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Abstract

This paper investigates the dissimilar friction stir lap welding of AA2198 and AA7075 sheets. The influence of processing
parameters, namely welding speed and tool rotational speed on joint features, microstructure, and mechanical properties were
studied by implementing a full factorial design of experiments. Axial and transversal forces were continuously measured during
the welding process using a sensed fixture aiming at the correlation of processing parameters, forces, and quality of the achieved
joints. Obtained outcomes showed hook formation for all the combination of parameters and the existence of a very narrow
processing window in which it is possible to avoid the formation of internal defects, such as grooves and tunnels. The influence of
the weld bead morphology on the lap shear strength was elucidated proving that the strength is ruled by the hook morphology.
The microstructure of the joints was studied and discussed considering also the microhardness distribution.

Keywords FSW - Dissimilar joint - Lap joint - Aluminum alloys - Microstructure - Force analysis - Mechanical properties

1 Introduction

Aluminum alloys belonging to 2xxx (Al-Li) and 7xxx (Al-Zn)
series are increasingly used in the aerospace industry to realize
multi-material welded or assembled structures. An example of
the advantageous combination of these materials in welded
structures is represented by fuselage panels of aircraft, that
are usually made of AA 2024 skins and strengthened by lap
joining of AA 7075 stringers [1]. Due to low density, high
specific modulus, and specific strength, Al-Li alloys are con-
sidered optimal candidates for aerospace and aircraft vehicles
[2]. Yin et al. [3] reported that alloys belonging to the recently
developed third generation of damage-tolerant Al-Li alloys,
such as AA2198, exhibit relatively higher mechanical proper-
ties. Zhang et al. claimed that superior properties are attribut-
able mostly to the precipitation of the T; (Al,CuLi) phase [4],
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whereas Milagre et al. [5] proved that the attendance of Li
lower density and enhance stiffness. In contrast, Xu et al. [6]
and lately Krug et al. [7] argued that the previous generations
of Al-Li alloys, e.g., 2020 alloy (Al-1.21Li— 4.45Cu-—
0.51Mn—0.20Cd, in wt%) and 8090 alloy (Al-2.5Li-
1.11Cu— 1.16Mg—0.16Zr, in wt%) exhibited limited ductility
and significant anisotropy in mechanical properties.

Friction stir welding (FSW) process is currently considered
to be sufficiently mature to be applied for aircraft manufactur-
ing and its suitability to join dissimilar aluminum alloys in
distinct configurations has been already demonstrated [8].
Among other welding processes, FSW leads to the reduction
of metallurgical defects and distortion [9] as well as to weight
and cost savings of up to 15% and 20%, respectively [10]. On
the other hand, some authors highlighted that the mechanical
behavior of welded structures is affected by the quality of the
joints, that, in turn, is dictated by the adopted processing pa-
rameters [11, 12].

In the past decades, a relevant amount of work has been
spent to investigate FSW process for similar and dissimilar
welding of Al-Li and Al-Zi-Mg alloys [13, 14]. Recent papers
proved the feasibility of similar FSW of AA2198, even if they
were limited to the butt joint configuration. It is generally
claimed that FSW of this material is characterized by a narrow
processing window and that working parameters significantly
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influence microstructural aspects and, as a consequence, fa-
tigue life and tensile strength [15, 16]. Gao et al. [17] studied
the strengthening mechanism, the microstructure, and the pre-
cipitation evolution in the different metallurgical zones of butt
joint, providing a comprehensive overview of the phenomena
occurring across the joint. Tao et al. [18] elucidated the crack
propagation and the failure modes of AA 2198 friction stir
welded butt joints; they claimed that the transition zone be-
tween the stirred zone and the thermomechanical affected
zone is the weakest part of the joint. It has been also outlined
that the strength of the joint is influenced by the relationship
between rolling and welding direction [19, 20].

To date, literature reporting the friction stir lap welding of
AA 2198 sheets is scarce, despite of the interesting opportu-
nities related to applications in the aerospace sector. One of
the earliest study on this topic was authored by Gibson et al.
[21]. The joints produced at welding speeds of 200 and 350
mm/min exhibited higher ultimate load in tension-shear test-
ing, compared to joints welded at 75 mm/min. Moreover, the
blanks welded using tool rotational speeds of 1200 rpm and
1500 rpm resulted remarkably more resistant than the ones
welded at 900 rpm. More recently, Reimann et al. [22]
attempted AA2198 FSW process monitoring by force analy-
sis. They demonstrated the influence of forces on heat input,
but the relationship with the processing parameters was not
exhaustively investigated. Baraka et al. found that material
reactions to the tool penetration and advancement are integral
information for the online process monitoring and for the dy-
namic reprogramming of the operative parameters [23].
Similarly, Mishra et al. stated that these aspects are particular-
ly relevant in the current context of the industry 4.0 by indi-
cating their influence on the overall performance of a
manufacturing system [24]. The lack of consolidated knowl-
edge in friction stir lap welding of AA2198 alloy is even more
evident when dissimilar joints are regarded. As a matter of
fact, FSW of 2xxx and 7xxx series has been studied in the last
years, but most studies were devoted to well-known alloys,
such as AA2024 [25, 26], whereas few reports detailing the
FSW of AA2198 with 7xxx series alloys have been published
[27]. Similarly, available studies providing a better under-
standing of force arising during the friction stir welding of
AA 2198, even in butt joint configuration, are not exhaustive
to the scope of process monitoring. The present paper is fo-
cused on the dissimilar FSW of AA 2198 to AA 7075 in the
lap joint configuration with the aim to provide a contribution
to fill the indicated gap of knowledge. Different processing
conditions were explored by varying the main process param-
eters, namely the tool rotational speed and the welding speed.
During the process, selected force components have been ac-
quired using a dedicated device equipped with a load cell.
Finally, a detailed microstructure and mechanical characteri-
zation was performed by optical and SEM analysis, lap shear
testing, and microhardness measurements, attempting to
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correlate the joint quality with in-process collected data.
Under the light of the reported outcomes, the following open
questions have been addressed: (i) which is the suitable pro-
cessing window for the considered welding configuration; (ii)
which is the trend of the forces during the process and how
processing parameters influences the force profile; (iii) which
is the microstructure induced by the action of the tool in cor-
relation with the variation of processing parameters; (iv) how
processing parameters and microstructural aspects influences
the mechanical properties of the joint.

2 Materials and methods

AA2198 T351 (200 x 100 x 3.2 mm®) Al alloy and AA7075
T6 (200 x 100 x 2 mm?>) alloy sheets were used as base
materials. The nominal compositions and the mechanical
properties of these alloys are reported in [28, 29]. A CNC
machine (FAMUP MCX 600) operating in displacement con-
trol mode was employed to conduct the FSW tests, by posi-
tioning the AA2198 on top and AA7075 on the bottom of the
overlap configuration and adopting an overlap length of 25
mm. The adjoining surfaces of both plates were cleaned with a
stainless-steel brush and acetone before the welding process.
An additional sheet was placed under the AA2198 plate to
avoid undesired displacement. The adjoining material was
clamped on the backing plate and fixed on a Kistler™ three-
axis dynamic dynamometer positioned on the machine table,
to detect force components. More specifically, the in-plane
welding force (hereinafter F,) acting parallel to the welding
direction and the downward forging (hereinafter F,) perpen-
dicular to the plane of the sheet were continuously measured
during the process. The welding setup is showed in Figure 1.

An H13 steel tool, characterized by concave shoulder and
tapered left-hand threaded pin, was used in this work. The tool
was kindly supplied by FPT Industrie SPA. Tool dimensions are
reported in Figure 1. The selection of tool geometry was based on
the following considerations: (i) the tapered threaded pin intro-
duces a vertical component in the stirring action enhancing ma-
terial flow and (ii) a pin length greater than the thickness of the
top plate allows the pin to be plunged inside the bottom sheet
providing a weld interface based on mechanical locking [26].
Alternatively, materials joining relies only on the formation of
a relatively weaker conversion layer at the interface.

The details of the experimental campaign are given in
Table 1. The design of experiment (DOE) is based on the
variation of the main process parameters, namely tool rota-
tional speed (TRS) and welding speed (WS). In the same
table, the revolutionary pitch, defined as the ratio between
TRS and WS, is provided. In each case, the tool was rotated
clockwise and tilted 2° forward to enhance the forging action
of tool shoulder. The shoulder was plunged for 0.2 mm in the
top sheet.
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Fig. 1 Friction stir welding setup

FIXTURE

After the joining process, the morphology of the welded
crown of each sample was observed and measured, with respect
to the relevant features, by means of confocal microscopy
(LEICA DCM 3D). From each weld, three metallurgical speci-
mens were extracted for macroscopic, microscopic, and micro-
hardness characterization of the cross section orthogonal to the
weld line. The extracted pieces were mounted by using a con-
ductive thermoplastic resin supplied by Struers (Lucite). After
that, samples were ground with SiC papers and then lapped using
diamond suspension down to 1 pum to achieve a mirror-like
finishing for the metallurgical observations and analysis.
Samples were etched by using Keller’s reagent for 15 s to unveil
the significant metallurgical features. A metallurgical microscope
(Olympus GX71) equipped with an Olympus digital camera
(XC50) and a scanning electron microscope (Hitachi TM3000)
equipped with a National Instruments EDX microprobe (Oxford

Table 1 Inestigated processing parameters

Tool rotational speed Welding speed Revolutionary pitch
[rpm] [mm/min] [rot/mm]

1200 60 20

1500 25

1800 30

1200 120 10

1500 12.5

1800 15

ADVANCING
SIDE

RETREATING
SIDE

AA 2198

Instrument Swift ED3000) were used to observe the microstruc-
ture of the welding zones, and to detect eventual IMCs precipi-
tation. Vickers micro-hardness tests were conducted setting an
indentation load of 100 g for a dwell time of 15 s by using a Leica
QVMHT Hardness Tester. The distance between indentations
was equal to 0.5 mm. The mechanical properties of the joints
were assessed by lap shear testing. In absence of a dedicated
standard defining all prescriptions for lap shear test of friction
stir welded joints, the ASTM D1002 standard (Standard Test
Method for Apparent Shear Strength of Single-Lap-Joint
Adhesively Bonded Metal Specimens by Tension Loading,
Metal-to-Metal) was considered as main reference, as indicated
also in [30]. Five specimens, 25.4 mm in width, were cut from
each joint, using all the available length (175 mm) . The grip area
was defined as 25.4 x 25.4 mm?, whereas opportune tabs were
used to avoid undesired stress components. The sides of the
specimens were polished and then painted by using acrylic var-
nish to obtain a speckle pattern [31]. An MTS Insight universal
testing machine was employed to conduct the lap shear test,
whereas an industrial uEye camera equipped with a 25-mm ob-
jective lens was used to record the failure mode of each sample.

3 Results and discussion
3.1 Forces analysis

A qualitatively similar trend was detected for the force com-
ponents F, and F, for all the performed welding processes. A
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representative plot, related to the 1200/60 welding conditions,
is shown in Figure 2.

As intuitive, force components are influenced by the mate-
rial flow in the region surrounding the tool pin. Boccarusso
et al. [32] discussed that the force profiles are strictly depen-
dent on the specific processing stage, namely plunging, dwell-
ing, and welding (or travelling) phases. These stages are de-
scribed below and are called phase I, phase II, and phase III:

(i) Phase I corresponds to the tool plunging. It starts when
the rotating pin approaches the upper surface of the
AA2198 sheet (generating a first F, peak, indicated as
A in Figure 2), and bring to an end when the top sheet
is fully crossed by the pin and the desired plunging depth
has been reached. A second F, peak (indicated as B) has
been detected when the shoulder was approaching the top
surface and the pin was plunged inside the AA7075 sheet.
This second peak results higher than the former one due
to the larger contact area between the shoulder and
AA2198 surface and the higher resistance of the
AA7075 sheet at relatively lower temperature
Noticeably, in phase I, the Fx is close to zero. The plung-
ing velocity was defined as equal to the welding speed for
each condition.

(i) Phase Il includes a dwelling time of 15 s. A localized rise
of the temperature is caused by the rotational movement
of the pin and ascribed to the frictional heat. The induced
thermal softening of the material implies a reduction in
the resistance to tool plunging. Consequently, F, de-
creases approaching a local minimum at the end of phase
1L

(iii) During phase III, which represents the actual welding,

the tool proceeds along the joint line, promoting a con-
tinuous mixing and bringing together the materials. It is
visible that, component F, initially exhibits a local peak,
indicated as C in Figure 2, before stabilizing on a rea-
sonably steady state value. As expected, at the

beginning of this phase, the component Fy sharply in-
creases due to the the movement of the tool along the x-
direction and inherent resistance to material
displacement.

Figure 3 summarizes the values of the A and B peaks (re-
lated to the F, force component) as well as the steady state
values of both components, for all the welded joints. As rea-
sonably expected, the value of the vertical force, F,, is always
considerably major than the in-plane one, F,.

Collected data clearly pointed out the influence of the pro-
cessing parameters on the peak values A and B exhibited by
the component F, during the plunging phases. As a matter of
fact, increasing the rotational speed involves a higher quantity
of frictional heat released at the material-tool interface, caus-
ing a more significant material softening. Therefore, smaller
downward vertical forces are needed to plunge the tool at the
planned depth. Zimmer et al. [33] also observed that the forces
are influenced by the processing parametrs and in particular
that a lower downward vertical force is required when the heat
input is increased. The two peaks, A and B, are roughly of the
same magnitude because the mechanical properties of the two
aluminum alloys are substantially similar. Boccarusso et al.
[32] found a different evidence, i.e., a noticeably difference
between the two peaks, in the case of friction stir lap welding
of AA6082 aluminum alloy to AZ31 magnesium alloy.
Reasonably, this is attributable to the distinct mechanical
properties of the investigated materials. Conversely, lower
values for F, force were detected during the plunging stage
lowering the welding speed, since the plunging speed was
accordingly reduced. In fact, assuming the rotational speed
as a constant, the same amount of heat is generated and dissi-
pated into the material. Obviously, if the penetration of the
tool inside the sheets is relatively slower, more time is left to
heat diffusion across the thickness, and this leads to a more
pronounced softening of the material. Steady state values of
both F, and F, components are plotted in Figure 3 (c and d) as

Fig. 2 Representative force 1 -
profiles, measured adopting TRS 4---1 18
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Fig. 3 Peak and steady state values of the forces measured during the welding in all the processing conditions

a function of the processing parameters. Astarita et al. [34]
asserted that, referring to the friction stir butt welding, both
F, and F, components present a monotonic increase at higher
WS for a fixed TRS and, on the other hand, present a mono-
tonic decrease when increasing the TRS for a given WS.
Indeed, softening phenomena are strongly related to the ma-
terial resistance and flow conditions, whereby the higher the
heat input is, the smaller the force results. Similar consider-
ations can be drawn assuming force components variation as a
function of the revolutionary pitch. In fact, higher revolution-
ary pitch involves a higher heat input leading to a more sig-
nificant material softening and lowering of the forces.

3.2 Macroscopic and microstructural observations

Representative images of the top surface of the joints includ-
ing a macroscopic view of the cross sections are reported in
Figure 4. It can be immediately observed that for all the con-
sidered combinations of processing parameters, material con-
tinuity at the interface between the top and bottom sheets was
successfully achieved. Nevertheless, for processing condi-
tions except 1500/60 and 1200/60, internal defects, namely
grooves and tunnels according to the nomenclature proposed
by Mishra and Ma [35], were detected (highlighted by white
arrows in Figure 4). It can be deduced that defect formation in
the cross section can be avoided only by adopting revolution-
ary pitch ranging from 20 to 25.

Figure 5 represents the microhardness distribution on the
welding cross-section. The microhardness contours are report-
ed over the optical microscopy acquisitions of the samples
cross-section, after the lapping, polishing, and chemical
etching.

From a qualitative point of view, each joint, except the one
welded at 1200/120, shows a similar microstructure, charac-
terized by a clearly visible nugget zone (NZ) exhibiting the
typical onion ring structure. Also, an evident formation of
lateral hooks of AA7075 penetrating within the AA2198 top
layer and encapsulating the nugget area is appreciable. The
slight plunging of the tool into the bottom sheet, necessary to
generate a bonding region, promotes the upward extrusion of
the material from the interface toward the stirred zone (SZ).
Song et al. [25] highlighted that this vertical flow of material is
responsible for the formation of the hook-shaped
macrostructure.

A slightly different appearance is showed by the joint
welded at 1200/120, representing the processing conditions
characterized by the lowest heat input. The onion ring struc-
ture is still clearly visible, but, differently from other samples,
there is only one short hook in the advancing side. This out-
come suggests that the formation of the hooks is ruled by the
amount of heat generated during the process and the heat
transfer within the material. In concept, hook formation can
be considered as a jetting phenomenon, ruled by the plunging
pressure and the viscosity of the softened material.
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1500/120

| 1800/60

Fig. 4 Cross sections and top surfaces of welded joints, including a close up of the crown (arrows highlight surface and internal defects as tunnel or groove)

The microhardness maps reflect the material flow de-
scribed in the previous sections. An increase in microhardness
was detected in the region of each hook. This evidence is
consistent with the SEM observations that showed that hooks
are made of recrystallized grains that experienced a severe
work hardening. It is also possible to appreciate that the global
hardness of the joint increases with the decrease of the TRS,
i.e., increase with the decreasing of the heat input. Similar
observation involving conventional FSW and relevant global
hardness trend was reflected in the investigation conducted by
Mehta et al. [36].

In the followings, high magnification micrographs, cap-
tured with both optical microscope and scanning electron mi-
croscope, are provided to highlight the microstructures
established by the process. Figure 6 provides some details of
the metallurgical features detected in the observed cross sec-
tion. In particular, the joint welded at 1500/120 was here used
as representative one in the interest of brevity.

1200/60 1500/60

2 mm < 3 g 2 2 mm

1500/120

1200/120

2 mm
|

Recalling the standard terminology used in friction stir
welded joints, the nugget zone (NZ) is defined as the region
ofthe weld bead that experienced a full recrystallization due to
the action of the tool. The thermomechanical affected zone
(TMAZ) is the region of the weld bead, adjacent to NZ, where
the grains appear highly deformed but not fully recrystallized
[10]. By adopting this classification, a very interesting NZ can
be identified. Fully recrystallized zones can be observed in the
center of the joint, where the onion ring structure made of AA
2198 is well evident (see Figure 6e and Figure 6d), at the
boundary between AA2198 and AA7075 (Figure 6f); in the
hook region in the retreating side (see Figure 6a and
Figure 6h); and, finally, in the flow arm region (see
Figure 6¢). From this observation, it can be claimed that the
NZ is made of four different subzones: the onion ring region
(made of AA 2198), the flow arm region (made of AA 2198),
the inner part of the hooks, i.e., the side of the hooks adjacent
to the onion rings, (made of AA7075), the upper part of the

1800/60

2 mm,

1800/120

10

0
HV 0.1

110

Fig. 5 Optical observation of the polished and etched cross section, and representation of the microhardness distribution (advancing side on right hand side)
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Fig. 6 High magnification micrographs of the 1500/120 joint depicting the different metallurgical zones produced by the welding process

AA7075 sheet. In Figure 6 b, the very thin tip of the hook,
surrounded by fully recrystallized AA2198 grains, is visible,
supporting the evidence that the hook penetrated in the
AA2198 nugget zone. On the other hand, Figure 6 h points out
that the root of the hook is in between the fully recrystallized
grains of the NZ and the stretched grains of the TMAZ.
Interestingly, the hook itself seems to be made of two different
regions, which experienced a full recrystallization or a grain
stretching, respectively. Concerning the TMAZ, two different
arcas have been observed, constituted, respectively deformed
grains of AA2198 (Figure 6a) and of AA7075 (Figure 6g, h).
The heat affected zone (HAZ) cannot be easily identified at these
magnifications since it is only characterized by a different distri-
bution of the second phase back particles, as also in [37]. This
peculiarity has been observed for several aluminum alloys.

The presence and morphology of the hooks significantly
influence the mechanical strength of friction stir welding lap
joints; nevertheless, there is no agreement about the actual role
played by this feature. According to [26], there are two main
factors affecting the tensile strength of FS welded lap joints:
effective sheet thickness (EST) and the sheet interface shape
(hooking). Dubourg et al. [1] reported that the material
hooking is crucial for the mechanical properties of AA 2024
and AA 7075 friction stir welded lap joints. Naik et al. pointed

out that the hook represents an interpenetrating feature creat-
ing a mechanical interlocking conditions that enhances the
tensile strength of the joint [38]. On the other hand,
Chowdury et al. reported that hooks materialize preferential
paths for crack propagation, negatively affecting the resistance
of the joint [39]. Detailed high magnification micrographs for
the hook in the advancing side and in the retreating side have
been reported in Figure 7 and Figure 8. From those figures, it
is immediate to observe that both hooks are made of fully
recrystallized equiaxial and fine grains. Furthermore, hooks
are clearly distinguished from the onion rings region, which
is made of AA2198, suggesting that the hook formation is
related to the upstream material flow of AA7075 from the
bottom sheet.

The present study also highlighted the formation of a crack
in the advancing side between the hook and the AA2098
TMAZ (see Figure 7) while complete material continuity
was detected between the aforementioned hook and the nug-
get zone (Figure 8). This occurrence can be explained taking
account of the material flow leading to the hook formation and
considering that, with reasonable approximation, i.e.,
neglecting the tilt angle (2°), the tool axis is perpendicular to
the faying surfaces of both sheets. This geometrical condition
prevents an effective breaking action of the oxide layers at the
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TM3000_1914

TM3000_1901

2020/06/18 17:33H  D4.7 x1.0k

Fig. 7 High magnification images of the hook in the advancing side of the joint

sheet interface, differently from what is typically observed in
friction stir butt welding and this in turn obstruct the achieve-
ment of a complete material continuity. The hook formed in
the retreating side showed a similar evidence, but the crack is
extremely narrow and is not continuous if compared to the
previous case, suggesting the creation of a weak region in
the advancing side of the joint. To summarize, it is possible
to claim that hooks exhibit a crack-like unbonded interface
generated by the tool during the stirring from the original
faying surfaces on both the advancing and retreating sides.
The difference between the transition from the hook to the
surrounding region in the advancing and retreating side has
been related to the material flow pattern promoted by the

20200625 1815 HL D73 x25k 30um

TM3000_2101

stirring action of the tool. In fact, the material is continuously
transferred from the advancing to the retreating side, inducing
a compression and crack closure effect in the retreating side
and generating a lack of material in the advancing side. The
hook morphology is closely related to the material flow and
deformation as well, consequently, some differences are de-
tected comparing the hook shape and size in the advancing
and retreating sides.

Figure 9 reports the height of the hook, in both advancing
and retreating sides, as a function of processing parameters.
Indeed, the plastic flow of the material is asymmetric on the
two sides, being rotational and welding speed concordant in
the AS, where a higher hook is formed, but opposite on RS,

Fig. 8 High magnification images of the hook in the retreating side of the joint
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Fig. 9 Geometrical details of the welding features (hook height on top and
bottom sheet plunging on bottom) as a function of the revolutionary pitch

exhibiting a slighter smaller hook. What is more, being flow
velocities influenced by the processing parameters, an obvious
influence on hook height is expected. The influence of process
parameters on the hook height was not definitely clarified. In
fact, the joint welded using the lower heat input (1200/120,
corresponding to a revolutionary pitch of 10) showed the low-
est values of the hook height (the retreating side hook was
almost absent). Then, a sharp increase in the hook height
was found for revolutionary pitch equal to 12.5 (1500/120),
followed by a decrescent trend. Consequently, a clear correla-
tion between hook height and heat input was difficult to be
highlighted. From the analysis of the cross sections, reported
in Figure 5, it can be claimed that also the width of the hook
was influenced by the process parameters. As an interesting
outcome, the maximum measured hook height was associated
to the joints welded adopting 1500 rpm as TRS; apparently, a

further increase of the TRS led to the formation of a thicker
but shorter hook. The TRS increase carried out a consequent
rise in the heat input and a more pronounced softening of the
material.

The bottom sheet plunging, defined as the maximum depth
reached by the NZ underneath the interface between the two
sheets to be welded, was found to increase with the increase of
the heat input. Babu et al. [40] also showed that an higher heat
input implies the widening of the recrystallized NZ toward the
bottom sheet.

High magnification microstructures detected the different
zones of the welding are given in Figure 6.

The SEM micrographs of the base materials (BM) in both
the alloys (Figure 10a and Figure 10d) show a pancake micro-
structure typical of rolled products, the grains are flattened and
stretched along the rolling direction. Some precipitates, easily
attributable to the heat treatment used for the BM, are also
evident, in particular for the AA7075 alloy, coherently with
the different strengthening mechanism.

Figure 10 b and Figure 10 e show the micrographs of the
TMAZ of both AA2198 and AA7075, as detected by SEM
observations in the spots indicated in Figure 6 a and Figure 6
h. Stretched, highly deformed and partially recrystallized
grains are clearly visible. Furthermore, the grain size appears
to be in nearby range for the two alloys. As evident, grains
were stretched following the material flow, so along the
mixing pattern imposed to the material by the stirring action
of the tool.

In Figure 10 ¢ and Figure 10 f, SEM micrographs taken in
the fully recrystallized zone are reported. Both AA2198 and
AA7075 fully recrystallized grains are equiaxed and refined
with respect to the BM structure, as observed also elsewhere
[41], whereas AA7075 grains appear smaller than the
AA2198 ones. This evidence can be explained recalling the
recrystallization laws, enunciated by Cahn and Haasen [42],
stating that the final grain size is ruled by (i) the initial grain
size, (i) the amount of plastic deformation experienced by the
material, (iii) the local temperature experienced during the
deformation, (iv) the duration of the exposure at recrystalliza-
tion temperature or above, and (v) the properties of the mate-
rial. In fact, the higher the strain rate, the lower the recrystal-
lization temperature; therefore, for a given temperature cycle,
higher strain rate implies a more prolonged exposure to tem-
perature exceeding the recrystallization condition [43]. In the
investigated case, the two alloys exhibited a very similar initial
grain size; nevertheless, the material of the bottom sheet
(AA7075) experienced lower temperatures and a lower
amount of plastic deformation during the welding process.
Zhou et al. [44] discussed that during hot forming processes,
such as friction stir welding, aluminum alloy is liable to un-
dergo dynamic recrystallization (DRX), which affects the
crystallographic texture and thus mechanical properties. Kim
and Yoo [45] demonstrated that the occurrence of DRX leads
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Fig. 10 SEM micrographs of the grains structure of the AA 7075 at the BM (a), the TMAZ (b), and the NZ (c¢), and of AA 2198 at the BM (d), the

TMAZ (e), and the NZ (f)

to the formation of refined equiaxed grains. Dehghan-
Manshadi et al. [46] proposed a general descriptive model
for DRX where it was stated that the nucleation of DRX grains
can start at a critical strain which is a function of initial micro-
structure and deformation conditions (i.e., temperature and
strain rate). Then, the evolution of DRX microstructure can
proceed further by increasing deformation and through the
formation of an equiaxed, refined microstructure. Ueki et al.
proved that both temperature and strain rate, as well as the
amount of plastic deformation, have a pronounced influence
on the final DRX structure [47]. Furthermore, for a metal
material, a pronounced interaction between microstructure
evolution and mechanical property exists during a plastic
forming process, so the occurrence of DRX and its under-
standing is fundamental to better understand the whole pro-
cess. To date, there are no detailed papers describing the DRX
behavior of AA2198 alloy during plastic deformation. Some
considerations can be drawn following the work conducted on
AA2024. Zhang X. et al. [48] studied the axial compression of
AA2024 billets by varying temperature and strain rate. They
demonstrated that the temperature governs the atomic diffu-
sion and the driving force of dislocation migration while the
strain rate controls the dislocation density and the accumula-
tion energy of the grain boundary; they observed that the
recrystallization temperature ranges from 523 to 723 °K de-
pending on the strain rate and the initial microstructure. Quan
et al. [49] carefully studied the general recrystallization mech-
anism and the influence of strain, strain rate, and temperature
on DRX behavior of as-extruded AA7075 aluminum. They

@ Springer

also proved that the recrystallization temperature is depending
on strain rate and initial microstructure, a reasonable range for
this temperature was 573723 °K.

As far as the materials involved in this investigation are
regarded, it should be considered that the dynamic recrystal-
lization temperature of AA7075 is slightly higher than
AA2198, and that the latter one was further reduced by the
relatively higher strain rate, explaining the more refined grain
structure induced by the welding process in the AA7075
sheet.

3.3 Lap shear test

In this paragraph, results provided by lap shear testing are
discussed. Load-displacement curves, measured for all joints,
are reported in Figure 11, while images of the fractured spec-
imens are given in Figure 12.

Satisfactory repeatability was found for all the processing
conditions. Two branches can represent the trend of load-
displacement curves. The former is quite linear, with a slope
representing the initial linear stiffness of the joint. The latter, at
first almost linear even if with a different slope from the first
branch, shows the effects of plate element plasticization and
bending occurrence due to progressive specimen fracture.
This tensile behavior is more evident in the specimens pre-
senting higher hooks. All the specimens presented a progres-
sive increase of load up to final sudden failure, except some
that highlighted a saw tooth load-displacement pattern. In this
case, the failure mechanism of FSW joints was associated to
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Fig. 11 Load — displacement curves measured during the lap shear tests

the separation of plate elements along the interface surface.
Interestingly, the highest tensile properties were exhibited by
the joint 1200/120, independently of the internal tunnel, see
Figure 4. It should be noted that for this joint, an evident hook
in the advancing side was not detected, supporting the thesis
of'the detrimental effect played by the hook on the mechanical
behavior of the joint. Furthermore, it is worth noting that the
influence of the hook is dominant with respect to the other
internal defects.

A representative failed sample per each set of welding pa-
rameters is shown in Figure 12. Two distinct failure modes
were observed. Mode A corresponds to tensile fracture
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starting from the crack at the tip of the hook on AS, propagat-
ing upwards along the cracked interface between the hook and
the TMAZ and finally fracturing the SZ at the interface be-
tween the onion ring zone and the flow arm. This fracture
mode was exhibited by all the joints, being the joint
1200/120 the only exception. This joint showed a shear frac-
ture mode (B), where the failure occurs along the original lap
interfaces of the two sheets. It is worth noting that the
1200/120 joint is the one exhibiting a negligible hook forma-
tion. The joint that failed with the mode B showed the highest
ultimate load, further supporting the hypothesis of the nega-
tive role of the hook with respect to the mechanical strength.
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Fig. 12 Photographs of the fractured specimens, evidencing the crack path and failure position (advancing side on the left)

The effective sheet thickness (EST) was firstly introduced
by Reynolds and Cederqvist [50] and then defined by Fersini
and Pirondi [51] as the residual thickness of the loaded sheet
in correspondence of the hook. According to Cao and Jahazi
[52], EST represents the minimum distance between any un-
bonded interface and the top surface of the upper sheet or the
bottom surface of the lower sheet. It is mentioned that major
EST corresponds to higher mechanical properties of the joint.
In this work, following the work done by Shirazi-
Kheirandish-Pouraliakbar [53], the EST was obtained as the
difference between the thickness of the top sheet and the
height of the hook, as measured on the advancing side.
Given the EST, the shear strength S can be calculated as per
following equation:

g_ UL
T EST-W

being UTL the ultimate tensile load and W represents the
width of the specimen. Figure 13 reports the lap shear strength
provided by the above detailed calculations.

@ Springer

The higher lap shear strength was exhibited by the joints
welded adopting a TRS value of 1500 rpm, while the higher
failure load was shown by the 1200/120 joint. This occurrence
has been explained considering that joints welded at 1500 rpm
were free from internal defects, independently of the welding
speed, while 1200/120 joints showed an internal tunnel.
Interestingly, while the load at failure provides information
regarding the strength of the joint, the shear strength provides
useful information about the eventual presence of internal
defects.

Attempting to a correlation between lap shear strength,
failure mode, and position, the following considerations can
be drawn. For samples failed according to fracture mode A (all
samples except 1200/120 joint), lap shear strength initially
increases with the increase of TRS from 1200 to 1500 rpm.
The crack followed the hook, leading to the final rupture in the
advancing side of the specimen, suggesting a good material
continuity between the NZ and the flow arm. On the other
hand, increasing the TRS from 1500 to 1800 rpm, the opposite
variation was observed leading to a reduction of all the
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mechanical properties. Looking at Fig. 12, it can be seen that
the crack started, as for other joints, in the advancing side but
easily propagated following the boundary between the NZ and
the flow arm. At TRS 1800 rpm, it appears that the relatively
higher heat input induces an imperfect metallurgical continu-
ity between the NZ and the flow arm created a preferential
path for failure even at lower loads, with the final rupture
shifted toward the retreating side. As far as 1200/120 joint is
regarded, different considerations can be drawn. As a matter
of fact, for this combination of processing parameters, the
relatively lower heat input and weaker material stirring pro-
vided a less evident hook formation and a good metallurgical
continuity between the NZ and the flow arm. Consequently,
failure mode B was established, with the crack propagating
along the boundary between the NZ and the lower sheet.
Summarizing, the lap shear strength peaked at TRS 1500,
and this behavior has been motivated considering physical
phenomena occurring during the welding. To achieve a satis-
factory mechanical bonding, a certain amount of energy is
required to activate the mechanisms (i.e., diffusion, mechani-
cal interlocking, stirring, and remixing of the material) respon-
sible for the metallurgical bonding, meaning that a minimum
amount of heat input is required. This justifies the initial in-
crease of the lap shear strength with the increasing of the heat
input. Conversely, at higher heat input, other phenomena,
such as grain coarsening as well as formation and redistribu-
tion of precipitates, are activated, inducing a reduction of the
mechanical properties of the joint. Cavaliere et al. [54] also
found that the excessive increase of the heat input is detrimen-
tal to the mechanical properties of the joint, leading to the
claim “the colder the better”. In the investigated case, a more

significant influence of the TRS, rather than the WS, on the
mechanical strength was found.

4 Conclusions

Taking into account what herein reported and discussed, the
following conclusions can be drawn, attempting to provide
some answers to the questions formulated in the introduction
of the manuscript:

* The feasibility of the dissimilar joining by friction stir
welding of AA 2198 to AA 7075 in single lap joint con-
figuration has been demonstrated for different processing
conditions. Internal and surface defects (mainly grooves
and tunnels) were found for all the welds produced with an
advancing speed of 120 mm/min and for the samples proc-
essed adopting tool rotational speed of 1800 rpm, but a
processing window leading to sound joints has been
framed and clearly defined.

* Force trend varies during the plunging, dwelling, and trav-
el phase, exhibiting several peaks. Forces increase when
decreasing the heat input, i.e., when increasing with the
increase of the welding speed and with the decrease of the
tool rotational speed. The recorded values of the Fz were
always higher than the ones recorded for the Fx.

* An onion rings structure, made of recrystallized grains,
was clearly visible in the nugget zone. The nugget zone
was constituted by very thin and fully recrystallized
equiaxial grains, whereas a more significant refinement
was found for the grains of AA7075. Grain refinement
was detected also in the flow arm. Hooks were formed
in both the advancing and retreating sides, due to the up-
ward flow of AA7075 from the bottom plate.
Thermomechanical affected zones, made of highly de-
formed and partially recrystallized grains, were also
identified.

» Single lap shear tests highlighted that the presence and
size of the hook, rather than internal defects, are the main
factor ruling the failure load. The achieved result supports
the hypothesis, already claimed in literature, that the hook
has a detrimental influence on the strength of the joints,
creating de facto a preferential path for the crack propaga-
tion. Furthermore, lap shear strength exhibited a non-
monotonic peak, initially increasing and then decreasing
with the TRS. A less significant influence of the WS was
observed.

*  The microhardness map reflected the different metallurgi-
cal zones observed, whereas higher microhardness values
where measured in correspondence of the highly de-
formed and recrystallized grains of the hooks. The micro-
hardness values measured in the nugget zone were slightly
higher than the ones of the BM, whereas lower values
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where associated with the heat affected zone. As a general
trend, the hardness increases with the decreasing of the
heat input, consistently with what typically happens in
FSW.
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