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ABSTRACT
The 3rd generation of aluminum–lithium (Al–Li) alloys provides a
desirable combination of high mechanical properties and low dens-
ity compared to their traditional counterparts, exempt of lithium.
Therefore, providing a reliable joint between new and conventional
aluminum alloys is crucial for making hybrid structures. The present
study focuses on improving the mechanical properties of dissimilar
AA2198/AA2024 joints using different heat treatments before and
after welding. Tensile tests paired with digital image correlation
(DIC) techniques and micro-hardness maps were performed to
document the macro-scale and local mechanical behavior of the
joints. As-welded joints demonstrated a similar yield strength, 30%
lower than that of the base metals in T3 and T8 metallurgical states.
As-welded joints failed at the AA2198 side in the heat affected zone
(HAZ), parallel to the thermo-mechanically affected zone (TMAZ),
region experiencing intense strain concentration and minimal hard-
ness values. Post welding-heat treatments (PWHT) was found to suc-
cessfully strengthen HAZ on the AA2198 side, without abnormal
grain growth in the nugget and impairing the hardness properties
on AA2024 side. This improvement in local mechanical properties
on the AA2198 side was related to the re-precipitation of dissolved
T1 (Al2CuLi) and h (Al2Cu) during welding as characterized by differ-
ential scanning calorimetry (DSC) and microscopy analyses.
However, PWHT joint variants demonstrated a reduction in total
elongation and ultimate tensile strength due to intense strain local-
ization on the AA2024 retreating side compared to a much more
homogeneous strain distribution in the as-welded joints.
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1. Introduction

The 3rd generation of aluminum–lithium (Al–Li) alloys is ideal for the transport indus-
try when weight reduction is a priority. However, the main drawback of Al–Li alloys is
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their complex manufacturing process, making them particularly expensive compared to
conventional aluminum alloys. A cost- and weight-efficient solution for aerospace
structures consists of using Al–Li alloys only for critical regions, while the rest of the
structure being made of conventional aluminum alloys. Dissimilar joining of conven-
tional aluminum alloys to Al–Li alloys appears as a vital solution for design-effi-
cient structures.

The conventional fusion welding methods are inappropriate for joining the 3rd gen-
eration Al–Li alloys due to welding defects, for example, hot cracking [1,2]. The fric-
tion stir welding (FSW) process, a solid-state welding technique, prevents the
formation of such detrimental welding defects [3,4]. However, even the solid-state
FSW process generally produces a significant heat input, leading to potential micro-
structural changes. Indeed, over-aging or strengthening precipitates dissolution within
the nugget zone (NZ), the thermo-mechanically affected zone (TMAZ), or the heat-
affected zone (HAZ) of FSWed joints was reported to occur [5,6].

Loss of mechanical properties is generally observed in these microstructure-evolving
areas, especially at TMAZ and HAZ [7–9]. Thus, it is essential to understand the
microstructural changes during the FSW process. Heidarzade et al. [10] have written
an excellent review on FSW processes of dissimilar materials and their microstructural
evolutions. They have addressed challenges associated with joining a broad range of
dissimilar material combinations. In their work, the precipitation sequence of binary
Al–Cu alloys from the supersaturated solid solution (SSSS) was reported as follow:

SSSS ! GP I zones ! GP II zones ðh �Þ ! h��! hðAl2CuÞ

However, the precipitation sequence in Al–Li alloys is more complex. The 3rd gener-
ation alloys have a lower Li content compared to the 1st and 2nd generations of Al–Li
alloys, thus avoiding the formation of brittle dI(Al3Li) phases and improving toughness
properties. Besides, higher Cu and Mg amounts promote the formation of T1
(Al2CuLi) strengthening phases [11]. In the specific case of similar joints made of only
AA2198 material, a drop of strength properties was reported, resulting from the dissol-
ution of T1 (Al2CuLi) precipitates at high welding temperatures [12]. Similarly, joints
made of AA2024 have a lower hardness at HAZ and TMAZ [13]. Despite intense opti-
mization in welding parameters and cooling during the welding operation, the mech-
anical performance of FSWed joints is always lower than those of both the base metals
[14–16]. Therefore, the dissimilar welding of AA2024 and AA2198 is particularly chal-
lenging owing to the local evolution of the microstructure and mechanical properties
due to severe thermomechanical stress inherent to the FSW process.

The post-weld heat treatment (PWHT) has been targeted in the present research to
improve the joint mechanical properties. PWHT can be a combination of solution heat
treatment and aging treatment or merely an aging treatment after welding [17].
Applying bulk or local PWHT on AA2��� series leads to a fine and dense re-
precipitation in the NZ [18], resulting in recovering the joint mechanical properties
[19–21]. Lin. et al. [22] investigated the influences of PWHT on the microstructure
and tensile properties of Al–Cu–Li alloys. A significant improvement in tensile strength
and hardness properties of the joint was reported by applying pre-straining then aging
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treatment on FSWed joints. However, the combination of solution and aging treatment
resulted in the joint ductility impairment, which was correlated to coarse dI (Al3Li)
precipitates, producing high-stress concentration during plastic deformation.
Moreover, Zhang et al.[23] reported that the combination of solution and aging treat-
ment of Al–Li alloys could decrease the ductility due to grain coarsening in the NZ
and TMAZ. Moradi et al. [21] investigated the effect of PWHT on microstructural and
mechanical properties of dissimilar joints between AA2024 and AA6061. The aging
treatments improved the joint efficiency up to 96% of base metal AA6061. However,
remarkable abnormal grain growth in the nugget of joint was reported. Therefore,
improving the joint performance with PWHT is not straightforward compared to simi-
lar joints and a closer investigation is needed.

Dissimilar FSWed joints made of AA2198 and AA2024 have already been investi-
gated in terms of mechanical and microstructural characterizations [24–27]. To the
authors’ knowledge, neither pre- nor post-welding heat treatments were applied to dis-
similar joints between AA2024 and AA2198 in the literature. Therefore, this research
addresses the challenge of optimizing heat treatment for dissimilar joints made of
AA2198 and AA2024, in order to improve the weakest as-FSWed regions without
impairing the rest of the joint.

2. Experimental procedures

2.1. Base materials

Rolled sheets of AA2024 and AA2198 with a thickness of 3.2mm, both in T3 heat
treatment conditions, were used for the present investigation. The chemical compos-
ition of the base materials is reported in Table 1.

3D Optical micrographs of the grain structure for AA2024 and AA2198 in T3 heat
treatment conditions can be seen in Figure 1(a,b), respectively. The grain structure of
AA2024 is relatively equiaxed. However, AA2198 consists of an elongated grain struc-
ture. The microstructure of the base metals was detailed in Zhu et al. [28] and Lv
et al. [29].

2.2. FSW process

Selecting the appropriate tool design is the first step for a successful FSW process. In
this research, a tapered cylindrical pin with a fan shoulder was chosen as a suitable
design to join AA2198 and AA2024 based on a recent investigation [27]. A rotation
speed and a traverse speed of 750 rpm and 50mm min�1 were used for the welding
process. A quenched and tempered AISI 4340 steel with a hardness of 49 HRC was
used as the FSW tool material. The shoulder diameter was 15.8mm. The pin length
and diameter were 2.7 and 4.7mm, respectively. The tool geometry is depicted in

Table 1. Chemical compositions of base materials AA2024 and AA2198 (wt.%).
Material Cu Li Mg Ag Mn Fe Zn Si Ti Al

AA2024 3.7–4.8 - 1.1–1.7 - 0.2–0.8 �0.5 0.2 �0.5 0.15 Bal.
AA2198 2.9–3.5 0.8–1.1 0.3–0.8 0.1–0.5 �0.5 �0.01 �0.36 �0.08 - Bal.
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Figure 2. A specific fixture was manufactured to ensure the repeatability and reliability
of the FSW process, as shown in Figure 3. The weld line was parallel to the AA2024
rolling direction (RD) and the AA2198 traverse direction (TD), as suggested in Robe
et al. [24]. In this paper, the welding direction, the cross-weld direction, and the nor-
mal direction are indicated by WD, CWD, and ND, respectively.

The temperature during welding was measured at both the advancing side (AS) and
the retreating side (RS). K-type thermocouples with a diameter of 1mm were used to
measure thermal profiles in the TMAZ and HAZ regions. The thermocouples were
placed in drilled holes on the weld line and 2mm away from the weld line.
Thermigrease TG 20033 paste was used to protect them and improve ther-
mal reactivity.

2.3. Pre-welding and post-welding heat treatments

The recommended temperature and time for T8 artificial aging of AA2024 are 463K and
12h, while they are 448K and 14h for AA2198 [30,31]. Based on trial heat treatment tests
on both materials, 448K and 12h were found as the optimal aging treatment parameters.

Figure 1. 3D optical micrographs of base materials grain structure in T3 heat treatment condition
(a) AA2024 and (b) AA2198.

Figure 2. Tool configuration used for the FSW process. The tool is composed of a fan shoulder
with a tapered cylindrical pin.
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In order to investigate the effect of pre-welding heat treatment and post-welding
thermomechanical treatments on the tensile performance of FSWed dissimilar joints of
AA2198 and AA2024, four categories of samples were produced as shown in Figure 4: (i)
T3 as-welded joints (AW-T3), (ii) T8 as-welded joints (AW-T8), (iii) T8 post-welding
heat treatment (PW-T8), and (iv) 3% pre-stretching followed by T8 post-welding heat
treatment (PSPW-T8). Both PWHT were applied to AW-T3 joints.

2.4. Microstructure characterization

The metallography and micro-hardness samples were polished according to the stand-
ard polishing procedure up to a 1 mm size of diamond paste. The specimens were then
mechano-chemically polished with a colloidal silica solution (0.05 mm) using a
BUEHLER VibroMet polishing machine for 48 h. The joint microstructure was
revealed using Keller’s reagent (2mL HF, 3mL HCl, 5mL HNO3, 190mL H2O) for
15 s. Laser scanning confocal microscope model OLYMPUS Lext OLS4100 was used to
obtain the large optical micrographs through automated stitching operation. Field
emission gun-scanning electron microscope (FEG-SEM), model HITHACHI SU8200,
equipped with EDS, was used for precipitates characterization and fractography.

Differential scanning calorimetry (DSC) measurements were conducted with a
PerkinElmer Simultaneous Thermal Analyzer (STA) 6000. The DSC analyses were

AA2198-T3 and 
AA2024-T3 Plates

AW-T8

PSPW-T8

AW-T3

PW-T8

Aging Treatment

Aging Treatment

Aging Treatment

Joining by FSW

Joining by FSW

Pre-Stretching

Figure 4. Procedure to elaborate FSWed samples and the associated categories. AW-T3 and AW-T8
are as-welded samples, while PW-T8 and PSPW-T8 are post-weld heat treated samples.

Figure 3. Schematic illustration of the manufactured fixture for the reliability and repeatability of
the FSWed joints.

JOURNAL OF ADHESION SCIENCE AND TECHNOLOGY 5



performed under nitrogen flux. DSC samples were discs with a diameter of 4mm and
a thickness of 0.5mm. The samples were kept at an initial temperature of 323K for
1min to provide sufficient time for the thermal stabilization of the apparatus. DSC
analyses were then conducted with a heating rate of 10K min�1 from 323 to 823K.

2.5. Mechanical testing for macroscopic and local characterizations

Tensile test samples were machined from the base materials and joint variants by CNC
machining. Tensile specimens were machined so that the loading direction was parallel
to TD for base material AA2024, RD for AA2198, and CWD for welded samples. In
order to remove the defects such as kissing bond or flash, both the sides of the tensile
samples were polished.

A micro-tensile device model Kammrath & Weiss 5 kN was used for assessing the
mechanical behavior of all the sample variants. A constant cross-head displacement
rate of 7 mm s�1, that is, a strain rate of approximately 2.3� 104 s�1, was selected for
tensile tests. To assess the global tensile behavior of the joints, the sample deformation
along the loading direction was continuously recorded with an optical extensometer
(model Keyence LS-7030M), sampling the extremities of both the TMAZ locations (L0
¼ 16mm). Loading was applied along the cross-welding direction (CWD). The tensile
tests were repeated three times to ensure the reliability of the results.

The optical high resolution-digital image correlation (OHR-DIC) technique was
used to calculate the local strain fields within the joint area from full-field kinematics
measurements. The technical details are available in Texier et al. [25]. The optical
microscope model OLYMPUS DSX-500 was employed in a dark field mode. To track
regions on the sample surface, the speckle pattern was carried out using Keller’s etch-
ant. An open-source DIC software developed at LOPFA (OpenDIC [32]) was used to
assess the in-plane local displacement fields. Twelve regions of interest were required
to capture the whole joint from one HAZ region to the other HAZ region. Calculation
of the kinematic fields was conducted for each region of interest. Individual strain
maps were subsequently stitched together to obtain the strain map of the whole joint.
The strain fields were determined with a JAVA companion working with Fiji software.

The local heterogeneous mechanical behavior within the joints was also assessed by
microhardness measurements. Vickers hardness maps were carried out using an auto-
matic CLEMEX micro-hardness machine. The indentation load and time of 25 gf and
10 s were selected. Grids in the CWD-ND plane of 31� 260 measurements (in total
2480 indents) with a step size of 80 mm were performed for all the FSWed sample var-
iants to analyze the hardness distribution on the whole joint.

3. Results and discussion

3.1. Microstructural characterization

Macrographs were performed for pre and post-welding heat-treated joints. Similar
FSW macrostructures were observed in all joint variants. Joints were exempt from
defects. Figure 5 illustrates a typical FSW macrograph in the CWD-ND and CWD-WD
planes of sample AW-T3. The transition between BM and HAZ is difficult to
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determine in both advancing and retreating sides based on macrograph observations
(Figure 5(a)). A thick and smooth transition band was found between the TMAZ and
NZ on the AA2024-RS (Figure 5(b)). The nugget consisted of three zones separated by
two S- shape borders (S1 and S2) due to the variant flow rate of material in the center
and around of FSW pin. A very fine recrystallized microstructure was observed for the
three zones, as shown in Figure 5(c) and d. S1 border separated both the materials
AA2024 with very fine grains and AA2198 with fine grains, as shown in Figure 5(c).
The S2 border divided the AA2198 material into two zones with no significant differ-
ence in terms of grain size (Figure 5(d)). However, the distribution of Mg elements on
both sides of S1 and S2 borders is inequivalent, thus confirming the heterogeneous
nature of the nugget region (Figure 6). A similar zone between S1 and S2 borders at
the AA2024-AA7075 FSW joints interface was reported [10,33]. The origin of this

Figure 5. Typical microstructure of joint AW-T3 on CWD-ND cross-section, (a) joint macrograph, (b)
retreating side transition, (c) S1 border inside joint, (d) S2 border inside joint, (e) advancing
side transition.

Figure 6. EDS map of Mg element in the joint region around (a) S1 border, and (b) S2 border.

JOURNAL OF ADHESION SCIENCE AND TECHNOLOGY 7



microstructural evolution is not clear yet. It may be related to different recrystallization
mechanisms, and it requires more texture investigation with help electron backscatter
diffraction (EBSD) to address it. The transition on the AA2198-AS is clear and results
from the difference between small recrystallized grains in NZ and bent and elongated
grains in TMAZ (Figure 5(e)). This sharp transition in the advancing side is due to the
higher local shear coming from the opposite direction of the tool rotation and plate
motion [34].

The effect of PWHT on the grain size of the nugget center can be seen in Figure 7.
The grain size before applying heat treatment was around 8mm. No considerable differ-
ence in grain size in the nugget center was found after PWHT. Significant grain growth
in the nugget area was yet reported by using PWHT on Al–Cu–Li alloy [35], which is
mainly attributed to the solution heat treatment at higher temperatures.

3.2. Micro-hardness maps

2D micro-hardness maps of the ND-CWD section of the joints were illustrated in
Figure 8 for the as-welded samples (AW-T3 and AW-T8) and the post-weld heat-
treated samples (PW-T8 and PSPW-T8). The loss of hardness properties was found in
all the typical regions of as-welded samples. The minimum hardness values (around 85
HV) were observed in the S-shape zone, the TMAZ/HAZ of the advancing side, and
the shoulder affected region (upper region within the NZ), as depicted in Figure 8(a,d).
Furthermore, the comparison between AW-T3 and AW-T8 samples (Figure 8(a,d))
reveals that applying a heat treatment prior to welding could not improve the hardness
in the joint area due to the significant effect of the subsequent welding process.

The sample fracture locations in tension are represented on the two-dimensional
hardness maps with red lines in Figure 8. The as-welded samples (AS-T3 and AS-T8)
failed at the TMAZ/HAZ of the advancing side (AA2198). The post-weld heat-treated
tensile specimens failed at the TMAZ/HAZ on the retreating side (AA2024). The frac-
ture locations correspond to minimal hardness regions for the different joint variants.

Figure 7. The efiect of PWHT on grain size of nugget center. (a) AW-T3 grain structure, and (b)
PSPW-T8 grain structure.
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Micro-hardness profiles along the CWD are shown in Figure 9 for all the joint var-
iants. Regarding post-weld heat treatments, Figure 9(b) (PW-T8) and Figure 9(c)
(PSPW-T8) show that applying an aging post-welding heat treatment on joints (com-
pared to Figure 9(a)) significantly improved the hardness properties in the minimal
hardness regions found in the as-welded samples. PW-T8 and PSPW-T8 samples con-
sequently demonstrated higher and more homogeneous hardness properties. Figure
9(c) (PSPW-T8) shows that stretching the sample before aging treatment significantly
improved the hardness on the advancing side and in the S-shape zone, that is, the
regions with minimal hardness for as-welded joints. Stretching before aging of Al–Li
alloys produces well-distributed intragranular dislocation structures. The dislocations
perform as heterogeneous nucleation sites for the strengthening precipitates [36]. The
improved hardness could be related to a higher precipitate density combined with
lower precipitate sizes based on the Kampmann–Wagner numerical model [18].

Figure 8. 2D micro-hardness map across the ND-CW plane for samples: (a) AW-T3, (b) PW-T8, (c)
PSPW-T8, and (d) AW-T8. The solid lines depict location of fracture during monotonic tensile tests.

Figure 9. Micro-hardness distributions accomplished at mid-thickness of different joint variants: (a)
AW-T3, (b) PW-T8, (c) PSPW-T8, and (d) AW-T8. Post-weld heat treatment enhanced the hardness
properties on AA2198 side.
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However, the post-welding treatments were shown to slightly impair the hardness
properties in the TMAZ/HAZ regions on the retreating side (RS-AA2024) due to pos-
sible coarsening of precipitates in HAZ [18]. Additional microscopy analyses are pre-
sented in the following sections.

3.3. Mechanical testing for global characterizations

Mechanical properties of the base metals (BMs) and FSWed joints in as-welded and
post-weld heat-treated conditions can be seen in Figure 10. The 0.2% offset yield
strength (YS), ultimate tensile strength (UTS), and elongation (El) are reported in
Table 2. The mechanical performance of the base metals is quite similar to each other
according to the tensile direction in reference to the rolled direction, that is, the trans-
verse direction for AA2024 and the rolling direction for AA2198. These special mater-
ial directions were purposely chosen to optimize the joint strength. Subsequently,
applying the FSW process for manufacturing AW-T3 joint decreased the yield strength
around 30% in comparison with base metals. In respect to recovering the mentioned
loss of the joint mechanical properties, applying pre-weld heat treatment had no sig-
nificant positive impact. Moreover, the joint elongation decreased around 4% (AW-T3
vs. AW-T8). Also, PW-T8 sample shows that applying post-weld heat treatment negli-
gibly improved the yield strength compared to the as-welded samples. However, sam-
ples subjected to a combination of pre-stretching and post-welding heat treatment
(PSPW-T8) exhibited the highest yield strengths, being about 18% stronger than the
as-welded samples. It is worth mentioning that the pre-stretching step improves the
strength of the as-weld joint (AW-T3) to around 262MPa due to work hardening
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Figure 10. Mechanical properties of base metals (BM) and FSWed joints in as-welded and post-
weld heat-treated conditions.

Table 2. Tensile characteristics of base metals (BM) and joint variants.
Sample code YS (MPa) UTS (MPa) El (%)

BM AA2024-T3 (TD) 380 482 22
BM AA2198-T3 (RD) 368 467 19
AW-T3 234 362 14
PW-T8 242 316 6
PSPW-T8 275 324 5
AW-T8 232 361 8
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based on Figure 10. Thus, improvement of the yield properties of PSPW-T8 is mainly
attributed to work hardening rather than the applied heat treatment. In light of the fact
that the current research deals with dissimilar joints, a local investigation of strain con-
centration within the joints is needed to understand better the effect of heat treatment
on the joint mechanical performance.

3.4. Local mechanical characterization via digital image correlation technique

The local strain distribution maps of CWD-ND plane, acquired by DIC technique
for all the joint variants, are depicted in Figure 11. Figure 11 confirms that the
deformation within the joints is heterogeneous. However, as-welded samples and
post-weld heat-treated samples behaved differently. Intense strain concentration
regions are interestingly matched with regions experiencing the weakest micro-
hardness properties in Figure 8. In addition, the location of the fracture is consist-
ent with the lowest hardness areas and regions with the highest strain localization.

Average plastic strain vs. position along CWD at different stress levels is depicted in
Figure 12. The strain localization first occurred in the TMAZ/HAZ on the advancing
side of as-welded sample AW-T3, for macroscopic stresses as low as 200MPa as shown
in Figure 12(a). For higher stress levels (above 240MPa), irreversible deformations are
conjointly developed in the S-shape zone in the center of the weld and the TMAZ/
HAZ on the AA2198 side with equivalent strain levels. However, for post-weld heat-
treated samples (Figure 12(b,c)), no strain localization was observed in the S-shape
zone in the center of the weld, regardless of the macroscopic loading condition.
Furthermore, strain localization developed mainly in the TMAZ/HAZ on the retreating
side (AA2024) instead of the advancing side. Besides, strain localization in the TMAZ/
HAZ on the advancing side above 280MPa was not found in PSPW-T8 samples than
PW-T8 samples. Finally, based on Figure 11(d), the intensity of the strain localization

Figure 11. The local in-plane strain distribution map acquired by OHR-DIC for samples (a)AW-T3,
(b)PW-T8, (c)PSPW-T8, and (d)AW-T8. The localization of strain for as-welded samples occurred at
the sample middle and TMAZ/HAZ of AA2198 side. The post-weld heat treatment altered it to
TMAZ/HAZ of AA2024 side.

JOURNAL OF ADHESION SCIENCE AND TECHNOLOGY 11



in the S-shape zone in the center of the weld was less pronounced for AW-T8 sample
as compared to AW-T3 sample in equivalent macroscopic loading conditions.

To summarize, the combination of pre-stretching and post-welding heat treatment
ultimately strengthened the responsible location for failure in as-welded samples.
However, the joint heat treatment faces the following challenges: (1), AA2198 material
naturally demonstrates a more pronounced response to age hardening in comparison
with AA2024. (2), AA2198 experienced higher work hardening during stretching joint
regions due to lower hardness in the as-welded condition. Thus; the challenges led to a
higher chance for re-precipitation and strengthening in AA2198 side. Subsequent
deformation within the joint after post-weld heat treatment was heterogeneous without
improving the UTS and El of the joint, and only failure location changed from AA2198
to AA2024 side. Nevertheless, the YS improved, which is a more critical
design parameter.

3.5. Fractographic analysis

The micrographs of the fracture surfaces of different joint variants can be seen in
Figure 13. The fracture surfaces of as-welded samples (Figure 13(a,d)) exhibited ductile
features with no evidence of dimples related to TMAZ/HAZ of AA2198 material. In
contrast, the ductile fracture surface of post-welding heat-treated samples located at the
TMAZ/HAZ AA2024 and contained large dimples surrounded by small ones. The

Figure 12. Average plastic strain vs. position along CWD at different stress levels. (a) AW-T3, (b)
PW-T8, (c) PSPW-T8, and (d)AW-T8.
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back-scattered electron micrographs in Figure 14 from the TMAZ/HAZ AA2024
revealed that coarse and densely distributed intermetallic particles play a key role in
forming large dimples and fracture processes. Based on our previous investigation on
the base metal, these particles containing Fe and Si act as microvoid nucleation sites in
ductile materials [24].

Figure 13. Micrographs of the fracture surfaces in TMAZ/HAZ of as-welded and post-weld heat
treated samples observed by SEM in secondary electron mode after tensile tests: (a) AW-T3
(advancing side), (b) PW-T8 (retreating side), (c) PSPW-T8 (retreating side), and (d) AW-T8 (advanc-
ing side).

Figure 14. Micrographs of the fracture surfaces for heat treated samples observed by SEM in back-
scattered electron mode after monotonic tensile tests: (a) PW-T8 and (b) PSPW-T8.
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3.6. DSC analyses and temperature measurements

DSC results of base metals AA2198 and AA2024 are reported in Figure 15. It can be
seen in the black curve of Figure 15(a), that the dissolution of GP-zones of AA2198
material occurred at the first endothermic peak A around 470K [37]. The precipitation
of T1 (Al2CuLi) occurs at peaks B [38]. The small peak C is related to precipitation of
(Al2Cu) and peak D at high temperatures (750K) shows the dissolution of the precipi-
tates [39]. The effect of applying T8 heat treatment can be seen in the gray curve of
Figure 15(a), where peaks A, B, and C disappeared. It confirms the complete reaction
of T1 (Al2CuLi) and h (Al2Cu) precipitation as the main strengthening phase. The
DSC result of AA2024 can be found in the black curve of Figure 15(b) and peaks A, B,
and C are related to dissolution GP-zones, precipitation of S(Al2CuMg) and precipi-
tates dissolution, respectively [40]. Besides, comparing Figure 15(a,b) reveals that the
precipitates dissolution temperature of AA2198 is lower than AA2024. In other words,
AA2198 material is more prone to precipitate dissolution in high-temperature exposure
than AA2024, resulting in lower hardness at TMAZ/HAZ of AA2198 in Figure 8(a)
after the FSW process. In order to have a better idea about the temperature history
during the FSW process, the temperature of sample AW-T3 in HAZ and TMAZ
regions of AA2024 and AA2198 materials are reported in Figure 16. Comparing the
temperature measurements with the black curve of Figure 15 conveys that the tempera-
ture during welding is high enough for both precipitates growth and partial dissolution
in HAZ/TMAZ of both materials. Microscopy images of HAZ/TMAZ can provide
more details about the precipitates present in HAZ/TMAZ, which covers the follow-
ing section.

3.7. EDS analyses of the precipitation state

SEM images of precipitate evolution in TMAZ/HAZ of AA2024 and AA2198 before
and after applying weld heat treatment can be seen in Figure 17. Comparing Figure
17(a,b) clearly shows that using post-weld heat treatment resulted in the reprecipitation
in the advancing side (AA2198 material). In order to have more details, higher magni-
fication of rectangular A in Figure 17(a) with EDS maps is reported in Figure 18. Based
on phase morphology, EDS maps, and Rioja and Liu [11], it can be concluded that the

(a) (b)

Figure 15. DSC results of base metal, (a) AA2198 and (b) AA2024.
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new precipitates are T1 (Al2CuLi) and h (Al2Cu); which is in agreement with the DSC
result in Figure 15(a). On the other hand, the comparison between Figure 17(c,d)
reveals that post-weld heat treatment has no significant effect on HAZ/TMAZ
of AA2024.
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Figure 16. Temperature measurement during FSW process of AW-T3 sample; (a) HAZ and
(b) TMAZ.

Figure 17. SEM images of precipitate evolution in TMAZ/HAZ as a result of PWHT, (a) advancing
side of sample AW-T3, (b) advancing side of sample PSPW-T8, (c) retreating side of sample AW-T3,
and (d) retreating side of sample PSPW-T8.
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4. Conclusions

The mechanical performances of dissimilar AA2024/AA2198 FSWed joints were exam-
ined in both T3 and T8 pre-weld and post-weld heat treatment conditions. Post-welding
heat treatments, with and without a pre-stretching operation, were applied on an as-
welded structure in T3 conditions to document the evolution of the joint mechanical
properties. The intricate relationship between heat treatments, the local precipitation
states in the different regions on the joint, and the local mechanical behavior (micro-hard-
ness characterization and in-situ tensile testing paired with DIC techniques) within the
different regions of the joints (NZ, TMAZ, HAZ) were investigated. The conclusions are
as follows:

� AA2198 and AA2024 materials with T3/T8 heat treatment provide joints with
comparable mechanical properties due to the subsequent impairing effect of the
welding process. Thus, T3 heat treatment versus T8 is cost-effective.

Figure 18. SEM and EDS maps of rectangular A in Figure 17(b) with higher magnification. Re-pre-
cipitation of T1 (Al2CuLi) and h (Al2Cu) is clear.
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� The TMAZ/HAZ on the AA2198 side was responsible for joint failure in the as-
welded condition, identified with the DIC technique and the micro-hardness char-
acterization. Post-weld heat treatments successfully strengthened this region and
slightly improved the yield properties of the joints compared to as-welded joints.
However, it was not effective in terms of improving global mechanical properties
due to intense strain localization located AA2024 side.

� Improving the mechanical properties of the AA2024–AA2198 joint by pre-stretch-
ing and heat treatment is a challenge due to receiving inhomogeneous work hard-
ening during stretching and a different response of AA2024 and AA2198 materials
to heat treatment.
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