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Abstract. The evolution of mechanical properties of a third-generation AlI-Cu—Li alloy, AA2050, with different
initial tempers (as-quenched WQ, naturally aged T34 and peak-aged T84) during creep-ageing has been
investigated in this study. A set of creep-ageing tests was carried out under 150 MPa at 155 °C with different
durations for all initial temper conditions and tensile tests were performed subsequently to acquire the main
mechanical properties of the creep-aged alloys, including the yield strength, ultimate tensile strength and
uniform elongation. The evolution of these mechanical properties during creep-ageing has been discussed in
association with precipitation behaviour of AA2050 alloys with different initial tempers. The results indicate
that the T34 alloy is the best choice for creep age forming (CAF) applications among these initial tempers, as it
provides better yield strength and uniform elongation concurrently after creep-ageing. In addition, a work
hardening rate analysis has been carried out for all the creep-aged alloys, helping to understand the detailed
dislocation/precipitate interaction mechanisms during plastic deformation in the creep-aged AA2050 alloys

with WQ, T34 and T84 initial tempers.
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1 Introduction

Creep age forming (CAF) is an advanced forming
technology originally proposed to manufacture large/
extra-large panels in the aerospace industry [1]. Creep
and age hardening occur simultaneously to concurrently
deform and strengthen aluminium alloys when load is
applied to the alloys at a high temperature during CAF
[2,3]. The recently developed third-generation Al-Cu-Li
alloys have been reported as a promising material for
aerospace applications due to their high stiffness and
strength-to-weight ratio advantages [4,5]. The creep-
ageing behaviour of a third-generation Al-Cu-Li alloy
AA2050 has been investigated in previous studies [6,7],
which built a good foundation for the alloy to be
manufactured through CAF process. For potential indus-
trial applications, the mechanical properties of the alloy
after CAF are important, especially for the aerospace
components, and therefore need to be investigated and
evaluated.

* e-mail: zhusheng.shi@imperial.ac.uk

It has been widely reported that initial tempers could
highly affect the precipitation progress of aluminium alloys
during artificial ageing and result in different yield
strengths [8]. Different precipitation behaviour has been
found during artificial ageing of aluminium alloys, such as
Al-Mg-Si [9] and Al-Li [10,11] alloys, with as-quenched or
naturally aged initial tempers. An initial drop of yield
strength has been particularly observed for alloys with
naturally aged initial temper due to the dissolution of pre-
existing precipitates or clusters at the early stage of
artificial ageing [9]. For Al-Zn—-Mg alloy, a pre-ageing step
is generally carried out before final artificial ageing, in order
to facilitate the homogenously precipitation and achieve
high yield strength [12]. For Al-Cu-Li (Al-Li) alloys, it has
been reported that initial tempers with or without pre-
stretch will lead to apparent different precipitation and
yield strength evolutions during artificial ageing [11,13].
Kumar et al. [11] indicated that pre-stretch can assist the
nucleation of T} (Al,CuLi) precipitates and accelerate the
age hardening of the alloy, enhancing the yield strength of
the naturally aged Al-Cu-Li alloys. Similar phenomenon
has also been observed in the as-quenched Al-Cu-Li alloys
[13,14].

For CAF process, the creep-ageing behaviour of an
Al-Cu-Li alloy (AA2050) with different initial tempers,
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Table 1. Main chemical composition of AA2050 (wt%).

Al Cu Li
3.6 0.9

Mg
0.34

Ag
0.35

Mn Zr
0.34 0.08

Balance

namely the as-quenched (WQ), naturally aged T34 and
peak-aged T84, has been investigated, and different creep
and age hardening behaviour have been reported for
different initial tempers under the same stress level at
155°C [6]. The microstructures and yield strength of an as-
quenched Al-Li alloy after CAF process have also been
investigated and the results indicated an enhanced yield
strength in the formed material due to the applied stress
[15]. However, only the yield strength of the alloys after
creep-ageing was considered in previous studies, other
mechanical properties, such as ultimate tensile strength
(UTS) and uniform elongation, are also important for the
CAFed alloys and should be considered as well, so as to
provide a comprehensive method to select the proper initial
temper condition for alloys for CAF applications.

Meanwhile, the work hardening behaviour of Al-Cu-Li
alloys also attracts much interest, as it reflects the tensile
strength and elongation of the alloys and can act as a tool to
indicate the detailed dislocation/precipitate interaction
mechanism during plastic deformation. Earlier studies
reported that Al-Cu—Li alloys with different precipitates
show different work hardening behaviour during plastic
deformation, depending on the main precipitates in the
material (such as T} and /or 8’ (AlsLi)) [16-18]. As different
precipitates exist after creep-ageing in the alloys with
different initial tempers, their effects on the plastic
deformation of creep-aged alloys are also of interest.

In this paper, an Al-Cu—Li alloy, AA2050, with three
commonly reported initial temper conditions, as-quenched,
naturally aged and peak-aged, was studied to investigate
the effect of initial temper on evolutions of mechanical
properties, including yield strength, UTS and uniform
elongation, during creep-ageing in CAF process. The
plastic deformation behaviour of the creep-aged alloys is
then discussed based on the work hardening rate analysis,
so as to understand the detailed dislocation/precipitate
interaction mechanisms in creep-aged AA2050 alloys.

2 Material and experiments
2.1 Material and heat treatment

The material used in this study is a third-generation Al-
Cu-Li alloy AA2050, provided by Embraer (Brazil). The
main chemical composition of the alloy is listed in Table 1.
The as-received material was 12.7mm thick plate and at
T34 temper, which had been solution heat treated (SHT),
water quenched, pre-stretched and naturally aged.

Three commonly used initial temper conditions, namely
as-quenched (WQ), naturally aged (T34) and peak-aged
(T84), were selected for investigation in the current study.
The materials with WQ and T84 initial tempers were
prepared by heat treatment of the as-received T34
material. WQ initial temper was prepared by solution
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Fig. 2. Specimen geometry and dimensions for creep-ageing and
tensile tests (units: mm).

Table 2. Experimental plan for creep-ageing and tensile
tests.

Initial temper Creep-ageing time (h)

T34 0,2, 5,8, 12, 18
wQ 0,5, 12, 18, 24
T84 0, 6, 15, 50

heat treating (SHT) at 500°C for 1h, followed by water
quenching, while T84 initial temper was obtained by
artificial ageing of the as-received material at 155°C for
18 h. Figure 1 schematically shows the heat treatment
procedures for materials preparation and subsequent
creep-ageing and tensile tests in this study.

2.2 Creep-ageing and tensile tests

The same testing specimens were used for creep-ageing and
subsequent room temperature tensile tests, whose dimen-
sions are shown in Figure 2. The specimens were machined
from an as-received thick plate along the rolling direction.
The heat treatment procedures indicated in Section 2.1
were then performed to prepare specimens with WQ and
T84 initial tempers.

The prepared AA2050 specimens with WQ, T34 and
T84 initial tempers were creep-aged under a constant stress
level of 150 MPa at 155°C for different durations, as
listed in Table 2. For the alloy with WQ initial temper,
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Table 3. Summary of precipitation progress during artificial-ageing/creep-ageing of AA2050 with WQ, T34 and T84

initial tempers at 155°C (summarised from [6,13,16,19]).

Initial Initial state Precipitation progress Final state

temper

wWQ SSSS Nucleation and growth of GP zones and 8’ — Nucleation Ty and §' with minor
and growth of T; and minor ¢/ 0'/S (24h)

T34 Cu-rich clusters Dissolution of Cu clusters — Nucleation and growth T, with minor ¢ (18h)
of precipitates (mainly T with minor &)

T84 T, with minor ¢ Coarsening of T; (slight increase in precipitate length T, with minor ¢ (50 h)

and volume fraction)

creep-ageing tests were performed immediately after
water-quenching. Subsequent tensile tests were carried
out at room temperature to obtain the main mechanical
properties of the creep-aged alloys. The heat treatment
conditions for these tests are shown in Figure 1.

Both creep-ageing and tensile tests were performed on
an Instron 5584 machine. A high temperature extensome-
ter Instron 2620-601 was attached onto the specimen to
capture the strain during both tests. For the creep-ageing
tests, an assisting furnace with an accuracy of +3°C was
attached to the Instron machine to provide a high
temperature testing environment. The constant stress
was applied after the specimens reached 155°C. For
subsequent tensile tests, a strain rate of 10~%s ™! was used.

3 Evolution of precipitates

The details of precipitation progress of AA2050 and other
similar Al-Cu-Li alloys artificially aged/creep-aged from
WQ or naturally aged (T34) initial tempers to over-aged
states have been investigated and discussed before
[6,13,16,19]. A brief summary of the precipitation progress
is given in this section to assist the further analysis of the
current study. As listed in Table 3, different micro-
structures exist in the Al-Cu-Li alloy AA2050 with initial
tempers of WQ, T34 and T84. The WQ alloy is composed
of a supersaturated solid solution (SSSS), the naturally
aged T34 alloy has Cu-rich clusters; while in the peak-aged
T84 alloy, T} precipitates with minor 6 (Al,Cu) play the
dominant role. Different precipitation progress during
artificial ageing is summarised below for these alloys:

— For WQ alloy, GP zones and 8’ appear first, followed by
the nucleation and growth of T} precipitates (with minor
¢ and S (Al,CuMg)). After 24 h creep-ageing of the alloy
at 155°C, both T} and § precipitates (with minor 6" and
S') are expected in the alloy [6,11].

— T34 alloy experiences an initial dissolution of Cu-rich
clusters at the first 2h of creep-ageing at 155°C and an
accelerated nucleation of Ty precipitates (with minor ')
subsequently due to the dislocations in the alloys
introduced by pre-stretching [20]. After 18h creep-
ageing at 155 °C, T34 alloy reaches the peak-ageing state,
with mainly T precipitates [6,16], which can be seen in
the transmission electron microscopy (TEM) image

Cutting

| \\,l““l,\. zone axis

() (b)

Fig. 3. Precipitates in creep-aged T34 alloy under 150 MPa at
155°C for 18 h: (a) TEM image showing the T} and 6/ precipitate
[6] and (b) HR-TEM image showing shearing (cutting) of the
single layer T precipitate [21].

shown in Figure 3a [6]. The Ty precipitates in the alloy at
the peak-aged state have been reported as having a single
layer property whose dominant strengthening mecha-
nism is shearing, as illustrated by the high-resolution
TEM (HR-TEM) image in Figure 3b [21].

— For T84 alloy, it has been reported that the single
layer T precipitates would play the dominant role in
further artificial ageing at 155 °C for a long time after
peak-ageing [22]|. T, precipitates experience a slight
growth with a minor increase in length, while the
thickness remains constant for a long ageing time, up
to 200 h [19]. A slight increase in volume fraction of T}
precipitates was also observed at the first couple of
hours [19,23].

4 Results and discussion

Test results for the yield strength, UTS and uniform
elongation of the creep-aged AA2050 alloys with WQ, T34
and T84 initial tempers will be presented and discussed in
Section 4.1. Work hardening analysis of stress—strain
curves of all the creep-aged alloys will be performed
in Section 4.2 to understand the detailed dislocation/
precipitate interaction mechanisms during plastic
deformation.
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Fig. 4. (a) Tensile stress—strain curves of AA2050-WQ creep-aged under 150 MPa at 155°C with indicated durations and
(b) evolutions of yield strength, UTS and uniform elongation of the creep-aged WQ alloy.

4.1 Effect of initial tempers on mechanical properties
4.1.1 WQ initial temper

Figure 4 shows the tensile test results of the AA2050-WQ
alloy creep-aged under 150 MPa at 155°C for different
time. The initial WQ alloy is in SSSS state and exhibits a
comparative low yield strength of 117 MPa. A substantial
work hardening behaviour is observed in the alloy during
plastic deformation, which can be explained by the high
efficiency of dislocation storage during plastic deformation
due to the high level of free solutes in the SSSS of the alloy
[17]. In addition, significant serrations, known as the
Portevin—Le Chatelier effect, are observed in the stress—
strain curve of the initial WQ alloy, which is also related to
the SSSS state of the alloy, as sufficient free solutes in the
alloy matrix can diffuse around dislocations to restrain its
movement, leading to serrations during plastic deforma-
tion [17,24].

The yield strength increases continuously with the
creep-ageing time for AA2050-WQ alloy because of the
nucleation and growth of the precipitates summarised in
Table 3. In the meantime, in the early stage of creep-ageing,
within 12h at 155 °C in this study (Fig. 4a), serrations still
exist in the stress—strain curves of the creep-aged WQ alloy.
Deschamps et al. [17] observed a similar serration
phenomenon during artificial ageing of AA2196 at the
stage where § precipitates are the dominating factor on
yield strength evolution and indicated that the phenome-
non is related to the properties of 8’ precipitates. After 12h
creep-ageing, yield strength increases at a higher rate and
serrations disappear in the stress—strain curves, which is
believed to be caused by the beginning of nucleation and
growth of T; precipitates [17]. The alloy is still in under-
ageing condition after 24h creep-ageing in the current
study and the yield strength reaches 402 MPa.

Figure 4b illustrates the evolutions of yield strength,
UTS and uniform elongation during creep-ageing of WQ
alloy. The UTS data shares the similar trend to yield
strength, increasing continuously within 24 h. Mean-
while, the level of work hardening strength (difference

between UTS and yield strength) decreases with
increasing creep-ageing time and a much higher decreas-
ing rate can be observed after 12h, when T} precipitates
start to nucleate as mentioned above. Similar to the work
hardening level, the uniform elongation of the creep-aged
WQ alloy decreases continuously with the creep-ageing
time, which is also related to the free solute contents in
the alloy [23].

4.1.2 T34 initial temper

Figure 5 shows the tensile data for various creep-aged
A A2050-T34 alloy. According to the stress—strain curves in
Figure 5a, the as-received T34 alloy shows a relatively high
yield strength of about 269 MPa with a significant work
hardening behaviour. Apparent serrations can also be
observed in the stress—strain curve of the as-received T34
alloy, which indicate that only minor Cu-rich clusters exist
in the as-received alloy and sufficient solutes still remain in
the alloy matrix to restrain dislocation movement [24,25].

After 2h creep-ageing, the yield strength of the alloy
drops to about 245 MPa, which is due to the dissolution of
Cu-rich clusters in the T34 alloy. After that, yield strength
increases with the creep-ageing time and nearly recovers to
the as-received level (269 MPa) at about 5h. Significant
serrations are also observed in the stress—strain curve of the
2h creep-aged T34 alloy, reflecting the dissolution of
clusters in the first 2h of creep-ageing. For the 5h creep-
aged T34 alloy, only slight serrations can be found,
indicating that nucleation and growth of precipitates begin
and less free diffused solutes exist in the matrix [25]. All
these results correspond well with the precipitation
progress of T34 alloy summarised in Table 3.

After 5h creep-ageing, accelerated nucleation and
growth of T precipitates occur, resulting in the dramatical
increase of yield strength until peak-ageing state is
achieved after 18h, with a maximum yield strength of
about 498 MPa. In addition, serrations in stress—strain
curves disappear with the presence of T; precipitates after
5h creep-ageing.
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Fig. 5. (a) Stress-strain curves for AA2050-T34 alloy creep-aged under 150 MPa at 155 °C with indicated durations and (b) evolutions
of yield strength, UTS and uniform elongation of the creep-aged T34 alloy.
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Fig. 6. (a) Tensile curves of AA2050-T84 alloy creep-aged under 150 MPa at 155 °C for different durations and (b) evolutions of yield
strength, UTS and uniform elongation of the creep-aged T84 alloy.

Figure 5b demonstrates the evolutions of yield strength,
UTS and uniform elongation during creep-ageing of T34
alloy. UTS shares the similar pattern to yield strength
along the creep-ageing time, dropping down in the first 2 h
and increasing substantially up to 18h. However, the
difference between UTS and yield strength becomes
smaller with increasing creep-ageing time, indicating a
weakened work hardening behaviour due to the well-
developed precipitates [17]. Meanwhile, the uniform
elongation evolves oppositely to yield strength and UTS,
increasing at the first 2h and decreasing afterwards.

4.1.3 T84 initial temper

Figure 6a shows the stress—strain curves of AA2050-T84
alloy after creep-ageing. A similar stress—strain relation-
ship is observed in all creep-aged alloys, from 0 to 50h
creep-ageing investigated in this study. The same

behaviour has been reported by Deschamps et al. [17]
during further artificial ageing of another peak-aged
Al-Cu-Li alloy AA2198. The stress—strain results corre-
spond well with the precipitation behaviour of the T84
alloy summarised in Table 3, as the T} precipitates remain
in the alloy for a long time with only a slight growth in
precipitate length and volume fraction during artificial
ageing at 155°C (up to 200h after peak-ageing [19]).
Meanwhile, a minor work hardening behaviour is observed
in all creep-aged T84 alloys, due to the severe depletion of
free solutes by the well-developed T; precipitates.

The evolutions of yield strength, UTS and uniform
elongation of the creep-aged T84 alloy are summarised in
Figure 6b. A slight increase of yield strength at the first few
hours is observed, which may be caused by the minor
growth of T precipitates at the beginning of artificial
ageing, as presented in Table 3. After that, the high yield
strength remains in the alloy for a long time, up to 50 h in
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Fig. 7. Relationship between uniform elongation and yield
strength for the creep-aged AA2050 alloys with WQ, T34 and T84
initial tempers.

this study. This phenomenon has been explained by the
remained single layer property of T precipitates even after
a long-term artificial ageing at 155 °C, with which shearing
is still the dominant strengthening mechanism of the alloy
[22,23]. On the contrary, the uniform elongation experi-
ences an initial decrease due to some further depletion of
solid solutes for precipitation, and then stays at a stable
level when the equilibrium state of solutes is achieved, as
demonstrated in Figure 6b.

4.1.4 Comparison

As CAF is mainly used for manufacturing structural panel
products, both high strength and high ductility are
preferred for the creep-aged material. The tensile data in
Figures 4 and 5 show that for the same creep-ageing time,
AA2050-T34 alloy has a higher yield strength but a lower
uniform elongation compared to the WQ alloy. While after
peak-ageing (T84), the alloy has high yield strength and
low uniform elongation for a long time in subsequent creep-
ageing at 155°C.

To evaluate the performance of creep-aged materials,
the uniform elongation is plotted against the yield strength
in Figure 7 for the creep-aged WQ, T34 and T84 alloys. An
inverse relationship can be seen between the yield strength
and uniform elongation for WQ and T34 alloys. An
interesting result is observed that with the same yield
strength level, the creep-aged T34 alloy has a compara-
tively higher uniform elongation than the creep-aged WQ
alloy, indicating that A A2050 alloy with T34 initial temper
could be a better choice for CAF process than WQ alloy, as
both comparatively high yield strength and uniform
elongation can be achieved concurrently after creep-ageing
of T34 alloy. This phenomenon is believed to be related to
the different precipitates in the creep-aged T34 and WQ
alloys. As Tj precipitates contribute to a higher hardening
effect and nucleate more homogenously than § precipitates
[26], better mechanical properties can be expected for the
creep-aged T34 alloy that contains mainly T precipitates,
than WQ alloy, in which both T} and §' exist. Further
creep-ageing at 155°C for up to 50h contributes nearly

little effect on the strength and elongation evolution for
T84 alloy; however, lower creep strain has been reported in
T84 alloy than that in T'34 alloy under the same stress level
during creep-ageing [6]. Hence, it is reasonable to conclude
that T34 initial temper is the best choice for AA2050 alloy
among the three initial temper conditions investigated in
this study for the CAF process applications.

4.2 Work hardening analysis

During tensile tests of the creep-aged alloys, the interaction
between dislocations and precipitates determines the
plastic deformation behaviour of the alloys. Analysis is
carried out in this section on the work hardening behaviour
to reveal possible dislocation/precipitate interaction
mechanisms during plastic deformation of the creep-aged
AA2050 alloys with different initial tempers. Kocks—
Mecking plots [27] are employed for the work hardening
analysis and are shown in Figure 8, illustrating the
evolution of work hardening rate (do/de, where o is the
applied stress and ¢ is the strain) against the work hardened
strength (o —o,, where o, is the yield strength) for all
creep-aged AA2050 alloys.

The creep-aged WQ, T34 and T84 alloys generally show
similar work hardening behaviour, where the work
hardening rate decreases with increasing hardened
strength levels. High initial work hardening rates (6000—
8000 MPa) are observed in the WQ and T34 alloys, as
shown in Figure 8a and b, since high free solute contents
exist in the alloy matrix with both initial tempers [17]. A
similar work hardening rate is observed for T34 alloys at
the early stages of creep-ageing (within 5h in this study)
when mainly Cu-rich clusters or weak precipitates (such as
GP zones) exist, as shown in Figure 8b.

The work hardening rate behaviour starts to change
when the main strengthening phases (T} and/or §') start to
substantially nucleate in the alloys. For T34 alloy, a lower
initial work hardening rate with a higher decreasing speed
at the end part of the curves in Figure 8b is observed after
5h creep-ageing. The same work hardening rate behaviour
can be observed in the creep-aged WQ alloy after 12h
creep-ageing in Figure 8a. Moreover, the decreasing speed
of work hardening rate of the alloys increases with longer
creep-ageing time. Similar work hardening rate behaviour
with ageing time has been reported in some Al-Li [17] and
Al-Zn—Mg |28] alloys with shearable precipitates (such as §’
and n') and has been explained as the occurrence of
shearing of precipitates during plastic deformation in
tensile tests. It has been reported that T, precipitate is a
semi-shearable precipitate, which exhibits a single-time
shearing property [17]. Hence, shearing would occur in
creep-aged T34 alloy with dominant T precipitates (after
5h creep-ageing) during tensile tests, as demonstrated in
Figure 3b, leading to a lower initial work hardening rate
and a higher dropping speed at the end of the Kocks—
Mecking curves with increasing ageing time [8]. Meanwhile,
for the creep-aged WQ alloy, in which both T} and § exist,
a much higher dropping speed of the work hardening rate is
observed as § has a higher shearable property than T}, such
as the work hardening rate curve of the 24 h creep-aged WQ
alloy shown in Figure 8a.
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Fig. 8. Evolutions of work hardening rates with the hardening strength (0-0,) for AA2050 with (a) WQ, (b) T34 and (c) T84 initial

tempers creep-aged under 150 MPa at 155 °C for indicated time.

For the T84 alloy, a low initial work hardening rate is
observed in Figure 8c for all creep-aged alloys, as T}
precipitates have already been well-developed in the initial
material. The work hardening rate curves for the T84 alloy
creep-aged from 6 to 50 h show a similar trend, indicating
that similar precipitates exist in these alloys and
strengthening of the alloy is still controlled by the shearing
mechanism after 50 h creep-ageing at 155 °C.

5 Conclusions

In this study, main mechanical properties of AA2050 with
WQ, T34 and T84 initial tempers, creep-aged under
150 MPa at 155°C for various durations, have been
investigated and a work hardening analysis has been
carried out to understand the dislocation/precipitate
interaction mechanisms during plastic deformation of
creep-aged alloys. The following conclusions can be drawn:
(1) Yield strength of AA2050-T34 alloy drops from 269 to

245 MPa within the first 2h creep-ageing due to

dissolution of Cu-clusters and increases substantially

afterward until reaching the peak-ageing state at 18 h. For
AA2050-WQ alloy, yield strength increases with creep-
ageing time up to the investigated range of 24h. UTS
shares the same trend with yield strength while uniform
elongation demonstrates an exactly opposite trend for
both creep-aged WQ and T34 alloys. Yield strength, UTS
and uniform elongation properties remain at a stable level
for AA2050-T84 alloy after creep-ageing for up to 50 h.

(2) T34 alloy is the best choice for CAF process applications
among the three commonly used tempers, as the creep-
aged AA2050-T34 alloy can achieve a higher uniform
elongation than the creep-aged WQ alloy with the same
yield strength and generate higher creep strain levels
than T84 alloy at the same stress level.

(3) The different mechanical properties and work harden-
ing behaviour of creep-aged AA2050 alloys with WQ,
T34 and T84 initial tempers are due to their different
precipitation behaviour. Creep-aged T34 and T84
alloys contain mainly 7; precipitate, resulting in a
higher strength and a slight lower decreasing speed of
work hardening rate than the creep-aged WQ alloy,
which contains T and § precipitates concurrently.
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6 Implications and influences

This work reports the evolution of main mechanical
properties of AA2050 with different initial tempers during
creep-ageing, providing comprehensive information to
select the most appropriate initial temper condition for
alloys for CAF applications.

The relationship between microstructures and main
mechanical properties, including yield strength, ultimate
tensile strength and uniform elongation, has been discussed
in detail, providing a solid foundation for future work of
unified material modelling, with which evolutions of main
mechanical properties during creep-ageing can be pre-
dicted to assist CAF process design and optimisation.

The authors would like to thank the financial support from ESI
Group (France) and the provision of material by Embraer
(Brazil).
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