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A B S T R A C T

The complex structure of the AA2098-T351 alloy welded by friction stir welding (FSW) was investigated by
transmission electron microscopy (TEM), differential scanning calorimetry (DSC) and microhardness measure-
ments. Thermal modelling process of the FSW process was carried out by soldering thermocouples at distances of
6, 9 and 12mm from the weld centerline, and thermocouple measurements were used as input data into the
model. Finite element software COMSOL v5.2 was used for data analysis. The prevailing phases in the base metal
(BM) are T1 (Al2CuLi) θ′ (Al2Cu), δ′/β′(Al3(Li,Zr)) and Ω (Al2Cu). In the heat affected zone (HAZ), either in the
retreating or advancing sides, θ′ phase was not identified. In the thermomechanical affected zone (TMAZ), T1,
δ′/β′, GP zones phase were detected in the retreating side, whereas T1 and Guinier-Preston (GP) zones were not
observed in the advancing side. This result supports the asymmetric behavior observed in the microhardness
profile of the weld. In the stir zone (SZ), GP zones, T1, δ′/β′ (Al3(Li,Zr)) and Ω were identified.

1. Introduction

Friction stir welding (FSW) was developed as an alternative to
conventional welding processes and it was found to be more advanta-
geous for welding Al alloys. FSW generates aluminum welding joints
with superior mechanical properties [1–3]. This process is character-
ized by the insertion of a non-consumable rotating tool, comprising a
pin and a shoulder, which traverses the abutting joint of the materials
to be welded. The intense plastic deformation and high temperatures
reached modifies the microstructural features of the welded surface;
consequently, different welding zones, such as the stir zone (SZ),
thermomechanical affected zone (TMAZ), heat affected zone (HAZ), in
addition to the unaffected material, known as the base metal (BM) are
produced [1–5].

The SZ is characterized by intense heating and plastic deformation
that lead to dynamic recrystallization with fine grains and phase dis-
solution (in most cases, especially if the alloy is a precipitation har-
dened alloy). In the TMAZ, the degree of deformation and temperature
attained lead to heavily deformed grains and phase dissolution de-
pending on the alloy system. Unlike the SZ, recrystallization does not
occur in the TMAZ. In the HAZ, the lack of plastic deformation results in
grains with similar shape compared with that of the BM. Nonetheless,
the HAZ experiences temperatures high enough to cause precipitate

dissolution, coarsening and the formation of precipitate free zone (PFZ)
is sometimes observed. In the BM, thermal cycles may be experienced
but they are not sufficient enough to cause changes in microstructure or
mechanical properties [2–4].

Modifications in microstructural features due to welding processes
have been reported by many authors [6–9]. However, these changes are
influenced by the welding parameters adopted [6]; consequently, each
welding process is unique. For instance, Cavalieri et al. [7] analyzed the
phases present in AA2198 welded by FSW using selected area electron
diffraction (SAED). They found θ′ (Al2Cu) and δ′ (Al3Li) in the SZ, and
θ′ (Al2Cu), δ′ (Al3Li) and T1 (Al2CuLi) in the TMAZ and HAZ. Further,
Gao et al. (2015) also reported the presence of β′(Al3Zr) in the HAZ and
δ′ and β′ in the SZ of AA2198. Li et al. [8] detected T1 phase in the SZ of
AA2198 [8]. Rao et al. [9] also reported the presence of T1 and TB

phases in the SZ of AA2198. Based on literature [6–8], it can be con-
cluded that there is no general agreement on the microstructural fea-
tures of each welded zone due to the influence of welding parameters.
As mentioned earlier, every case is unique, and for the new generation
Al-Cu-Li alloys, establishing the microstructural features responsible for
their in-service performances is far from being complete. Further, the
precipitation sequence of this group of alloys is complex since they
possess more than one strengthening precipitates which are pre-
cipitated and dissolved at varying temperatures and states of stress
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[10,11]. Consequently, it is of major importance to further characterize
the complex microstructure of new generation Al-Cu-Li alloys (which is
even more complex when welded by FSW). This is important as these
alloys are aerospace alloys and the overall performance of their welds is
heavily dependent on produced microstructural features which are yet
to be fully established.

Considering the importance of nano-sized phases on the corrosion
and mechanical properties of aluminum‑copper‑lithium alloys, the
transmission electron microscopy (TEM) is crucial in microstructural
characterization of these alloys. TEM has been largely used in the in-
vestigation of phases in each of the welded zones [4,7–9,12–14].

Differential scanning calorimetry (DSC) has also been applied to mi-
crostructural characterization of light metals, such as Al alloys [15–28].
According to Starink [17], DSC is useful in the study of solid state re-
actions that occur during processing of Al alloys (solidification,
homogenization, precipitation). Moreover, this technique is effective in
the study of heat treatments of Al alloys since it provides useful in-
formation on the temperature ranges for phase dissolution and pre-
cipitation. Sidhar et al. [28] used DSC to characterize the precipitates in
differently heat-treated Al-Cu-Li-Mg-Ag and Al-Cu-Li-Mg alloys that
were welded by FSW. This technique was also used by Qui et al. [20] for
microstructural characterization of the weld affected zones of 2195-T8
Al–Li alloy.

There are many published works on the microstructure of the
AA2198 alloy [7–9,12,29–33]. This alloy is derived from the AA2098
used in this study. However, it contains slightly lower copper contents
compared to the AA2098 alloy [31,32]. It must be mentioned that the
literature on microstructural features of the AA2098 alloy is scarce
[34,35]. Therefore, the aim of the present study is to provide this lack of
information on the microstructure of the AA2098-T351 alloy welded by
FSW. This investigation was carried out using TEM and DSC analyses, in

Fig. 1. Schematic diagram of thermocouples positioning in the welded AA2098-
T351 alloy.

Fig. 2. Schematic diagram of the different positions from which FSW AA2098-T351 alloy samples were obtained for DSC analysis.

Fig. 3. (a) Macroscopic image of the welded sample indicating the areas from which samples for TEM analysis were obtained. (b) TMAZ width from retreating side;
(c) TMAZ width from advancing side.
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addition to microhardness measurements and thermal simulation of the
FSW process adopted in this study, to correlate the microstructure to
the FSW effects.

2. Materials and Methods

2.1. Material

The AA2098-T351 alloy (3.4 wt% Cu, 1 wt% Li, 0.3 wt%Mg, 0.3%
wt Ag, 0.4 wt% Zr, 0.04 wt% Fe, 0.05 wt% Si, 0.02 wt% Zn, 0.003 wt%
Mn) was used in this work. The temper T351 corresponds to (1)
Solution heat treatment; (2) stress relief by stretching; and (3) natural
aging.

2.2. Friction Stir Welding (FSW)

The friction stir welding process was modeled using as a steady-
state visco-plastic laminar flow in a computational fluid dynamics
(CFD) package. The CFD method allows to simulate the material flow
pattern in FSW coupled with thermal simulation. This method has al-
ready reported good results simulating both temperature and material
flow pattern by Nandan et al., [36] and others [37–40]. The funda-
mental assumption in is that the flow of the sheet material resembles
that of a non-Newtonian and highly viscous fluid.

The model in the present work provides temperatures distribution
by a fully coupled thermal–mechanical model based on CFD using
COMSOL v5.2 software [36]. Simulated temperature results were
compared with reference experimental data obtained by thermocouples
positioned as shown in Fig. 1. In order to validate the model, the same
process parameters for simulations and experiments were chosen to

Fig. 4. Results obtained from thermal profile simulation: (a) temperature variation with time at different distances from the joint from thermal modelling (dashed
lines) and from measurements using thermocouples (solid line); (b) thermal modelling results from cross-sectional view of the trailing edge.
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compare temperatures.
Physical phenomena in welding, such as heat transfer by conduction

and radiation, were considered. The welding model counted 86,009
elements. The thermal conductivity and specific heat of the AA2024
alloy were used as references in the COMSOL database, once the data
for the AA2098 alloy used in this work are not available.

The temperature and velocity field were solved assuming steady-
state behavior. Viscosity is determined using the flow stress (σe) and the
effective strain rate ε ̇ as follows:

=μ σ
ε3 ̇
e

(1)

The flow stress in a perfectly plastic model was proposed by Sellars
[41]:
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Z is the Zener–Hollomon parameter which is an empirical function
of temperature and strain rates as shown below
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where Q is the activation energy of lattice diffusion and R is the uni-
versal gas constant. The values of Q and A were taken from Yang et al.
[42]. In the simulation model, the heat is generated due to plastic
dissipation which increases as the strain rate increases. In addition, the
full sticking conditions assumed in this work will result in extremely
high strain rates and temperatures [43].

2.3. Microhardness Test

Microhardness measurements were recorded from the sample sur-
face in steps of 0.2mm using a load of 200 gf for a dwell time of 10 s. A
Knoop/Vickers Tukon 1202 Wilson Hardness was employed for this
purpose. Three sets of measurements were recorded at the surface, and
their mean values were estimated.

2.4. Differential Scanning Calorimetry (DSC)

DSC data were obtained in nitrogen (99.999 wt%) atmosphere using
a 822 Mettler Toledo equipment. Samples were ground with silicon
carbide paper. The weights of the samples employed for the test were in
the range of 20–30mg. The heating rate used in the DSC measurements
was 10 °C/min and the scanning temperature range was from 50 °C to
550 °C. Samples used for DSC measurements were removed from dif-
ferent regions along the welded sample, as indicated in Fig. 2 by
numbers. Samples from the unwelded alloy were also tested by DSC for
comparison.

2.5. Transmission Electron Microscopy (TEM)

Discs of 3mm diameters were used for TEM analysis as shown in
Fig. 3a. Fig. 3b–c are magnified images of the selected TMAZ regions of
the advancing side (AS) and retreating side (RS) in Fig. 3a, respectively.
Electrolytic etching was performed in a solution composed of 20% ni-
tric acid in methanol at 25 V and at −30 °C prior to acquisition of
transmission electron microscopy (TEM) images. TEM samples were
prepared using a TenuPol equipment. The imaging was carried out
using a JEOL 2100 microscope. Selected area electron diffraction
(SAED) patterns were recorded with a Gatan ES500W camera. Images
were acquired using a TVIPS F416 4 K×4 K camera, and for specimen
tilting, a JEOL EM 31630 double tilt holder was used. All the weak
reflections related to the superlattice spots in SAED patterns were en-
hanced using DiffTools plugin [44] in digital micrograph software.

Fig. 5. Relationship between top surface microhardness profile and temperatures calculated at different depths from the cross-section of FSWelded AA2098-T351
alloy.

Table 1
Extrapolation of temperature reached in each welding zone.

Welding zone Temperatures reached (°C)

HAZ (RS) < 300
TMAZ (RS) 400–300
SZ 600–400
TMAZ (AS) 520–380
HAZ (AS) < 380
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3. Results and Discussion

3.1. Thermal Simulation

Results of thermal modelling are shown in Fig. 4. Temperatures
indicated by thermal simulation are consistent with those obtained by
measurements using thermocouples in their corresponding positions,

Fig. 4a. Thermal cycle acquisition and thermal distribution are much
important for investigation of metallurgical transformations and de-
termination of extension of these transformations. The measured tem-
peratures validated the thermal simulation. It can be noted that tem-
perature effects are found even at large distances from the weld joint.
Moreover, the advancing side reaches higher temperatures than the
retreating side, Fig. 4b, as already described by other authors [7,13,45].

Fig. 6. TEM bright field images (a, c, e) and SAED patterns (b, d, f) obtained in [110], [112], [100] orientations showing the dominant phases in unwelded (BM)
AA2098-T351 alloy. T1 and θ′ variants appear differently in various orientations; when viewed along [110] orientation (a, b), two T1 variants and one θ′ variant
appear edge-on; in [112] zone axis (c, d), one T1 variant (out of 4) was observed edge-on, whereas in [100] zone axis (e, f), one θ′ variant was observed edge-on.
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The temperatures indicated in Fig. 4b are representative of the trailing
edge distribution. During the welding process, the tool moves by rota-
tion and translation. At the AS the rotating tool experiences more re-
sistance to the translational movement of the tool and somewhat dwells
longer at the AS [46]. This leads to more heat generation at the AS
compared with the RS.

3.2. Microhardness

The relationship between welding process temperatures and mi-
crostructural variations is evident in Fig. 5. At the welding joint, the
high temperatures reached are responsible for the decreased

microhardness. This behavior has been described by many authors
[4,7,8,47]. The microhardness at 16mm from the weld centerline
(0mm) dropped compared with that of the BM. Given that the T1 phase
is the predominant strengthening phase in Al-Cu-Li alloys [5,13,14],
this behavior is typical of overaging that leads to T1 phase coarsening
and partial dissolution in addition to other phase dissolution [4,7,20].
In the retreating side of the TMAZ, temperatures reached values be-
tween 400 °C and 300 °C, Table 1, and at this temperature range the
majority of T1 phase seems to be dissolved and others could have been
partially coarsened, as proposed by Chen et al. [27]. In the advancing
side of the TMAZ, the temperatures reached values in the range from
520 °C to 380 °C, Table 1, that is, temperatures higher than that of T1
dissolution [12,27], leading to low microhardness values. This asym-
metric behavior between advancing and retreating sides, leading to
microhardness differences of about 10 HV0.2 is strongly influenced by
tool geometries and welding parameters [4,8]. Nevertheless, the width
of the HAZ is smaller in the AS as evident from the microhardness
profile. In the SZ, dynamic recrystallization resulting in fine grains
appears to be responsible for higher microhardness in relation to the
TMAZ [12]. However, the post-weld natural aging that leads to GP
zones and δ′ formation have also been reported as possible reasons for
increased microhardness in the SZ [4,5,13,14].

Classification of FSW affected zones was based on tool and pin di-
mensions, 10 and 5mm respectively, microhardness results and optical
observations are presented in Figs. 3, 4 and 5. Based on this informa-
tion, the temperatures reached in each zone were estimated.

3.3. Phase Characterization

TEM and electron diffraction (SAED) analyses performed in the re-
gions of the welded alloy shown in Fig. 3 were correlated with the
microhardness measurements across the surface of the weld. Results
showed that the dominant phases in the BM are the T1 (Al2CuLi), θ′
(Al2Cu), δ′/β′ (Al3(Li,Zr)) and Ω (Al2Cu) phases as illustrated in Fig. 6.
Corresponding [110] zone axis diffraction pattern is shown in Fig. 6b.
Four variants of the T1 phase were observed: two variants produced
superlattice spots at 1/3 and 2/3 of 〈220〉 and the other two variants
appear as continuous streaks along 〈111〉. Also, streaks along 〈001〉
indicate the presence of GP zone or θ′ precipitation. Fig. 6d shows
corresponding [112] zone axis diffraction pattern. Some superlattice
spots and continuous streaks related to T1 phase in 〈111〉 direction can
be observed. However, no streaks along 〈042〉 direction related to S′
(Al2CuMg) phase was observed. The θ′ phase was observed in both
[110] and [100] oriented zone axis diffraction patterns, Fig. 6b and f.
Streaks along 〈001〉 indicate the presence of GP zone or θ' precipitation.
Fig. 6f also shows that the four variants of T1 phase produced a set of
four superlattice spots.

The δ′ and β′ phases were also observed in the BM. These are often
identified as δ′/β′ due to similarities in morphology and electron dif-
fraction [4,12]. Literature reports [9,18] that the δ′ phase precipitates
on top of β′ phase during heat treatment, forming a core-shell mor-
phology, and this was in fact observed, Fig. 7.

The β′ phase is formed during homogenization of cast alloys. They
are stable as a result of low Zr solubility in Al, small misfit and sluggish
diffusion of Zr in Al. Thus, during welding process this phase does not
undergo dissolution. The δ′ phase is a metastable phase coherent with
the matrix [18].

The Ω phase has a similar structure to that of T1. It forms as a
hexagonal or orthorhombic plate on the {111} planes [13,27]. Its for-
mation is associated to Mg and Ag additions in Al-alloys [18,27,48].
The θ′ is a metastable phase which might be either parallel or per-
pendicular to T1. In Al-Cu-Li alloys, additions of Mg promote the for-
mation of θ′ phase; however when Ag is present, this effect is weakened

Fig. 7. TEM bright field image showing δ′/β′ core-shell morphology.

Fig. 8. DSC thermograms obtained at 10 °C/min from the AA2098-T351 alloy
(BM). The dimensions of each sample were 3mm×3mm×1mm.
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due to the preferential attraction between Mg and Ag over that of Mg
with Cu. This leads to less Mg atoms available to form Cu-Mg vacancy
groups which assist the precipitation of θ′ [38].

The difficulty in identifying GP zones by TEM is reported in litera-
ture [25]. In order to further investigate the presence of these zones in
the BM, DSC analysis was carried out and the results are presented in

Fig. 9. TEM bright field images (a, c, e) and SAED (b, d, f) patterns obtained in different orientations from the RS and AS of the HAZ of AA2098-T351 alloy. In [110]
zone axis bright field image of the RS (a), the presence of θ′ variant can be observed but not as a dominant phase, no streaks along 〈001〉 direction can be seen in the
corresponding SAED pattern (b). The micrographs (c, d, e, f) taken from advancing side show no presence of θ′ variant.
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Fig. 8. No significant GP zones were observed in the BM. Increase in
dislocation density is favored by stretching and this might explain the
suppressed formation of large-sized clusters/GP zones [49–51]. Ac-
cording to Cersara and Fiorini [52], pre-straining could reduce the
driving force behind natural aging and inhibit the formation of clusters/
GP zones. According to literature [28,48], the presence of Ag and Mg
favor T1 precipitation and, consequently, hinders GP zone formation.

In Fig. 8, the peak B between 200 °C and 250 °C confirms the pre-
sence of δ′ phase. This phase has been reported to precipitate at low
temperatures [5,20,25,53]. Peak C, as well as its convolutions, C′ and
C″, represents T1 phase precipitation that occurs in the 250 °C–350 °C
range [5,20,28,54]. The slight peak precipitation is related to the “51”
temper condition and alloying elements. This temper is associated with
pre-straining between 1% and 3% of the permanent strain, prior to
aging. This phase precipitates preferentially at grain/subgrain bound-
aries and dislocations [55–59]. Thus, the stretching step leads to in-
creased dislocations density and, consequently, an increase in T1 phase
precipitation [60]. Generally, dislocations reduce the strain energy as-
sociated with the interface between the matrix and T1 phase, and this
promotes the nucleation and growth of the T1 phase [28]. The addition
of Ag in presence of Mg favors precipitation of T1 phase, as previously
reported. Finally, peak D is related to dissolution of T1, θ′ and Ω phases
at high temperatures [5,26,37].

TEM results from the AS and RS sides of the HAZ showed that the
main phases in these zones are T1, δ′/β′ and Ω, as Fig. 9 shows.

As it was observed in the BM, four variants of the T1 phase were also
observed in the HAZ. According to Fig. 9b, two variants produced su-
perlattice spots at 1/3 and 2/3 of 〈220〉 and the other two variants
appear as continuous streaks along 〈111〉 exactly like what was ob-
served for the BM. Again, exactly like the case of the BM, very faint
streaks along 〈001〉 indicating the presence of GP zone or θ′ pre-
cipitation were also observed. The corresponding [112] zone axis

diffraction pattern, Fig. 9d, shows the dominant phases as previously
mentioned. The θ′ phase was observed in [110] orientation, however it
is not a dominant phase. This phase was found randomly distributed
only at certain regions. For the [001] zone axis diffraction pattern, four
variants of T1 phase produced a set of four superlattice spots, Fig. 9f.
The TEM results showed the same dominant phases in the RS and AS of
the HAZ, Fig. 9. However, further information (provided by the DSC
thermographs corresponding to these zones) showed significant differ-
ences between the RS and AS of HAZ, in accordance with differences
indicated in the microhardness profile, Fig. 5.

Higher temperatures are reached in the AS compared to the RS.
However, the domains of the effects of thermal cycles are wider in the
RS compared with the AS. Fig. 10a shows increase in the peaks C′, C″
and C related to overaging, coarsening and partial dissolution of T1
phases. This effect extends to 12mm from the edges of the weld and it is
in accordance with the microhardness results. Temperatures in the
range of 100 °C–300 °C are reached in these regions, according to
thermal simulations, Fig. 5. In the AS, the effects of overaging are
limited to the approximately 9mm from the edge of the weld. In fact,
the slope of microhardness variation with distance from the weld
boundary was steeper in this side of the sample, Fig. 5. From DSC re-
sults, increase in peak dissolution corresponding to δ′ phase was ob-
served for both sides. This is because, prior to welding, the BM contains
δ′ phase which was formed at low temperatures. Subsequently, the
welding process causes the coarsening of the pre-existing δ′ phase,
whose volume fraction was further enhanced by a combination of the
partial dissolution of the T1 phase during the welding and the natural
aging process after welding [13–15]. The partial dissolution of the T1
particles increases the amount of Li atoms in the solid solution, and this,
in turn, favors the precipitation of δ′ phases at lower temperatures after
the welding.

TEM images were obtained from the TMAZ of the RS (Fig. 11) and

Fig. 10. DSC thermograms obtained at 10 °C/min for samples from the (a) RS and (b) AS regions of the HAZ. The samples were obtained from the regions labelled
S1–4 and S10–13 as depicted in Fig. 4. The dimensions of each sample were 3mm×3mm×1mm.
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that of the AS (Fig. 12). Slight differences were observed in both figures.
The dominant phases in the RS were the δ′/β′ and T1 phases. Never-
theless, in the AS only the δ′/β′ phase prevailed. However, it is im-
portant to mention that the features in the TMAZ regions, irrespective
of the side (AS or RS), can vary depending on the temperature reached
and the extent of deformation experienced by the exact region in which
the TEM images were obtained. In the RS images corresponding to
[110] zone axis diffraction pattern, Fig. 11b, three T1 variants (two
superlattice spots along 〈220〉 and one streak along 〈111〉 directions)
were observed. Also, GP zone or θ′ in 〈001〉 was not observed. For
[112] zone axis, the presence of T1 phase can be seen in the bright-field
image (Fig. 11c), but its related streaks along 〈111〉 direction were
difficult to find in the corresponding diffraction pattern (Fig. 11d) due
to weak intensities. Although the T1 phase was found in the RS of the
TMAZ, it was not a predominating phase; and in the advancing side of
the TMAZ, there was no evidence of the T1 phase. This can be seen from
the [110] zone axis bright-field image/diffraction pattern in Fig. 12a
and b where the lack of streaks along 〈111〉 or superlattice spots in
〈220〉 indicated the absence of T1 phase. Also, no streaks were

identified along 〈001〉 suggesting the absence of GP zone or θ′ pre-
cipitation. Thus, T1 and θ′ were absent in this zone. Extra spots arise
due to the presence of δ′/β′ precipitates. Both δ′/β′ precipitates appear
as spheres in the form of core-shell structure with β′ as core and δ′ as
shell. For [112] zone axis diffraction pattern, no streaks were observed
in any orientation. Hence, T1 and θ′ were absent. However, extra spots
show the presence of δ′/β′ precipitates.

To support the affirmation that T1 phase is not a dominant phase in
the AS, low magnification images of this zone are shown in Figs. 13 and
14.

For the SZ, the dominant phases were the T1, δ′/β′ and Ω. From
[112] zone axis diffraction patterns acquired in different regions
(Fig. 15a, c), the presence of isolated δ′/β′ precipitates (12b) and in-
termixing of δ′/β′ & Ω (Fig. 12d) phase precipitates were found.
However, in both regions, T1 and θ' precipitates were not be identified.
In [110] zone axis orientation of a different region, superlattice spots
related to T1 phase were found (Fig. 15f). But due to large dynamical
contrast of [110], clear identification of T1 precipitates in the bright-
field image was not possible. By tilting along 〈111〉 direction and

Fig. 11. TEM bright field images (a, c) and corresponding SAED patterns (b, d) obtained from the TMAZ of the RS in AA2098-T351 alloy. The presence of T1 phase
can be observed in the images a, c obtained in different orientations, but being a weaker phase its characteristic streaking feature along 〈111〉 is clearly visible only in
one direction of the [110] zone axis SAED pattern (b).
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establishing kinematical diffraction condition, it was possible to iden-
tify the T1 phase precipitates (Fig. 15e).

TEM analysis indicated absence of GP zones in the SZ. However,
DSC thermograms from SZ show a pronounced dissolution peak

between 100 °C–150 °C (peak A), Fig. 16, related to GP zones
[15,21,23,28]. As previously mentioned, GP zones are hardly identified
by TEM [25]. These zones are formed during cooling from super-
saturated slid solution (SSS) due to the high temperatures reached at

Fig. 12. [110], [112] TEM bright field images (a, c) and corresponding SAED patterns (b, c) obtained from TMAZ of the AS in the AA2098-T351 alloy. Like in the
bright field images of the TMAZ in the RS (Fig. 11a, c), no T1 phase variants are visible.

Fig. 13. Low magnification TEM images of TMAZ of the AS related to Fig. 12. The grain oriented along [110] zone axis appear darker in contrast and is highlighted
by a dotted line. Adjacent grains which are not oriented along the zone axis appear brighter and the edge-on features associated with T1 or θ′ variants are easy to
understand. However, no such features are visible in either darker or brighter contrast grains.
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weld joint that leads to T1 and δ′ phase dissolution [4]. The GP zones
are formed due to natural aging. In fact, the temperatures reached in
the weld joint, Table 1, contribute to natural aging in this zone by
somewhat enhancing the formation of SSS. The precipitation in Al-Cu-Li
alloys is dependent on Cu/Li ratio [23]. For alloys with Cu/Li ratio
between 2.5 and 4, the precipitation sequence proposed is:

→ → + ′ → + ′ → ′ + ′ → ′ + →SSS GP zones GP zones δ θ δ θ δ δ T T" 1 1
(4)

Depending on heat-treatment conditions, the solution treated ma-
terial can decompose and precipitate via several different reactions
[27]. The large precipitation peak (peak C) related to T1 phase shows
that the temperatures reached, Table 1, contribute to T1 phase dis-
solution. Thus, supersaturated solid solution is formed and the pre-
cipitation sequence as shown above can occur. The prominent peak C,
also leads to the conclusion that T1 phase density decreases in the SZ in
relation to the BM, and this was supported by TEM analyses. The
steeper microhardness variation with distance in the AS compared to
the RS is supported by the small A and B peaks of the TMAZ in the AS
(S8 and S9). The precipitation of GP zones and δ′ phase were less fa-
vored in the AS compared with the RS of the weld joint. This is evident
when curves S8–9 (AS) are compared with curves S5–7(RS) in the
thermograph in Fig. 16.

Table 2 indicates the main phases found in the various zones of the
AA2098-T351 alloy welded by FSW and their characteristics based on
results from DSC and TEM analyses.

4. Conclusions

The microstructural characterization of the zones of AA2098-T351
welded by FSW was carried out by TEM and DSC analyses and the re-
sults were correlated to microhardness measurements. Thermal mod-
elling was also carried out and the results were compared with thermal
measurement results obtained during the welding process. The results
showed that in the base metal (BM), the prevailing phases are T1
(Al2CuLi) θ′ (Al2Cu), δ′/β′ (Al3(Li,Zr)) and Ω (Al2Cu). Similar phases,
with the exception of the θ′ phase, were identified in the heat affected

zones (HAZ) of the retreating side (RS) and advancing side (AS).
However, the density of the T1 particles were reduced in the HAZ
compared with the BM. Given that the T1 phase is the major
strengthening phase, this led to decrease in microhardness values in the
HAZ compared with the BM. This revelation was strongly supported by
DSC thermograms which showed that the T1 phase present in the BM
was partially dissolved in the HAZ due the welding process. Slight
differences in precipitation sequence were observed in the TMAZ re-
gions of the AS and RS supporting the asymmetric behavior which was
observed in the microhardness profile. This is related to the varying
degrees of the effect of thermal cycles experienced at the two sides (AS
and RS) of the weld. Thermal modelling and thermal measurements
results, which were in complete agreement, confirmed this asymmetry.
The dominant phases in the TMAZ of the RS were δ′/ β′ and T1. On the
contrary, T1 phase was rarely found in the TMAZ of the AS. This led to
lower microhardness values as the predominant strengthening phase
present was the δ′/β′ phase (known as one of main hardening phase in
absence of T1). In the SZ, GP zones, T1, δ′/β′ (Al3(Li,Zr)) and Ω were
observed. In comparison with the TMAZ, the presence of these phases in
the SZ led to higher microhardness. Higher DSC peaks related to T1
phase precipitation were observed in the SZ which confirms that most
of the T1 particles present in the BM phase were dissolved. Moreover,
higher GP zones and δ′ DSC dissolution peaks were also observed in the
SZ compared with the other analyzed zones, and this showed that the
temperature reached at this zone favors the precipitation of these
phases. This is because the temperature reached during the welding
process leads to the dissolution of the T1 phase which in turn favors the
precipitation of these phases (GP zones and δ′ phase) after welding.
Finally, DSC showed to be an effective technique for characterization of
GP zones and acted as a complementary method in microstructural
characterization of the aluminum alloy used in this study.

Data Availability

The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.

Fig. 14. Others low magnification TEM images of TMAZ of the AS. The grain oriented along [110] zone axis appear darker in contrast and is highlighted by a dotted
line. Apart from some defects (inside the oriented grain) and δ′/β′ phase characteristics, no streaking features associated with T1 or θ′ variants are visible.
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Fig. 15. TEM bright field images (a, c, e) and SAED patterns (b, d, f) showing the dominant phases in the SZ of the AA2098-T351 alloy. Weak intensities related to δ′/
β′ precipitates are highlighted by plotting an intensity profile across the superlattice spots (b). The presence of Ω phase is evident when the electron beam is
approximately parallel to [112]α orientation (c). From the bright field image (e) taken in kinematical imaging conditions i.e. away from exactly [112] zone axis
orientation along 〈111〉, one T1 variant is observed.
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