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Abstract
Aluminum–lithium (Al–Li) alloy, one of the 2xxx aluminum–copper alloys, have higher specific strength and stiffness than
the other aluminum alloy systems. The 3rd generation Al–Li alloys provide increased corrosion resistance, good fatigue crack
growth resistance, enhanced strength, and toughness compared with the previous generation. The mechanical characteristics
of the Al–Li alloys are modified by a method of stretch forming and heat treatment. However, the material properties can be
non-uniform in this process. To investigate the effects of stretch forming and heat treatment, the tensile tests were performed on
the pre-stretched and artificially aged specimens. The specimens were pre-processed in several combined conditions which
were under 0–3% stretching strain with 14–17 h aging time before the tensile test. The tensile properties such as elastic
modulus, yield strength, ultimate strength, and elongation at break were analyzed to find the highest strength value. Based
on the experimental results, the effects of pre-stretching and artificial aging on the change in the Al–Li alloy properties were
discussed to see whether it could be applied to the manufacturing process.
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1 Introduction

Aluminum alloys are widely used for structural materials
in many industries, such as aviation, space, and military,
because they have high specific strength and stiffness. Alu-
minum–lithium (Al–Li) alloy, one of the aluminum alloys,
has higher strength and stiffness than the other aluminum
alloys, such as traditional 2xxx and 7xxx series alloys.
Lithium elevates elastic modulus of the aluminum alloy by
about 6% and reduces density by 3 wt.% of the alloy by
adding 1 wt.% to the aluminum alloy [1–3]. Considering
these advantages, Al–Li alloyswere initially developed in the
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1950s as the 1st generation and then improved in the 1980s as
the 2nd generation [4, 5]. However, the Al–Li alloys up to the
2nd generation were not used widely in aerospace industries
due to their mechanical properties, such as low toughness,
poor corrosion resistance, and anisotropic behavior [6, 7].

The current generation (3rd) of Al–Li alloys were devel-
oped to improve the previous Al–Li alloys [8]. The new
generation Al–Li alloys provide increased corrosion resis-
tance, good fatigue crack growth resistance, good strength,
and toughness. In addition, its damage tolerance and forma-
bility have improved [9, 10]. Al–Li alloy 2198 belongs to the
3rd generation Al–Li alloys, which are utilized in aerospace
industries. This alloy has been applied to the primary, sec-
ondary, and fairing components for the Falcon 9 rocket [4,
11].

Fabricating into a component using the 3rd genera-
tion Al–Li alloy is still difficult. This is because the
Al–Li alloy shows strong anisotropy [12]. The anisotropy
appears in yield strength, ultimate strength, and elonga-
tion. In addition, the material is deformed non-uniformly
in a stretch forming process even if an appropriate form-
ing method is applied [13–19]. The mechanical properties
of the Al–Li alloy depend on the amount of stretching and
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Fig. 1 Schematic illustration of
stretch forming and artificial
aging process

Fig. 2 Schematic illustration of a stress–strain curve during the stretch
forming process

agingmethod [20–22]. Non-uniform deformation can lead to
non-homogeneous material properties after aging treatment.

Yield strength of aluminum alloys can be enhanced by
applying pre-deformation via stretch forming processing
[23–25]. Stretch forming is a manufacturing process that
applies tensile loads to sheet metal with a forming die. Dur-
ing this process, the yield strength of the material increases
due to strain hardening by plastic deformation. Many studies
for Al–Li alloy 2198 have been carried out to develop a man-
ufacturing process to take advantage of this effect. Choi et al.
[26] established a mathematical model to predict the thick-
ness of a product after incremental forming combined with
stretch forming. The thickness prediction model can lead to
good agreement with actual data gained in the experiment.
Li et al. [27] proposed a set of mechanism-based constitutive
equations to incorporatemicrostructural evolutions into yield
strength and two-state-variable work hardening models. The
developed model has successfully predicted yield strength

and work hardening. Despite these well-predicted investiga-
tions, the prediction of Al–Li alloy forming processes still
has problems to be solved owing to its anisotropy.

Aging treatment alters material properties. Changes in
the mechanical properties of Al–Li alloy 2198 depend on
the aging method [28]. Peipei Ma et al. [29] studied a
change in the properties of Al–Li alloy 2195 by natural
aging and artificial aging time. The hardness of the alloy was
increased dramatically at the beginning of natural aging as
well as artificial aging. Even when the aging time exceeded
20 h, the hardness hardly changed. Zhang et al. [30] investi-
gated the effect of different artificial aging temperatures on
Al–Li alloy. In the temperature range from 150°C to 160°C,
the yield strength and the ultimate strength were largely
enhanced according to the heat treatment temperature, but
the elongation of the alloy was decreased dramatically with
rising aging temperature. The strength of the Al–Li alloy did
not continue to increase even though the alloy was aged with
more time and higher temperature. This means that products
with excellent properties can be manufactured quickly if the
aging time and temperature are properly applied. Therefore,
to counter this, utilizing effective stretching and aging pro-
cesses should be considered.

The present work investigates the effects of both artificial
aging andpre-deformation by stretch forming on themechan-
ical properties of Al–Li alloy 2198-T3. For the experimental
study, the alloy manufactured is a type of tensile test speci-
men. The pre-stretching of the specimens is conducted using
a tensile testing machine. The stretched and non-stretched
specimens are artificially aged in an oven. The stretching
strain and the aging time conditions are the range of 0–3%
strains and 14–17 h, respectively, which is a range expected
to be used in product manufacturing. After the heat treat-
ment, tensile testing is accomplished using the tensile testing
machine. The tensile properties are measured modulus, yield
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Fig. 3 Artificial aging treatment
and temperature measuring

Fig. 4 Stress–strain curves during pre-stretching process

strength, ultimate strength, and elongation. Finally, the effect
of the selected pre-stretching and artificial aging conditions
on the mechanical properties is analyzed and it is confirmed
that it can be applied to the production process.

2 Experimental Method

The whole process in this study is illustrated in Fig. 1. The
experiment consisted of two steps, that are a preprocess step
and a test step. Pre-stretching and aging treatment were per-
formed in the preprocess steps, and then tensile test was
carried out to measure the tensile properties. In this chap-
ter, the procedures and methods of pre-stretching, artificial
aging, and testing are described.

2.1 Pre-Stretching

The Al–Li alloy 2198-T3 was prepared into samples for
stretch forming as a type of tensile test specimen. The speci-
men had a sheet-type configuration used in ASTM E8 which
is standard test methods for tension test of metallic materials
[31] that has gauge length of 50 mm and a two-grip section.
The gage section and grip section allow for easy stretching
of the specimen. In addition, the gage section conveniently
provides a strain measurement area. For these reasons, the
shape of the tensile test specimen was chosen and stretch
forming was performed.

The stretch forming process includes a loading process
and an unloading process. Figure 2 shows a stress–strain
curve of the material during the stretch forming process. The
specimen has suffered plastic deformation in the loading pro-
cess. The loading process is stopped at the limit strain εlimit.
After the strain is reached at the limit strain, the process is
converted to the unloading process. In the unloading pro-
cess, the load becomes zero and the strain of the specimen
is reduced, because the material behaves elastically. When
the stretch forming process is completed, the strain of the
specimen becomes the finish strain εfinish.

Stretch forming was carried out based on the value of the
finish strain εfinish. The maximum strain suffered the speci-
men can be calculated from Eq. (1) and (2):

εlimit � εfinish + �ε (1)

�ε � σlimit

E
(2)

where σlimit is the limit stress. E is tensile modulus of elas-
ticity. The limit strain σlimit and the modulus of elasticity E
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(a) Aged 14 hr.

(b) Aged 15 hr.

(c) Aged 16 hr.

(d) Aged 17 hr.
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Fig. 5 Time histories of temperatures for artificial aging

are obtained through the stress–strain curves of the specimen
by the tensile testing.

The specimenwas stretched usingMTS810Material Test-
ing Systems. The control process of the testing machine for
the stretching was composed of Multipurpose Elite (MPE)
with user-defined function provided by the testing machine
software. The control steps included a loading process and
an unloading process, as well as pause steps between the
two processes and after the unloading process. When the
specimen reached the limit strain εlimit and the load zero
(at the finish strain εlimit), the pause step was held for
30 s, respectively. The loading and unloading processes were

accomplished at the crosshead speed of 3mm/min of the test-
ing machine.

2.2 Artificial Aging

Artificial aging is widely used as a heat treatment method for
metalmaterials. It is amethod of changing themicrostructure
of a material by applying a high temperature to the material.
Therefore, applying an appropriate heat treatment method is
important.

Artificial aging, from T3 to T821, was carried out using
a convection oven, as shown in Fig. 3. The oven was set
to the aging temperature based on the temperature of the
specimen, because the air temperature inside the oven and the
specimen temperature may be different. The heat condition
was 155 ± 3 °C. The aging time conditions were increased
in 1 h increments from 14 to 17 h. The counting of aging
time startedwhen the temperature reached the heat condition.
The specimens were aged at the heat condition for the time
excluding the temperature rise and fall times.

2.3 Tensile Testing

The specimenswerefinally tested to confirm the change in the
mechanical properties by pre-stretching and artificial aging.
The test method employed the ASTM E8/E8M standard test
method for tension testing of metallic materials [31]. The
tensile test was accomplished using MTS 810 material test-
ing systems, and the load and the strain were measured. The
extensometer with a 50 mm gage length was utilized to mea-
sure the strain. The test speed was made into the crosshead
speed of 3 mm/min of the testing machine.

3 Preprocess Results

The stress–strain curves were represented as shown in Fig. 4
during the pre-stretching process. The target strains for
stretching conditions were set 1–3% at the end of the pre-
stretching process. A total 36 specimens were divided into
groups of 12, for each of the three forming conditions. As a
result of the pre-stretching, the finish strains were measured
at 1.05%, 2.05%, and 3.03% on average, respectively.

The specimens were aged at the heat condition 155 ± 3
°C during 14–17 h. Figure 5 presents the temperature his-
tories for the heat treatment. The temperature reached the
aged temperature and was maintained for the duration. The
mean temperature was higher than 155 °C, but within the
temperature condition.

Figure 6 shows scanning electron microscope (SEM)
images of the specimen surface taken to observe the change
of the material due to the aging treatment. The surface of the
original material had relatively uniform layers, as presented
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Fig. 6 SEM images of the samples with different heat treatments

in Fig. 6a. In contrast, an arbitrary point pattern appeared on
the surface of the aged specimens, as shown in Fig. 6b–e.
This can be seen as crystallization caused by artificial aging
treatment. The surface images of specimens aged for 14–17 h
represented similar surface pattern. In these results, it can be
expected that there is no significant difference within the
aging time conditions, although a large change occurred in
the material properties by the aging treatment.

4 Test Results and Discussion

The specimens were measured in modulus of elasticity,
strengths, and elongation by the tensile test method ASTM
E8/E8M. Each of the three specimens was tested under the
preprocess conditions. The average values of each case were
used for overall result analysis. The effects of artificial aging
and pre-stretching are discussed in Sects. 4.1 and 4.2.

4.1 Effect of Artificial Aging

The Al–Li alloy 2198-T3 showed large changes in tensile
properties depending on whether it was artificially aged or
not. TheStress–strain (S–S) curves shown inFig. 7 are the test
result of the original material and the aged material without
pre-stretching. The raw material had relatively low strength
and high elongation before the aging treatment, but after the
aging, the strength increased,while the elongation decreased.
By the artificial aging, the modulus of elasticity increased by
about 8.2% from 70.3 GPa to 75.7 GPa, the yield strength
increased by about 35.5% from 336 to 456 MPa, and the
ultimate strength increased by about 10.9% from 456 to
506 MPa. On the other hand, the elongation decreased by
about 10.03% from 21.87% to 11.84% and the tensile tough-
ness decreased by about 37.6% from 91.2 to 56.9 MJ/m3.
The average value of the test results according to the differ-
ent aging time are presented in Table 1. The change in tensile
properties of the alloy by the aging treatment represented a
greater difference in yield strength and elongation than in
elastic modulus and ultimate strength.

These changes are considered as a phenomenon caused by
deformation of the microstructure of the alloy by the artifi-
cial aging [32–34]. The surface of the raw alloy shows regular
rough layers such as shown in Fig. 6a, while the surface of the
aged specimens show that grains are formed on the relatively
smooth surface, as shown in Fig. 6b–e. Moreover, the optical
micrographs of the tensile fracture morphologies are shown
in Fig. 8. Themicrographswere obtained using lenses of 100,
400, and 1,200 magnifications. The fracture morphologies of

Fig. 7 Stress–strain curves for
tensile test results: without
pre-stretching specimens

(a) Non-Aged (b) Aged : 14-17 hr.
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Table 1 Tensile properties of the
non-stretched specimens Aged time

(hr)
Modulus
(GPa)

Yield strength
(MPa)

Ultimate strength
(MPa)

Elongation
(%)

Toughness
(MJ/m3)

Non 70.3 336 456 21.87 91.2

14 74.9 450 503 12.13 57.9

15 74.8 452 504 11.07 52.8

16 76.5 461 510 12.83 62.3

17 76.6 458 508 11.32 54.5

Fig. 8 Optical micrographs of tensile fracture morphologies for differ-
ent heat treatments

non-aged specimens, as presented in Fig. 8a, demonstrate a
smoother surface than the aged specimens, because they had
regular layers. On the other hand, the artificially aged spec-
imens had a rough surface, as shown in Fig. 8b–e, because
crystallization occurred in the microstructure of the alloy.
These coarse surfaceswere observed near the edges, the outer
surface of the material. Through Figs. 6 and 8, it can be con-
sidered that the roughness of the alloy was increased by the
artificial aging. The modification of the microstructure may
have led to a change in the properties.

The aging time in this study did not significantly change
the tensile properties of the alloy. In Fig. 7b, which is the S–S

curves of the tensile test results according to the different
aging time, all the curves have a similar shape. The curves
plot the three results by each time condition. Comparing the
tensile properties through the values of Table 1, it seems that
the yield strength and ultimate strength increase slightly as
the aging time increases, but it is difficult to find any clear
changes.

4.2 Effect of Pre-Stretching

The test results of the aged specimens after being pre-
stretched from 0% to 3% are shown in Fig. 9. The testing
results canbe expressed as an averageof themechanical prop-
erties, as listed in Table 2. The modulus of elasticity showed
a tendency to decrease as the stretching strain increased at
the same aging time. The yield strength was enhanced as the
stretching strain increased. It is considered an effect of strain
hardening. The yield strength enhancement was relatively
large, as the pre-stretching strain raised from 1% to 2%. This
is a phenomenon that appears due to the characteristics of the
plastic deformation behavior of the material, and it is consid-
ered that there is a region, where the load elevates suddenly
near the strain of 1%, as shown in the pre-stretching results
graph in Fig. 4. The ultimate strength and the elongation had
no significant difference in the stretching conditions. The
modulus of elasticity, yield strength, and ultimate strength
showed a difference of less than 5%, and the elongation pre-
sented a difference of less than 2%. Overall, there was no
significant difference in tensile properties.

Synthesizing the effect of pre-stretching strains and artifi-
cial aging times under the condition of this study, there were
no significant effects on the tensile properties of the material.
Figure 10 shows the average value and measurement uncer-
tainty of the tensile test results. Although some conditions
showed largemeasurement uncertainty due to the small num-
ber of specimens, there was a clear difference depending on
whether heat treatment was performed. However, there was
no significant difference even though the aging time and pre-
stretching strainwere changed. This phenomenon can also be
partially found in the previous research results [8, 25]. The
results of these research showed that the change in tensile
properties was not significant in the pre-stretching range up
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Fig. 9 Stress–strain curves for
tensile test results: aged
specimens

(a) Aging : 14 hr. (b) Aging : 15 hr.

(c) Aging : 16 hr. (d) Aging : 17 hr.
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Table 2 Tensile properties of the
pre-stretched and aged specimens Aged time

(hr)
Pre-Stretching
condition
(%)

Modulus
(GPa)

Yield Strength
(MPa)

Ultimate
Strength
(MPa)

Elongation
(%)

14 0 74.9 450 503 12.13

1 73.7 466 505 13.95

2 72.7 478 509 12.62

3 71.3 474 504 13.33

15 0 74.8 452 504 11.07

1 72.9 464 504 12.80

2 74.8 481 511 12.05

3 74.1 481 508 12.19

16 0 76.5 461 510 12.83

1 75.4 463 503 12.69

2 73.9 482 511 11.98

3 73.4 483 510 13.01

17 0 76.6 458 508 11.32

1 76.0 464 504 13.53

2 75.3 483 515 13.08

3 76.2 484 510 11.19

Average 74.5 470 507 12.49
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Fig. 10 Comparison of mechanical properties according to pre-
stretching strain and aging time

to 15%. In addition, the Al–Li alloy has a rapid change in
tensile properties until the initial 10 h of heat treatment, but
there is little change in the properties between 10 and 20 h [2,
6, 22, 24, 35]. The aging and pre-stretching conditions in this
study were included in the range, where there is little change
in these properties. These results suggest that the combined
effect of pre-stretching and artificial aging in the Al–Li alloy
2198 is not large under the conditions of this study.

In the case of heat treatment to a large product, the ther-
mal distribution of the productmay not be uniformbecause of
technical problems [36–38]. In addition, there is also a tech-
nical problem that non-uniform plastic deformation occurs

even during stretch forming [13–19]. Nevertheless, it means
that the non-uniformity of themechanical properties does not
become large by the effects occurring in the small range of
aging time and pre-stretching strain. Therefore, it should be
concluded that the pre-stretching and the artificial aging con-
ditions in this study are sufficient to be utilized for making
products with relatively uniform mechanical property distri-
bution.

5 Conclusions

This studyperformed experimental research on effects of pre-
stretching and artificial aging for Al–Li alloy from 2198-T3
to 2198-T821. The Al–Li alloy was tested by a tensile test
method in combined conditions which were 0–3% stretch-
ing strain and 14–17 h heat treatment time as well as the
raw condition, for which conditions are a range expected to
be used in product manufacturing. The experimental results
were divided into the effect of aging treatment time and the
effect of stretching strain. First, the artificial aging increased
the modulus of elasticity, the yield strength, and the ultimate
strength. However, the elongation of the alloy was reduced
compared to the non-aged counterpart. Overall, the increase
of aging time showed a tendency to slightly increase the
properties excluding elongation. Second, the effect of pre-
stretching strain showed that the yield strength was enhanced
slightly as the pre-stretching strain increased, because the
material suffered strain hardening. However, there was no
significant difference to the tensile properties under the
stretching conditions and the aging time conditions.

The mechanical properties mostly showed little change
under the preprocessing conditions, because the aging time
and pre-stretching strain are a relatively small range. It
means that the non-uniformity of the mechanical properties
for a product manufactured by these processing conditions
become small. Therefore, it can be concluded that the stretch-
ing and aging conditions in this study are sufficient to be
utilized to make the mechanical properties of products rela-
tively uniform.
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