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Abstract: The Laser Beam Welding (LBW) of aluminum alloys has attracted significant interest from
industrial sectors, including the shipbuilding, automotive and aeronautics industries, as it expects
to contribute to significant cost reduction associated with the production of high-quality welds. To
comprehend the behavior of welded structures in regard to their damage tolerance, the application of
fracture mechanics serves as the instrumental tool. However, the methods employed overlook the
changes in the microstructure within the Heat-Affected Zone (HAZ), which leads to the degradation
of the mechanical properties of the material. The purpose of this study is to simulate microhardness
evolution in the HAZ of AA2198-T351 LBW. The material represents the latest generation of Al-Cu-Li
alloys, which exhibit improved mechanical properties, enhanced damage tolerance behavior, lower
density and better corrosion and fatigue crack growth resistance than conventional Al-Cu alloys.
In this work, the microhardness profile of LBW AA2198 was measured, and subsequently, through
isothermal heat treatments on samples, the microhardness values of the HAZ were replicated. The
conditions of the heat treatments (T, t) were selected in line with the thermal cycles that each area
of the HAZ experienced during welding. ThermoCalc and DICTRA were employed in order to
identify the strengthening precipitates and their evolution (dissolution and coarsening) during the
weld thermal cycle. The microstructure of the heat-treated samples was studied employing LOM and
TEM, and the strengthening precipitates and their characteristics (volume fraction and size) were
defined and correlated to the calculations and the experimental conditions employed during welding.
The main conclusion of this study is that it is feasible to imitate the microstructure evolution within
the HAZ through the implementation of isothermal heat treatments. This implies that it is possible
to fabricate samples for fatigue crack growth tests, enabling the experimental examination of the
damage tolerance behavior in welded structures.
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1. Introduction

Al-Cu-Li alloys have attracted strong interest from the industry due to their increased
tensile strength, elastic modulus, fatigue resistance, ductility and lower density. [1-3]. Each
1 wt.% Li added to aluminum leads to a 3% decrease in density and a 6% increase in the
elastic modulus. By adding 2 wt.% Li, the density of the alloy decreases by 10%, and
the elastic modulus increases by 25-35% [2,4]. By replacing conventional high-strength
Al alloys with Al-Li alloys, the structure’s weight is reduced by 10-20%, and the elastic
behavior is increased by 25-35% [4]. Therefore, these alloys are ideal materials for the
aerospace and aeronautical industry, since the economic benefits are significant, such as
increased payload and better fuel efficiency [5]. Furthermore, the potential Al-Li alloys
exhibit in marine industry is significant [6,7].
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In the third generation of Al-Li alloys, copper (Cu) content is increased (24 wt.%),
while the amount of Li is reduced (0.75-1.8 wt.%). These alloys exhibit higher hardness,
corrosion resistance, good crack propagation resistance and improved weldability [4,5,8-10].
Other micro-alloying elements, such as Mg, Mn, Zn, Ag, Zr and Fe, are added to improve
mechanical strength. For example, Mg and Ag additions favor the formation of the T; phase,
and the addition of Mg can stimulate the nucleation of GP zones [11]. The third generation
of Al-Cu-Li alloys has been widely used as structural materials in the aerospace industry
and has attracted significant research interest. These alloys are amenable to artificial
aging heat treatment, leading to final products with increased strength and hardness. In
addition, natural aging can be applied, during which the precipitates that are formed lead
to improved ductility compared to artificial aging [4,12].

AA2198 is a popular widely used Al-Cu-Li alloy of this generation, exhibiting a
good combination of hardness, corrosion resistance and ductility [2]. In the United States,
alloy 2198-T8 (3.6-6.1 mm thick plate) has been successfully utilized for the construction
of the Falcon 9 rocket to manufacture the primary and secondary fuel tanks and fairing
components [4]. Furthermore, AA2198 belongs to the typical Al-Cu-Li grades that are
widely used for the construction of aircrafts, such as A330/340/350/380 in Europe, Boeing
747 /777 /787 in America and Comac’s C919 in China [13].

The hardness of AA2198 can be increased by natural or artificial aging due to the
formation of strengthening precipitates, as overviewed in the Al-rich corner of the ternary
Al-Cu-Li phase diagram given in Figure 1 [14]. A complex precipitation sequence has been
observed during the aging process of Al-Cu-Li alloy systems. The precipitation sequence
impacts the interaction mechanism between dislocations and precipitates during plastic
deformation, consequently influencing the mechanical properties of the aged alloys [7,15].
Several precipitates have been observed through aging, including GP zones, 0'(Al,Cu),
B’(AlsZr), T1(AlpCulLi), 8’(AlsLi) and S'(Al,CuMg) [2,4,15,16]. The Li content has been
found to be crucial in the precipitation of these alloys. High Li content (>2%) leads to a
primary strengthening role attributed to d"precipitates, with some contribution from S’,
while lower Li content (<2%) results in T; being the primary strengthening precipitates,
alongside minor 0’ [15,16]. Regarding the precipitation sequence of AA2198, where the
Li content is low, a study [16] has shown that after natural aging, the microstructure
is primarily composed of Cu-rich clusters, although they do not fit the description of
single-layer Cu-rich GPI zones. When the temperature increases, these clusters become
unstable and appear to dissolve entirely. The further increase of the temperature results
in the artificial aging of AA2198 (155 °C/16 h in [16]) where the formation of T initiates
and becomes dominant, contributing to the alloy’s strength. Additionally, other less
prevalent precipitates are present, based on the Al-Cu sequence (GPI, GPIIl and 0”) [16]. The
alloy’s composition, especially the Cu/Li ratio is a dominant factor affecting the sequence.
Furthermore, a higher Cu/Li ratio seems to produce a more rapid nucleation of T; in low-Li
Al-Cu-Li alloys [16].

Cu

To(Al;,Cu,Li)) & 6'(Al,Cu)
T,(Al,CuLi)e 8"(Al,Cu)
T,(Al;Culiy) ®

Li Al

S(AILi) 6‘(‘AI3Li)
Figure 1. Al-Cu-Li ternary phase diagram near the Al-rich region. The different colors of the phases
indicate their lattice (red: FCC, pink: cubic CaF;, navy blue: BCC, green: BCT, olive green: hexagonal
and sky blue: icosahedral). Reprinted /adapted with permission from Ref. [14]. 2024, Elsevier.



Crystals 2024, 14, 246

3o0f14

The introduction of welding in Al-Cu-Li alloy structures offers significant positive
effects, such as lower weight and improved performance, while replacing conventional
joining techniques [17,18]. Regarding the AA2198 alloy, two welding methods are usually
utilized: Friction Stir Welding (FSW) [17,19-27] and laser welding methods [18,28-31].
Studies have confirmed the positive effect of micro-jet cooling for the welding of Al al-
loys [32,33]. Laser Beam Welding (LBW) is a popular method in the aerospace industry,
as it offers high productivity, manufacturing flexibility and efficiency compared to other
welding methods. Using the LBW method has proven that the total construction cost can
be reduced by up to 40%, and a weight reduction of up to 28% can be achieved compared to
conventional joining techniques [28]. In addition, LBW results in a narrower Heat-Affected
Zone (HAZ) and a faster welding speed compared to FSW [29].

During the LBW of AA2198, a significant decrease in mechanical properties is observed
near the Weld Zone (WZ) [17,34]. This is attributed to the fact that AA2198 is a heat-
treatable alloy, and the mechanical properties depend mainly on the size and distribution of
strengthening precipitates. The microstructural changes due to the welding thermal cycles,
such as the coarsening or dissolution and re-precipitation of certain phases or precipitates,
significantly affect the mechanical properties of an AA2198 weld [18]. Even after optimizing
welding parameters, strength loss in alloy welds is considered inevitable [17]. During the
welding of AA2198, the phases T1, &/, S” and 6’ are completely dissolved in the Al matrix,
and after cooling, they re-precipitate [17,24]. The heterogeneous distributions of these
phases in the HAZ depend on the local thermal cycles that the HAZ is subjected to [18].

The study of Fatigue Crack Growth (FCG) behavior in welds is of great importance,
as it changes along the length of the weld seam due to the different thermal cycles to
which the material is subjected. Studies have shown that the FCG rate is higher in the
HAZ [35,36]. Investigating the mechanical and fatigue properties of the HAZ of a laser
weld is a demanding task, due to the narrowness and heterogeneity of the region [37]. The
main aim of this study is to simulate the reduction of the microhardness in the HAZ of an
Al-Cu-Li 2198-T351 alloy by implementing several isothermal heat treatment schemes.
This implies that it could be possible to fabricate samples that possess similar mechanical
properties with different regions of the HAZ [38]. This, in turn, leads to the conclusion that
these specimens could be subjected to FCG tests instead of the welds themselves [35,37,39].

2. Materials and Methods
2.1. Material and Experimental Procedure

The material to be studied is the AA2198-T351 Al-Cu-Li alloy in the form of a 3.8 mm
thick sheet. The chemical composition of the alloy is shown in Table 1.

Table 1. Composition of AA2198 alloy (wt. %) in this study.

Si Fe Cu Mn Mg Cr Zn Zr Li Ag Al
0.08 0.10 3.50 0.5 0.80 0.05 0.35 0.18 1.10 0.50  Rem.

In this study, the Laser Beam Welding (LBW) method was utilized for the bead-on-plate
welding of the alloy, with shielding gas 50% Ar (17.5 L/mm) and 50% He (17.5 L/mm) [40].
The welding conditions are shown in Table 2.

Table 2. AA2198 laser beam welding conditions.

Heat Input Rate
(J/mm)

3441 2 103 0.47

Power (W) Speed (m/min) Arc Efficiency

During welding of the AA2198 alloy, various metallurgical phenomena occur in the
HAZ, leading to its division into two sub-zones. The first will be referred to as HAZ;, where
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the maximum temperature exceeds the dissolution temperature of the main strengthening
precipitates, causing them to dissolve completely and then re-precipitate. This phenomenon
is equivalent to aging. The second one is HAZ,, where the temperature is lower, and
therefore, coarsening of the strengthening precipitates occurs, which is equivalent to over-
aging. In fact, there is no exact boundary between these two regions; between them, a
third sub-zone exists where both dissolution and coarsening occur simultaneously [41]. To
simplify the problem in the present work, it will be assumed that the distinct boundary of
the two sub-zones lies at the dissolution temperature of the main strengthening precipitate.
To simulate the microhardness profile in the HAZ through isothermal heat treatments,
appropriate aging and over-aging heat treatment schemes must be selected, which will be
performed on samples sectioned from the parent material. Therefore, the microhardness
values of HAZ; are replicated through solution heat treatments followed by natural aging,
and those of HAZ, are replicated through over-aging heat treatments. This procedure
is illustrated schematically in Figure 2. The conditions of the heat treatments, shown in
Table 3, were selected in line with the Rosenthal solution model and DICTRA results,
which are described in the next paragraph. Different temperatures were chosen for the
solution heat treatment (450, 500 and 550 °C) to study whether the temperature affects the
precipitation trend.

Laser Beam

Welding
y
Parent Material
AA2198-T351
HAZ HAZ
HAZ, 'HAZ,
« L3

Microhardness

P

Over-aged material

Aged m:aterial
(Dissolution +

Precipitation) (Coarsening)
P
Solution heat™
treatments -~ Over-aging heat
+ Natural Aging - treatments

’ Parent Material [

Figure 2. Schematic illustration of the experimental procedure in this study.

Table 3. Conditions (Tt) of the heat treatments carried out, followed by water quenching.

Solution Heat Treatment + Natural Aging Over-Aging
450 °C/5, 10, 20, 40, 60 min 200 °C/8, 16, 24, 32, 48, 80, 153 h
500 °C/10, 20, 40, 60 min 250°C/2,4,8,16,24,32h
550 °C/5, 10, 20, 40, 60 min 300°C/8,16h

The heat-treated samples were metallographically prepared by embedding, grinding
and polishing using 3 and 1 pm alumina paste. Keller’s reagent was employed for etching
the material. The microhardness measurements on the weld seam and the heat-treated
samples were performed using the 402MVD Wolpert Wilson microhardness tester (Wilson
Instruments, Norwood, MA, USA), with a load set at 0.2 kgf (HV ;) applied for 10 s. The
macrostructure of the weld-seam was studied by utilizing a Leica Wilz M3Z stereoscope.
The investigation of the precipitates formed during natural aging and over-aging was
performed with a JEOL JEM-2100 LaB6 (JEOL Ltd., Tokyo, Japan) Transmission Electron
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Microscope (TEM), operating at 200 kV. TEM specimens, with a 3 mm diameter, were
prepared in the form of 30 um-thick disk-type plates via mechanical polishing, followed by
ion-polishing with a precision Ar-ion polishing system (PIPS) (Gatan model 691). Elemental
analyses were carried out using an Oxford X-Max 100 Silicon Drift Energy Dispersive X-ray
spectrometer (EDS) (Oxford Instruments, Abingdon, Oxfordshire, UK), connected to the
TEM. Data were acquired in areas ranging from 2 to 5 nm in STEM mode.

2.2. Computational Procedure

A computational part preceded the experimental process in order to select the condi-
tions of the heat treatments and predict the evolution of the main strengthening precipitates.

Thermocalc software (version 2022a, TCAL7 database) and Diffusion Module (DIC-
TRA) (version 2022a, TCAL7 /MOBALS databases) [42] were employed for the selection
of the appropriate heat treatment time and the determination of the behavior of the main
strengthening precipitates during the isothermal heat treatments.

Furthermore, the conditions of the heat treatments were chosen according to the ther-
mal cycles the material was subjected to during welding. For this purpose, the Rosenthal
solution (Equations (1)-(5)) [43] was implemented using suitable computing software. A
coordinate (w, y, z) system is used (Figure 2), which moves at the same speed as the welding
arc (u):

w=x—ut @)

Q _ o e_%R > e_ﬁRﬂ E_ﬁR/”
T—Ty=—~¢ = : 2
° = 2nk” Ll ®TE @
R=/w?+y*+22 3)
R, = \/ZUZ +12+ (2nH — z)? (4)
R, = \/w2 + 12+ (2nH +z)? (5)

The symbols used for the parameters are explained in Table 4.

Table 4. Model parameters and their numerical values.

Model Parameter (Unit) Symbol Numerical Value
Temperature (°C) T Calculated
Initial temperature (°C) To 25
Arc thermal power (arc efficiency x power) (W) Q 1617
Thermal conductivity (W/mm°C) k 0.125
Arc speed (mm/s) u 33.3
Thermal diffusivity (mm?/s) ® 51.63
Thickness of Al sheet (mm) H 3.8

Temperature field developed during LBW was calculated using Equation (2), entering
the values depicted in Table 4. The results were validated via experimental observations
regarding the boundary between the WM and the HAZ and are discussed in Section 3.2.

3. Results
3.1. Strengthening Precipitates and Their Evolution during the Welding Thermal Cycle

The boundary between HAZ; and HAZ, is set at the temperature at which the main
strengthening precipitate(s) dissolve completely. For the AA2198, these are the T1, 6" and
d” precipitates. According to ThermoCalc calculations, the T1 and 0’ precipitates dissolve
at 493 °C, so this temperature is chosen (Figure 3). Therefore, in Figure 3 the temperature
boundaries of the two sub-zones are shown on the calculated phase diagram. The upper
boundary of HAZ1 is set to the Liquidus Temperature (651 °C), whereas the lower boundary
of HAZ, corresponds to the artificial aging temperature (175 °C).
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Figure 3. Calculated phase diagram for AA2198 alloy, along with the temperature boundaries of the
two subzones HAZ; and HAZ,.

The conditions of the isothermal heat treatments to replicate the microhardness re-
duction of these two zones were selected according to the Diffusion Module calculations.
In HAZ, where coarsening takes place, temperatures ranging from 180 °C to 300 °C were
tested with a step of 25 °C. As shown in Figure 4, as the temperature increases, the max-
imum diameter of 0" increases. According to the calculations, the maximum diameter
increases up to 63% at 300 °C in comparison with the initial mean diameter of 0’.

70
60 A
50
40 A
30 A
20 A

width of 0' (%)

10 A

Rate of increase of the max

0 ——T—T— 77— T
180 200 225 250 275 300
Temperature (°C)

Figure 4. Rate of increase of the maximum width (nm) of the precipitate 8’ in relation to the initial
width for various temperatures.

3.2. Temperature Field Developed during Welding

The calculated temperature field that develops in the sheet during LBW is shown in
Figure 5a.
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1
1
1 1
160 9 wm | BM
I ra
140 A :
1
120 - :

100 A :

1
HAZ, 1 HAZ
80 f‘ffj 15 2
(c) , !

60 T — T T
0 1000 2000 3000 4000 5000

Hardness HV;,

Distance (um)

Figure 5. (a) Calculated temperature field in relation to the depth (z) and width (y) of the sheet,
at x = 0. The green marks depict the experimental boundary between the WM and HAZ on the
micrograph of the weld seam, while the red marks show the locations of the microhardness tests;
(b) OM micrograph of the weld seam. Dashed line represents the WM/HAZ boundary where the
max temperature during welding is equal to the liquidus, while the green marks on the boundary are
the ones plotted in (a); (¢) microhardness profile of the weld seam. The red dashed lines represent the
comparison between the theoretical and experimental boundaries of HAZ; and HAZ,.
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In Figure 5a, the green dots depict the experimental points that lie on the actual
boundary between the WM and the HAZ (Figure 5b), where the maximum temperature
of the material during welding is equal to the liquidus (T};q = 651 °C). The microhardness
test results of the weld seam are presented in Figure 5c. The initial hardness of the material
is 150 HV(, while the microhardness decreases while moving from the center of the
weld. Two sub-zones seem to be formed in the HAZ: the first at 2250-3250 um where
the microhardness value remains constant at approximately 115 HV; and the second at
3500-4250 um, where the microhardness ranges between 116-136 HVy ,.

As shown in Figure 6, the points on the experimental Ty;q are very close to the points of
the calculated Tj;q, except for the last point (y = 0.8, z = 3.8). This is attributed to the fact that
the Rosenthal solution does not take into account parameters such as the keyhole method
that has been used. With this method, the arc reaches a greater depth in the material,
which, however, cannot be predicted through the computational model. However, this
does not negate the fact that the calculations correspond to the experimental data. The
percentages in Figure 6 indicate the error divergence of the theoretical model in relation to
the experimental data.

y (mm)
1 1.25 1.5 1.78 2 2.25 2

_0.4 1 1 1 1 1

ol

04 - Ay =0.93%

]

0
1.2 - T
Ay =9.17% By iok
16 T )

@

Experimental values @ Theoretical values

Figure 6. Comparison of the points on the experimental and theoretical WM/HAZ where the
maximum temperature reached is equal to the Tj;q = 651 °C. This indicates that the theoretical model
is close to the real values, as the Ay% is relatively low.

Time is another parameter to consider in the calculations. Therefore, the thermal
cycles to which different points of the HAZ are subjected are shown in Figure 7. These
points are depicted in red in Figure 5a and are located at the surface of the sheet (z = 0 mm).
At points from 2.25 to 3 mm, the temperature exceeds 493 °C during welding, causing
the strengthening phases to dissolve completely and re-precipitate. At 3.25 mm, the
temperature reaches up to 460 °C, resulting in a significant dissolution of the strengthening
precipitates. Therefore, points 2.25 to 3.25 mm belong to HAZ; sub-zone. At points
3.5-4.25 mm, the temperature does not exceed the temperature of complete dissolution;
therefore, these points belong to the HAZ, sub-zone where coarsening occurs.
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T°C

700

600

500

—— tsec
0.5 1.0 15 2.0
Figure 7. Calculated thermal cycles induced at various points on the HAZ. These points are depicted
in Figure 5a in red. The legend indicates the y(mm) coordinate of each point.

3.3. Microhardness Tests Results

The microhardness tests results of the naturally aged samples are presented in Figure 8.
The tests were carried out immediately after the heat treatment (0 h) and at intervals of

1 h up to 18 days afterward in order to investigate the effect of natural aging on the
microhardness of the alloy.

10 min 20 min
130 130
::f 120 4 _-_:|>: 120
«w 110 7 «w 110
g g
£w009 __ — L — £ 100 1
£ 90 - £ 90 A
£ 80 / £ 80
- ¢ =
(5] (5]
2 70 A 2 70 4
60 T T T T T T 60 T T T T T T
0Oh 1h 24hrs 5days 8days 18 days 0h 1h 24hrs 5days 8days 18 days
(a) —450°C 500°C 550°C (b) —450°C —500°C 550°C
40 min 60 min
130 130
g 120 1 :?:120_ e
2 110 - w 110 ’/—/_’
g @
= 100 + 5 100 A
= =1
£ 90 - £ 90 - /
§a{ =7 § 801
=]
£ 70 - £ 70 -
60 T T T T T T 60 T T T T T T
0h 1h 24hrs 5days 8days 18 days 0h 1h 24hrs 5days 8days 18 days
(©) —450°C —500°C —550°C (d) —450°C —500°C —550°C

Figure 8. Microhardness test results for the solution heat-treated samples for hold times (a) 10 min,
(b) 20 min, (c) 40 min and (d) 60 min. Afterward, the samples were naturally aged for various

time intervals between 1 h and 18 days. Time 0 h indicates the tests performed immediately after
the dissolution.

After the solution heat treatment, the microhardness of the alloy decreases from
150 HV(» to about 80 HV()» in almost all cases. The microhardness increases over time due

to natural aging, reaching a mean value of 120 HV(>. Microhardness appears to stabilize
after approximately 8 days.
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As shown in Figure 9, the microhardness of the over-aged samples drops to 132 HV»
after 8 h at 200 °C, while it stabilizes after approximately 48 h. For the samples heated to
250 °C, the microhardness decreases to 128 HV)», after 2 h and stabilizes around 85 HV»
after 24 h. For the samples heated to 300 °C, the decrease in microhardness is approximately
75 HV|y, after 8 h and stabilizes around 65 HV 5.

140
T 120 1 \ \
172] \
g 100 A 3
2 — 200 °C
o N ———— e
» 80 1 — 250 °C
(]
% 300 °C
= 60 A
4‘0 T T T T T T T T

0 10 20 30 40 50 60 70 80
Hold time (h)

Figure 9. Microhardness test results for the overaged heat-treated samples.

4. Discussion
4.1. Simulation of the HAZ Microhardness Profile with Isothermal Heat Treatments

One of the objectives of this study is to replicate the microhardness profile of the
HAZ with appropriate isothermal heat treatment schemes. In Figure 10, the HAZ micro-
hardness profile is compared with the nearest microhardness values obtained through the
heat treatments.

160 A~
WM HAZ, HAZ, BM

140 - 550°C/40min |  250°C/2h
5 500°C/40min 200°C/8h
= i
= 10 200°C/16h
&
£ 250°C/4h
5 100 A | f ﬂn
= 450°C/40m
: — 200°C/32h
>R 550°C/10min

200°C/48h
60 T T T T L) T

1500 2000 2500 3000 3500 4000 4500 5000 5500
Distance (pum)

Figure 10. The microhardness profile of the weld seam compared to microhardness values resulting
from isothermal heat treatments (red and blue points).

At the 2.25-3 mm region of the HAZ microhardness profile, the temperature during
welding exceeded 493 °C (Figure 7); therefore, dissolution and precipitation occurred. The
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microhardness of this zone (112-116 HV()») can be simulated with solution heat treatments
followed by natural aging, as shown in Figure 10, where the microhardness values of the
isothermal treatments are correlated to the microhardness profile. At the 3.5-4.25 mm
region, the maximum temperature did not exceed the temperature of complete dissolution
(Figure 7); therefore, coarsening occurred. As shown in Figure 10, the microhardness profile
of HAZ,, ranging between 116-136 HV|) 5, can be sulfficiently simulated by over-aging heat
treatments. The heat treatments that closely correspond in value to the microhardness
profile are 200 °C/48 h, 200 °C/32 h, 250 °C/4 h, 250 °C/2 h, 200 °C/16 h and 200 °C/8 h.

4.2. Correlation between Microhardness and Microstructure Changes

The reduction in the microhardness that occurs after dissolution/re-precipitation and
coarsening are attributed to microstructure changes that involve the T; and 0’ precipitates.
The TEM analysis of the as-received, naturally aged (after solution heat-treat 500 °C /20 min)
and overaged (200 °C/48 h) material are presented in Figure 11.

Figure 11. TEM BF and DF micrographs of (a—c) the as-received sample where 8" and T1 phases are
evident, (d—f) the solution heat treated at 500 °C for 20 min and naturally aged sample, (g,h) the
overaged sample at 200 °C for 48 h.

As shown in Figure 11a—c, in the as-received state, two types of needle-shaped inter-
metallics crystallize with different orientations within the same grain. According to the EDS
analyses, one type is 0, whose length varies between 20-200 nm and whose mean width is
2.5 + 0.6 nm. The second intermetallic is T1, which shows a greater width (5.85 £ 2.3 nm)
and a shorter length than 0. After dissolution and natural aging (Figure 11d-f), two types
of intermetallics are formed in the microstructure as well: 8" and T;. After re-precipitation,
the mean width of 0" is 4.86 &= 1.63 nm, which is slightly increased compared to the as-
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received state. On the contrary, T; precipitates with a significantly increased mean width
of 21.61 & 9.25 nm, compared to T351 temper state. This is attributed to the fact that
the formation of Ty phase is dependent on the presence of dislocations, which is why
pre-deformation favors the nucleation and precipitation of Ty [44]. In the as-received state,
the specimen, being in temper T351, has undergone cold deformation, while the solution
heat-treated (500 °C/20 min) specimen has undergone dissolution and re-precipitation
through natural aging without any pre-deformation. Previous studies have shown that the
mean thickness of T; decreases with increasing pre-deformation [44]. Therefore, due to the
absence of pre-deformation, Ty precipitates with a significantly greater width, which leads
to a reduction in microhardness. After over-aging, 0" (Figure 11g,h) seems to prevail in the
microstructure. The considerable difference in its mean width after overaging is evident, as
from 2.5 nm in the as-received state, after heat treatment, the width increased to an average
value of 25.5 + 9 nm. This is to be expected, as over-aging leads to the coarsening of the
strengthening phases, negatively affecting the microhardness. In Table 5, the mean width
and volume fraction of the two strengthening phases are presented. Volume fractions were
calculated through a two-dimensional method.

Table 5. Comparison of the mean width and volume fraction (f) of the 8” and T; phases in three
as-received, naturally aged and overaged conditions in combination with the microhardness values.

Phase As-Received HT 500 °C/20 min + Natural Aging HT 200 °C/48 h
Width (nm) f (%) Width (nm) f (%) Width (nm) f (%)
0’ (Al,Cu) 25406 3.42 £1.03 4.86 £ 1.63 2.59 £0.97 255+9 3.42 £1.03
T1 (Al,CuLi) 5.85+2.3 117 £0.29 21.61 £9.25 846 +23 - -
HVy, 150 119 114.2

5. Conclusions

In the present work, the reduction of the HAZ microhardness in an AA2198-T351
LBW was simulated through isothermal heat treatments. The HAZ was divided into two
subzones: HAZ; and HAZ,. Within the first zone, the temperature field developing during
welding exceeds the dissolution temperature of the main strengthening precipitates, so
the material is subjected to aging. In HAZ,, the temperature is lower than that limit,
which leads to the coarsening of the strengthening phases (over-aging). In both cases,
the microhardness decreases. To decide on the appropriate conditions (T, t) for the heat
treatments, the thermal cycles at different points of the HAZ were calculated through
the application of the Rosenthal solution, and ThermoCalc software (version 2022a) and
Diffusion Module (DICTRA) (version 2022a) were utilized. Microhardness tests were
performed on the naturally aged and over-aged samples, and the values were matched
with the HAZ microhardness profile. Our conclusions are as follows:

1. The calculated temperature field in the weld seam matches the microhardness profile;
therefore, the theoretical and experimental data are in agreement.

2. After solution heat-treatments and natural aging, the microhardness of the material
decreases from 150 to approximately 120 HV(, due to the re-precipitation of T; with
significantly increased width.

3. After over-aging heat treatments, the width of 8" phase is almost ten times higher
compared to the as-received sample, which is responsible for the reduction in micro-
hardness. Microhardness decreases at a faster rate as the temperature increases. At
200 °C, it decreased to the value of 112 HVy, for 250 °C to 85 HV()» and for 300 °C to
64 HVj .

4. With appropriate isothermal heat treatments, the microhardness profile of the HAZ
during LBW can be replicated accurately, implying that it is possible to fabricate
samples for the experimental study of damage tolerance behavior in the HAZ.
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