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The effects of the thermal cyclic aging treatment on the microstructure and mechanical properties
of 2060 Al–Li alloy laser beam welded joints were investigated. Aging treatments were conducted
at different temperatures and for different cycles. Test results showed that the tensile strength of
the weld joints increased and the elongation slightly decreased after the thermal cycling treatment.
It was also found that the heat affected zone (HAZ) of the welds exhibited a significant increase
in microhardness, whilst the microhardness variation of the nondendrite equiaxed zone (EQZ) can
be neglected. The strengthening effect of the thermal cycling became more obvious as the
temperature and cycles increased. The highest strength of around 513 MPa (96% of the base
metal) was obtained at the temperature of 180 °C. Reprecipitation of strengthening phases such as
T1 in the HAZ at 180 °C was observed by TEM, which can be considered as the main reason for
the strengthening effect of the aging treatment.

I. INTRODUCTION

High-performance light alloys have been widely used
in industry due to their lightweight and remarkable
specific properties.1–4 Adding lithium to aluminum alloys
is a common way to reduce alloy density and increase its
specific modulus. The newly developed 2060 Al–Li alloy
possesses good ductility and excellent resistance
to fatigue and corrosion.5 This type of new generation
Al–Li alloy can be applied to the aerospace industry to
replace the traditional Al alloy 2XXX and 7XXX
series.3,4,6 Another important factor for the novel alloy
practical use is the joining technique. Riveting is the most
widely used technique for aircraft parts joining nowa-
days. However, the application of laser beam welding
(LBW) is gradually replacing the traditional riveting
method, which becomes one of the most important

techniques for Al–Li alloy joining. A narrow heat
affected zone (HAZ) with lower distortion can be
achieved by LBW, thanks to the tight focus ability and
high power density of laser beam.7 Compared with
riveting and arc welding, the structural integrity and
mechanical properties of the LBW joints are highly
improved. The excellent flexibility and accessibility of
LBW with no vacuum requirement has broadened its
application range. It has already been used for welding of
various alloys such as 5A09, 8090, 1420, 2A97, and
2090.8–12

The effects of LBW on the microstructure and me-
chanical properties of the 2060 alloy have been widely
studied in the past decade.13,14 The welding porosity, hot
cracking, and weld softening are the main problems
during welding.7,9,15,16 Many researchers who focus on
the optimization of welding parameters and prewelding
treatment have found methods to improve the material
performance, such as removing oxide film, adjusting the
welding speed, adding the filler wire, and inventing
double-sided LBW.17–20 As shown in previous research
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studies, the post-weld heat treatment (PWHT) can be
applied on the joints welded by tungsten-inert-gas,21–23

electron-beam-welding,24,25 or friction-stir-welding26 to
improve the mechanical properties of weld joints and
meet the practical requirements. However, there are few
reports about the application of PWHT on the LBW
Al–Li alloy, not to mention the thermal cycling treat-
ment.27,28 Cui et al.27 developed the solution-aging
treatment on 5A09 alloys after LBW. It was demon-
strated that the PWHT improved the microstructure
uniformity and enhanced the hardness of weld but
reduced the microhardness of base metal. The process
of thermal cyclic aging is to conduct artificial aging for
several cycles after welding. The absence of solution heat
treatment could reduce the effects of PWHT on base
metal. Xu et al.28 stated that the strength of the welds can
increase after single artificial aging, although the effect
was less than the effect of solution-aging treatment. The
slow heating and cooling processes during artificial aging
were found to influence the precipitation of the second
phase particles,29 which can be considered as the non-
isothermal aging effect. Li et al.30 proved that non-
isothermal aging could slow the aging kinetics to
enhance the strengthening effect. The results showed that
comparing to isothermal aging, nonisothermal aging
improved the tensile strength without decreasing the
elongation.29 Thus, it could be beneficial to apply the
thermal cyclic aging treatment to the Al–Li alloy welded
by laser beam, aiming to obtain the sound joints.

The aim of this investigation is to study the influences
of thermal cyclic aging treatment on the precipitates and
mechanical properties for laser-welded 2060 joints.
Different aging temperatures and cycles were applied
and the corresponding microstructure, microhardness,
and tensile strength of weld joints were investigated.

II. EXPERIMENTAL SECTION

AA2060 alloy sheets with a thickness of 2.0 mm were
received in the T8 state, i.e., artificially aged after
solution heat-treatment and cold deformation. The base
metal was welded by LBW to obtain T-lap joint, with the
2196 alloy serving as ribbed slab. The welding direction
was parallel to the rolling direction of the AA2060 alloy.
The chemical composition of the alloys is given in
Table I.

The thermal-cycling aging was conducted in the blast
air oven (DHG-9245AD, LABFREEZ, Beijing, China).
Different aging temperatures 110 °C, 130 °C, 150 °C,
and 180 °C, with 3 and 5 aging cycles, respectively, were
applied for comparison. The heating/cooling rate was
controlled at 20 °C/h and the aging time was kept for 4 h
(Fig. 1).

The grain morphology and precipitates of the 2060-T8
alloy and weld joints were observed by using OM (Leica
DM4000M, Leica, Solms, Germany) and TEM (JOEL JEM-
2010F, JEOL, Tokyo, Japan), respectively. OM specimens
were cut vertical to the weld and etched by using the Keller’s
reagent for 10 s. The cross-sectional welds were sliced to the
desired thickness of 0.4 mm and then ground to 30 lm thick.
Thinned areas for TEM observation were produced by ion
milling with chemical solution of 25 vol% nitric acid in
methanol (75 vol%) at 248 K. Vickers microhardness tests
were carried out to measure the hardness of distinct zones
across the weld joints with a load of 10 g and a dwell time of
15 s. Subsize samples for transverse tensile testing were cut
by wire-cut electrodischarged machining. The dimensions
and gauge length were determined as shown in Fig. 2. Five
specimens in each condition were tested with the strain rate
of 0.04 mm/mm/min at ambient temperature to evaluate the
mechanical properties.

III. RESULTS AND DISCUSSION

A. Grain morphology

Figure 3 presents the optical micrograph of the weld joints
near the fusion boundary under different heat treatment
conditions. The laser welding joint consists of three parts:
HAZ, EQZ, and NZ. As the grain morphology showed
[Fig. 3(a)], the NZ was divided into column dendrite zone
and equiaxed dendrite zone. Occasionally, the nondendrite
grain band was observed in the NZ. The difference in grains
is due to the competition between the super cooling degree
and atomic diffusion speed in distinct zones.

The EQZ, a feature distinguished from other traditional
aluminum alloys, is a hot issue in fusion weld of the
Al–Li alloy. The EQZ was located around the fusion
boundary and occasionally found in the NZ. As Gutierrez
et al.31 stated, the mechanism of fine equiaxed grains is
nucleation-growth hypothesis. The heterogeneous nuclei
were identified as Al3Zr and Al3(Lix, Zr1�x), which were
still retained after the heating process of welding. The

TABLE I. Chemical composition of AA2060 and 2196 alloys.

Alloy

Element (wt%)

Li Cu Mg Zr Mn Zn Ag Others

2060 0.7 3.7 0.7 0.11 0.3 0.4 0.3 . . .
2196 1.4–2.1 2.5–3.3 0.25–0.8 0.04–0.18 ,0.35 ,0.35 0.25–0.6 Ti , 0.01
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precipitation distribution of EQZ is displayed in Fig. 3(b).
There were a few spherical/cubic precipitates and dense
dislocations observed inside the grains. The precipitates
were considered as Al3Zr by the analysis of an energy
dispersive spectrometer, which was supported by the
nucleation-growth mechanism. Some impurity phases
containing Al, Cu, Fe, and Mn were aligned along the
grain boundary, due to the solute segregation.12 Note that
the coarsening of the grain morphology was not obvious
in the HAZ, which was due to the low heat input in LBW.
In terms of the grain morphology, little difference was
found in the weld after thermal cyclic aging. The

diffusion of Al atoms was limited at the aging treatment
temperatures which are not high enough to cause grain
growth.

B. Microhardness

The microhardness distribution of as-received weld
joints was represented by the “U”-shaped profile in
Fig. 4, which was similar to the results obtained by Tao
et al.13,14 The HAZ-1 and HAZ-2 represent the HAZ near
the base metal of 2060 and 2196 alloys, respectively. The
average microhardness values of the 2060 and 2196 BMs
were ;168 and ;165 HV, while that of the NZ was
approximately 110 HV, much lower than that of the base
metal. The low NZ hardness value may result from the
loss of alloy elements in the weld pool and the imped-
iment to precipitation of the strengthening precipitates
due to fast solidification. Since the original precipitates
would dissolve under the influence of the heat input
during welding, the microhardness of HAZs was also
lower than that of the BM. Due to the microstructure
difference between 2060 and 2196 alloys, the HAZ-1
(;130 HV) showed higher microhardness than HAZ-2
(;111 HV) close to the fusion line. The microhardness
value of the EQZ was lowest, about 103 HV, although
the grain of the EQZ was less than 10 lm [Fig. 3(a)]. It
was due to the lack of a large number of precipitates in
the EQZ as shown in Fig. 3(b).

The microhardness of the T-shaped joints subjected to
different thermal cycling treatments is shown in Fig. 4.
Figures 4(a) and 4(b) represent the effect of 3 and 5 aging
cycles, respectively. The variation trend of the hardness
with the aging temperature for 3 cycles was similar to 5
cycles, roughly. It can be seen that the microhardness in
the HAZs increased with the increase of aging temper-
ature while the variation in the NZ was insignificant. The
microhardness increment of the HAZ after thermal
cycling aging at 110 and 130 °C remained same for both
3 cycles and 5 cycles, indicating that the strengthening
effect was saturated after 3 aging cycles at these two
relatively lower temperatures. When aging at 150 °C, the

FIG. 3. (a) Optical image of the whole weld joint. (b) STEM image of the EQZ showing existence of dense dislocation and a few precipitates.

FIG. 2. Dimensions of tensile testing specimens, mm.

FIG. 1. Schematic diagram of thermal-cycling aging.
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microhardness of the HAZ for 5 cycles was significantly
higher and closer to the value aged at 180 °C, as
compared to 3 cycles. It implies that at 150 °C, the
strengthening effect of thermal cyclic aging did not reach
saturation after 3 cycles but close to saturation after 5
cycles. The variation at 180 °C of microhardness for
different cycles was less significant compared with the
effect at 150 °C, meaning that the strengthening effect
was close to saturation after 3 cycles at 180 °C. The
different aging effect on microhardness of the HAZs
between the relatively higher temperature (150 and
180 °C) and the relatively lower temperature (130 and
110 °C) demonstrates that different strengthening mech-
anisms were in action during the aging treatment. The
most significant effect of thermal cyclic aging on the
weld joints was found at aging temperature of 180 °C.

For natural aging and the early stage of artificial aging,
the main precipitates of the Al–Li alloy are G.P. zone,
h9(Al2Cu), and d9(Al3Li) phase. The precipitation tem-
perature of these phases ranges from 60 to 110 °C.32 In
our study, the aging temperature of 110 and 130 °C was
high enough for the quick formation of h9 and d9 phases.
It seems that the precipitation process was completed
within 3 aging cycles, and further extension of aging time
to 5 cycles did not make great difference to the
precipitates; therefore, the hardness did not have obvious
change in the HAZ below 130 °C. When the aging
temperature is between 135 and 260 °C, the predominant
strengthening phase of the Al–Li alloy is the T1
(Al2CuLi) phase with a small amount of the r phase.33

As mentioned above, the effect of the aging cycles was
more obvious in the HAZ when the aging temperature
was higher (above 150 °C), indicating different strength-
ening mechanisms. It could be attributed to the formation
of the strengthening phase, the T1 phase, which can only
form at relatively higher aging temperature. Adrell et al.34

reported that the precipitation and growth of the T1 phase
was at the expense of the d9 phase at the early aging
stage, while both h9 and d9 phases were consumed at the

peak aging stage. The core of the competition was Li and
Cu atoms. Different precipitates generate strengthening
effects with different mechanisms. The d9 phase pos-
sesses a L12 structure coherent with the matrix, which
could be easily cut through by the dislocations during
deformation.35 The T1 phase is semicoherent with the
matrix, which has the high distortion energy. The in-
teraction between the dislocations and T1 phase is the
mixture of cutting and bypassing mechanism,36 leading
to the more obvious strengthening effect at higher aging
temperature. After the aging treatment of 3 cycles at
150 °C, the precipitation did not reach saturation. The
increase of the aging cycles promotes more precipitation
and then improved the microhardness in the HAZ further.
Once the aging temperature increased to 180 °C, the
precipitation was close to saturation after 3 cycles. Thus,
the less improvement of microhardness was found at the
temperature of 180 °C with the increase of the aging to
5 cycles.

As shown in Fig. 4, the EQZ had the lowest micro-
hardness value which remained unchanged with the aging
treatment. According to Fu et al.,12 the alloying elements,
such as Cu, segregated onto the grain boundaries in the
EQZ, which weakened the precipitation ability of the
strengthening phases during the aging treatment. As
a result, the strengthening effect of the thermal aging
heat-treatment on the hardness of the EQZ can be
neglected. According to Sidhar et al.,37 the low disloca-
tion density of the NZ retards the precipitation of T1
phases. Thus, the microhardness of the NZ exhibited
insignificant change after thermal cyclic aging. In addi-
tion, when the aging temperature was relatively low (110
and 130 °C), the aging treatment had more significant
influence on the microhardness of the HAZ-2 than that of
the HAZ-1. The difference of sharp jump in the two
HAZs could be explained by the effect of chemical
composition differences on the precipitation of the
strengthening phases. As can be seen from Table I, the
main difference in chemical elements of the two alloys

FIG. 4. Microhardness distribution profile of the weld joint. (a) 3 cycles and (b) 5 cycles, respectively, at different elevated temperatures.
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lies in the Cu/Li ratio. The high Cu/Li ratio could
suppress the formation of the d9 phase.38 Due to the
low content Li and high Cu/Li ratio in the 2060 alloy, it
was more difficult for the precipitation of the d9 phase in
the HAZ-1 near the 2060 alloy during thermal cyclic
aging. When the aging temperature was relatively low,
the d9 and h9 phases were the main strengthening phases.
As a result, the increment of the microhardness in the
HAZ-1 was smaller than that of the HAZ-2 after the
aging treatment at 110 and 130 °C.

C. Precipitates

The TEM micrographs of 2060 base metal are pre-
sented in Fig. 5. It was observed that needle-shaped
phases were uniformly distributed in the base metal
[Fig. 5(a)]. The spots from 1/3h220iAl and streaks
forming the sides of the rhombus revealed the presence
of the T1 phase. Combined with the dark field (DF)
image of the spots [Fig. 5(b)], the needle phases can be
confirmed as the T1 phase. As is shown in Fig. 5(b), two
variants of T1 phases were uniformly distributed within
interior grains rather than at subgrain boundaries. In
addition, there were weak superlattice spots in the SAD
pattern, implying the existence of a small amount of d9
precipitates in the base metal [the inset of Fig. 5(a)].

The precipitation in the HAZ of the as-received weld
was also obtained from TEM [Figs. 5(c) and 5(d)]. It was

observed that some spherical nanometer phases were
distributed disorderly in the HAZ. The corresponding
SAD pattern is displayed in the inset of Fig. 5(c), which
indicates that the spherical particles are the d9 phase. It
can be seen that some of the d9 particles have a dark core
which is believed to be the b9 particle, performing as the
nuclei of the strengthening d9 phases during aging
treatment. There were no T1 phases found in the HAZ
at the original weld state. The high cooling rate during the
LBW welding process suppressed the precipitation of the
T1 phases.13,39 The T1 phase is the dominant strength-
ening phase in the Al–Cu–Li alloys.39 The absence of T1
phase in the as-received weld explained the lower
hardness of the HAZ than the 2060 base metal.

The HAZs of the weld joints after 5 cycles at 130 °C
and 5 cycles at 180 °C were selected for TEM observa-
tion. The DF images in Figs. 6(a) and 6(b) demonstrated
the precipitation of the strengthening phases after cycling
aging treatment at 130 °C for 5 cycles. The relevant
results of the SAD pattern with the [211]Al zone is shown
in the inset of Fig. 6(a). Calculation and analysis of the
SAD revealed that the particles in Fig. 6(a) are d9
precipitates and the particles in Fig. 6(b) are h9 precip-
itates. The TEM results of the HAZ after aging treatment
at 180 °C for 5 cycles are displayed in Figs. 6(c) and 6(d),
which contains large amount of needle phases and some
spherical particles. The corresponding SAD pattern with
the [100]Al zone [Fig. 6(c)] revealed the precipitation of

FIG. 5. TEM micrographs of the base metal (a and b) and HAZ of the as-received weld (c and d). (a) Bright field image of the base metal and the
inset is the SAD pattern with the [110] matrix zone. (b) DF image of the T1 phase. (c) Bright field image of the HAZ near fusion line and the inset is
the SAD pattern near the [311] matrix zone. (d) DF image of weak spots marked in (c).

L. Mao et al.: Effect of thermal cycles on the laser beam welded joint of AA2060 alloys
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needle-shaped T1 phases and the existence of d9 particles
after cycling aging at 180 °C. The four spots symmetri-
cally distributed about intersection of the diagonals of
a square related to the reflection of four variants of the T1
phase. In addition, the spots produced by the d9 phase
were weaker than that of the HAZ repeatedly aged at
130 °C [Fig. 6(b)]. The DF image in Fig. 6(d) represented
the lenticular T1 phases. The precipitation of the strength-
ening phases was considered to improve the mechanical
properties of the weld joints.

In contrast to the as-received weld HAZ, the thermal
cyclic aging promoted the precipitation of strengthening
phases such as h9 phases, d9 phases, and T1 phases. The
main strengthening phases after thermal cyclic aging at
lower temperature (110 and 130 °C) were h9 and d9
phases, which were responsible for the increment of
microhardness in the HAZ after aging treatment. As the
aging temperature increased up to 150 and 180 °C, the h9

and d9 precipitates transformed into the T1 phase. The
formation of the new phases brought more obvious
strengthening effect than the h9 and d9 precipitates. Thus,
the microhardness in the HAZ after cycling aging at
higher temperatures exhibited a dramatic increase, com-
paring to that after lower temperature aging treatment.

D. Tensile properties

The results of tensile strength and elongation are
displayed in Figs. 7(a) and 7(b). The tensile strength of
the as-received joint reached 406.86 MPa, about 76% of
the 2060 base metal (;533 MPa). The result is analogous
to the joint strength coefficient (the UTS ratio of the weld
joint and base metal) reported for the 2A97 LBW joint.12

The elongation of the as-received weld was about 2.1%,
indicating a large reduction compared to the 16% of the
2060 BM. It can be seen from Fig. 7 that the tensile

FIG. 6. TEM micrographs of HAZs after aging treatments. DF images of (a) d9 phases and (b) h9 phases for 5 cycles at 130 °C. The inset of (a) is
the SAD pattern with the [211] matrix zone for 5 cycles at 130 °C. (c) DF images of T1 phases for 5 cycles at 180 °C. The inset is the SAD pattern
with the [100] matrix. (d) The magnified image of T1 phases for 5 cycles at 180 °C.
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strength of the weld joints increased with the aging
temperature, while the elongation slightly decreased.

The weld joints subjected to thermal cyclic aging at
180 °C possessed the highest tensile strength, about 513
MPa (;96% of the 2060 BM strength). The strength
values of the weld joints aged for both 3 cycles and
5 cycles at 180 °C were quite similar, probably due to the
saturation of the strengthening effect of the T1 phase
precipitation. When the aging temperature was relatively
low (110 and 130 °C), the tensile strength of the weld
joints exhibited slight improvement when the number
of aging cycles extended to 5 cycles. As mentioned
before, the strengthening phases at the relatively low
temperature were h9 and d9 phases. The precipitation
process could almost be completed within 3 cycles,
implying that the strengthening effect was close to
saturation. Thus, the effect of the extended cycling
time on the strength of the weld joints could be ignored
at 110 and 130 °C. As the aging temperature increased
up to 150 °C, the difference of the tensile strengths
between 3 cycles and 5 cycles was obvious. This means
that the increase of the cycling numbers had significant
influence on the tensile strength at 150 °C. As

mentioned above, at 150 °C, the strengthening phases
of h9 and d9 would be dissolved and a new strength-
ening phase of T1 would be formed. The transforma-
tion process, however, was not fast enough compared
with that at 180 °C, and the precipitation of the T1
phase could not reach saturation after 3 cycles. When
the cycles increased to 5 cycles, further precipitation of
the strengthening phase enhanced the tensile strength
remarkably. The variation of the tensile strengths after
thermal cyclic aging was in good agreement with that
of microhardness (see Fig. 4).

The fracture morphology of the 2060 BM was ob-
served by SEM after tensile testing (Fig. 8). The obvious
delamination was found on the fracture surface, as shown
in Fig. 8(a). It is the characteristic of the Al–Li alloy
fracture, implying the existence of the external reinforce-
ment during tensile testing.40 The external reinforcement
could improve the ductility of the Al–Li alloy. In
addition, it can be seen from Fig. 8(b) that there were
many deep dimples on the fracture surface with some
particles. On account of the delamination and dimples,
the 2060 BM possessed good ductility and the 16%
elongation was in line with it.

FIG. 7. Line chart representing the comparison of (a) tensile strength and (b) elongation in different conditions.

FIG. 8. SEM fracture images of the 2060 BM at the magnification of (a) 500� and (b) 1500�.
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The fracture observation results of the T-lap weld
joints are displayed in Fig. 9. It can be concluded from
Fig. 9(a) that the fracture of the weld consisted of two
parts, zone-1 and zone-2. Zone-1 and zone-2 were the
fracture surfaces near the weld metal and in the BM,
respectively. The crack initiated in the weld toe on the
skin panel, where the stress concentration was located. It
was widely reported12,41–43 that the EQZ was the weakest
link for the Al alloy LBW joints and the grain boundaries
of the EQZ were the easy path for the crack to grow. In
the present work, however, it can be seen from Fig. 9(b)
that the fracture path was mainly along the fusion line
adjacent to the EQZ, but not within the EQZ, with some
part in the HAZ. The SEM images of zone-1 are shown in
Figs. 9(c) and 9(d). The inset of Fig. 9(c) exhibited the
existence of the intensive dimples on the fracture surface
of zone-1. At the same time, Fig. 9(d) reveals that there
was a large amount of weld defects. The local dimples
could not eliminate the negative effect of the defects on
the weld ductility. Thus, the weld joints showed poor
ductility during tensile testing. After reaching the point of
the deepest penetration, the crack turned to the 2060 BM
to continue propagation. The fracture mode of zone-2

was same with that of the 2060 BM. As the external force
was applied to the remained BM, the weld joints
fractured quickly.

IV. CONCLUSION

The thermal cyclic aging treatment at different
temperatures and cycle numbers was conducted for
the 2060 alloy T-shaped joint, which was welded by
the LBW method. The joint strength coefficient of the
as-received weld was 76%. The grain morphology,
precipitation distributions, and mechanical properties
were investigated to understand the effect of thermal
cyclic aging. And the following conclusions can be
drawn:

(1) The microhardness and tensile strength of the 2060
Al–Li alloy weld increased with the increase of the
thermal cyclic aging temperature and cycles. The highest
strength of around 513 MPa (96% of the base metal) was
obtained at the temperature of 180 °C.

(2) The lower temperature aging promoted the forma-
tion and growth of d9 and h9 phases in the HAZ. As the
aging temperature increased up to 150 and 180 °C, the T1

FIG. 9. (a) Stereo micrograph of the fracture weld joint. (b) OM images of the fracture surface. (c) SEM image of zone-1. The inset is the
magnification of the dimples. (d) SEM image of the fracture showing weld defects.
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phase precipitated in the HAZ, resulting in higher micro-
hardness and tensile strength.

(3) Thermal cyclic aging treatment does not have
obvious effect on the EQZ, attributing to the lack of
solute elements in the zone.
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