with pitting was half that in the BMs. Higher activity was also
evident in the higher anodic currents. When the micro-
capillary was applied, the differences between particular
zones were more subtle, with decreased activity on the sur-
face. Nevertheless, the SZs showed the highest E..,,. More-
over, the iy values were less diverse, indicating a higher
degree of homogeneity, caused by the welding process. The
changes between zones were the most evident from the grain
size. When only the changes in this parameter are analyzed,
as was shown in a review paper for high purity Al [50], a
decrease in grain size causes an ennoblement of the E.,,y and a
decrease in the icoy. It implies that the reduction in the ico,y is
under anodic control. These results were explained by the fact
that fine-grain structure are more reactive surfaces with
respect to oxide formation. When the purity is lowered, the
dependence is not unequivocal, and a decrease in corrosion
resistance can also be observed with decreasing grain size, as
was shown in review [51]. Also, improvement in corrosion
resistance in chloride environment with reduced grain size
was achieved in [52]. Nevertheless, in the case of welds, other
components also change, such as the fraction of HAGBs and

LAGBs, microtexture, and residual stresses. In the latter case,
tensile longitudinal residual stresses along the weld center-
line are observed, and they decrease in the direction of the BM
[53]. In our previous work we have shown that SPD processing
does not change residual stress values significantly, although
in the SZ of an FSW joint (performed with the same parame-
ters as in the present study) the increase is significant, from
50 MPa for the BM to about 100—200 MPa [54]. Comparable
values of tensile residual stresses were measured and
modelled in [55]. Although, there is no work in the literature
that directly investigates the influence of residual stresses on
the corrosion resistance of FSW joints, there are works
describing this influence after different treatments, such us
laser shock peening. In work [56], a copper surface after this
treatment was examined in 3.5% NaCl. A shrinking and
intertwining of the top-surface led to a more compact surface
with minor roughness, and this resulted in an increase in the
hardness and hydrophobicity of the Cu leading to a new sur-
face with high corrosion resistance. The lower dissolution of
the SZs in the present study may be caused by the enhanced
microstructure homogeneity and the elevated tensile residual
stresses in this zone.

5. Conclusions

In the present study, similar welds from commercially pure Al
with different initial microstructure were prepared using the
FSW method, and then characterized. The local changes that
took place in microstructure, mechanical properties and
corrosion resistance of the samples were thoroughly investi-
gated, and the following conclusions can be drawn:

1. The microstructure of the BM does not affect the micro-
structure in the SZ. This is due to the CDRX that occurs
during welding. In the SZ, equiaxial grains were obtained
having an average size of 3.5-5.0 um in transverse and
normal planes. The grain size for the BM varied from 0.8 ym
to 20 um. Changes in the microstructure were observed in
the TMAZ and HAZ. For the A—A weld, these zones were
characterized by an increased number of LAGBs, while for
the U-U and E + U-E + U welds the number of grain
boundaries was reduced in comparison with the BM due a
coarsening of the grains in the direction of the SZ.

2. As a result of the microstructure changes, the mechanical
properties also evolve. The microhardness values in the SZ
were the same for all welds. In comparison with the
annealed sample this is a moderate increase, while in
comparison with the samples after plastic working it is a
decrease. The size of the TMAZ/HAZ transition zone was
greater for the E + U-E + U weld. As to tensile strength, the
welds from the samples after plastic deformation exhibited
higher values, since the rupture occurred in the SZ, while
for the weld from annealed Al the rupture was in the BM.
Also, the differences in deformation during the tensile
tests could be observed.

3. The local electrochemical experiments revealed that the
SZ is the most corrosion resistant area in 3.5% NaCl. The
corrosion attack there was just half of what it was in the
BM when the 1 mm cell was used. This was due to the
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higher microstructure homogeneity obtained in the FSW
process. The use of a microcapillary made it possible to
distinguish the differences among particular weld zones.
In each case, independent of the BM, the E.,, increased in
the direction of the SZ. The differences were also obtained
between BMs — plastic deformation slightly enhanced
corrosion resistance and in the case of 250 um cell the
corrosion damage for A sample was almost twice as big as
for samples Uand E + U.
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