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Abstract: To develop an improved approach in achieving an excellent combination of high strength and ductility, the solutionized
Al—Cu-Li plates were subjected to rolling at cryogenic and room temperatures, respectively, to a reduction of 83%, followed by
aging treatment at 160 °C. The results indicate that Al-Cu—Li alloys through cryogenic rolling followed by aging treatment possess
better mechanical properties. Rolling at cryogenic temperature produces a high density of dislocations because of the suppression of
dynamic recovery, which in turn promotes the precipitation of 7} (Al,CuLi) precipitates during aging. Such high density of T
precipitates enable effective dislocation pinning, leading to an increase in strength and ductility. In contrast, room temperature rolled
alloys after aging treatment exhibit lower strength and ductility due to low density of 7; precipitates in the grain interior and high

density of 7) precipitates around subgrain boundaries.
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1 Introduction

Al-Cu-—Li alloys are extensively used for aerospace
applications due to their high specific strength, good
damage tolerance and excellent property stability [1]. An
increased wusage of Al-Cu—Li alloys depends on
enhancing their mechanical properties such as strength
and ductility further. For precipitation of hardenable
alloys, recent results [2,3] have shown that a new
processing route of severe plastic deformation (SPD)
followed by aging treatment could significantly improve
both strength and ductility. KIM et al [3] combined equal
channel angular pressing (ECAP) in solid solution state
with post-ECAP low-temperature aging of 2024 Al alloy
and found that the yield strength was improved to
~630 MPa while a reasonable elongation to failure
(~15%) was maintained. The SPD processes, such as
ECAP, multiple compression, and high pressure torsion,
have their own limitations for commercial application,
for example, the requirement of a large load, the small
size of the products, and the high labor and fuel
[4-6]. Recently, rolling at cryogenic
temperature has been identified as one potential method

expenses

to refine the grain microstructure in the bulk alloys,
which could be as effective as the SPD processes [7-9].
A lot of investigations [7,8] have shown that
cryogenic rolling at large strains followed by aging
treatment could significantly improve both strength and
ductility in Al and Cu alloys. For instance, by combining
solid solutionizing, cryogenic rolling and aging treatment,
the yield strength of 7075 Al alloy was improved to
615 MPa, with a good uniform elongation of 7.5% [2].
Generally, the significant improvement of strength
through cryogenic rolling at large strains is attributed to
the refinement of grain microstructure and the relatively
high density of dislocations in the bulk alloys [8]. The
aging treatment of cryogenic rolled alloys could
significantly improve their strength and ductility due to
the precipitation hardening and the occurrence of
recovery and recrystallization, respectively [8,9].
However, HUANG et al [10] pointed out that another
economic process of room temperature rolling at large
strains followed by aging could also achieve a good
combination of strength and ductility in Al-Cu—Mg
alloys. This is due to the formation of high density of
dislocations and nanosized S" precipitates. Then, an
important question will be raised naturally: which
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process is better for Al-Cu—Li alloys to improve their
mechanical properties through cryogenic or room
temperature rolling followed by aging? Up to date, the
related investigation is scarce in AI-Cu—Li alloys.

Therefore, the purpose of this work is to develop a
procedure for significantly enhancing the strength and
maintaining a reasonable ductility of age-hardened
Al—Cu-Li alloys. The goals of the present work are:
1) to study the microstructure features and mechanical
properties in cryogenic rolled (CR) and room
temperature rolled (RTR) alloys; 2) to analyze the effect
of rolling temperature on the evolution of mechanical
properties, microstructure and precipitation behavior
during aging.

2 Experimental

The Al-Cu—Li hot-rolled plates were provided by
Southwest Aluminum (Group) Co., Ltd., China. The
chemical composition of this material is 2.8% Cu, 1.4%
Li, 0.3% Mn, 0.1% Zr and Al balance (mass fraction).
The alloy plates were solution-treated and quenched,
followed by cryogenic temperature rolling (CR) or room
temperature rolling (RTR) to a total thickness reduction
of 83%. In the case of rolling at cryogenic temperature,
the solutionized plates were dipped in liquid nitrogen for
30 min before starting the first pass of cryogenic
temperature rolling, and the plates were immersed in
liquid nitrogen for 2 min before the next pass. To study
the age hardening behavior, the CR and RTR samples
were artificially aged at 160 °C for various time
(1-84 h).

Mechanical properties were determined by room-
temperature Vickers hardness and tensile tests. Hardness
measurements were conducted under a load of 1 kg and a
dwell time of 15 s, and the average hardness value was
obtained from ten different measurements. Sheet tensile
samples with a cross-section of 4 mm x 2 mm and a
gauge length of 20 mm were prepared by electro-
discharge machining. Tensile tests along the rolling
direction of the samples were conducted on a tensile
testing machine (SHIMADZU AG-X) at a strain rate of
10 s7'. The yield strength was determined with the
0.2% offset plastic strain method.

The microstructure features were characterized
using an FEI TECNAI G2 F20 transmission electron
microscope (TEM) with an operating voltage of 200 kV.
The specimens for TEM investigations were cut parallel
to the RD/ND plane (longitudinal section). And the TEM
foils were prepared by mechanical grinding to a
thickness of 60 pum and then thinning by a twin-jet
electro polishing unit with a solution of 30% nitric acid
and 70% methanol at =30 °C.

3 Results

3.1 Mechanical properties

Figure 1(a) shows the engineering stress—strain
curves of CR and RTR samples, and the corresponding
yield strength, ultimate tensile strength, elongation-to-
failure are presented in Table 1. For the CR sample, it
shows higher yield strength (447 MPa) and ultimate
tensile strength (455 MPa), but a lower elongation-to-
failure (0.6%) as compared with the RTR sample.
Additionally, the Portevin-Le Chatelier (PLC)
phenomenon can be observed in the stress—strain curves,
indicating that plastic flow instability appeared in both
CR and RTR samples, which has been previously
recognized by GANG et al [11]. The serrated flows of
the curves of CR and RTR samples are magnified in
Fig. 1(a), where the CR sample has higher strength
and larger flow serration than RTR sample. The PLC
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Fig. 1 Engineering stress—strain curves of CR, RTR, CR +
peak-aged and RTR + peak-aged samples (Two small regions
of the curves of CR and RTR samples are magnified to more
clearly reveal the serrations) (a) and Vickers hardness of CR
and RTR samples vs aging time (1-84 h) at 160 °C (To
characterize the difference of microstructure features of
peak-aged CR and RTR samples, CR and RTR samples aged at
160 °C for 32 h were examined using TEM) (b)
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Table 1 Yield stress (YS), ultimate tensile strength (UTS),
elongation-to-failure (EL) of CR, RTR, CR + peak-aged and
RTR + peak-aged samples

Processing condition YS/MPa  UTS/MPa EL/%
CR 447 455 0.6
RTR 410 416 2.1
CR + peak aging 575 608 8.2
RTR + peak aging 438 462 6.4

phenomenon of CR and RTR samples may be due to the
solute aging of mobile dislocations temporarily trapped
at localized obstacles such as forest dislocations [12].
Tensile tests were performed to further investigate
the influence of rolling temperature on the mechanical
properties of aged Al-Cu-Li alloys. The tensile
specimens were severely rolled to 83% at cryogenic and
room temperatures, respectively, and aged at 160 °C for
32 h, corresponding to the peak aging state. The yield
strength and ultimate tensile strength of the aged CR
sample are 575 and 608 MPa, respectively. Obviously,
the aged RTR sample displays a substantially lower yield
strength and ultimate tensile strength than the aged CR
sample. At the same time, the aged CR sample exhibits a
satisfactory elongation-to-failure of 8.2%. Moreover,

PLC phenomenon disappears in both aged samples
because of quite few solute atoms remaining in the
matrix after precipitation process.

The Vickers hardness of the CR and RTR samples
as a function of aging time is shown in Fig. 1(b). The
hardness of CR and RTR samples after aging treatment
behaves in a similar manner. The hardness values
significantly increase with prolonging aging time, and
reach the peak values of HV ~165 and HV ~150 at 22 h
for CR and RTR samples, respectively. With a further
increase in the aging time, the hardness values remain
steady for both samples.

3.2 Microstructures of CR and RTR alloys

The microstructures of CR and RTR samples, as
shown in Figs. 2(a) and (d), exhibit strongly elongated
subgrains. Moreover, it is found that the size of subgrains
is smaller, and the density of dislocations in the
subgrains interior is much higher in CR sample [13]. In
RTR sample, the structure of the low angle boundaries is
in the form of a dislocation cell, as shown in Fig. 2(f)
[14], and the better-defined subgrains with a much lower
dislocation density. However, the microstructures of CR
alloys consisting of high density of dislocations,
dislocation-tangling zone, without the well-defined

Fig. 2 TEM images with corresponding selected area diffraction (SAD) patterns oriented along (110) zone axis of cryogenic rolled

sample (a—c) and room temperature rolled sample (d—f) (The diffraction spots of {111} planes show angular spreading of 15° and
p p p p p gu p g

45° after rolling at cryogenic and room temperatures, respectively (see (b) and (e)). The dislocations with higher density in the

subgrain interior of CR sample are exhibited in (c), which are indicated by red arrows. The rearrangement of dislocations, marked by

a white rectangle in (f), occurred in RTR sample)
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subgrains are observed in Fig. 2(c). Different micro-
structure features between RTR and CR samples are due
to the fact that recovery process was encouraged in RTR
sample, but not in CR sample.

From the corresponding selected area diffraction
(SAD) patterns, the diffraction spots of the {111} planes
show angular spreading of 15° and 45° in CR and RTR
alloys, respectively (see Figs. 2(b) and (e)). This
indicates a significant increase in the averaged
misorientation angle with the increasing rolling
temperature [15]. It can be deduced that most of the
volumes of CR sample may be subdivided by low angle
cell boundaries, leading to a smaller averaged
misorientation angle. Cell boundaries should be
classified as incidental dislocation boundaries (IDBs)
which are formed by trapping of glide dislocations [16].
However, in RTR sample, a significant fraction of large
angle boundaries is present besides IDBs, such as
subgrain  boundaries, which are classified as
geometrically necessary boundaries (GNBs) [17]. In a
word, the ratios of IDBs/GNBs are different in both

conditions, which may be due to different operative slip
systems selected at different rolling temperatures [16].

3.3 Microstructures of aged CR and RTR alloys

The TEM images of CR and RTR alloys after being
aged at 160 °C for 32 h are shown in Figs. 3 and 4,
respectively. The microstructures of both aged samples
show a slight reduction of dislocation density as
compared with the rolled samples. A few equiaxed grains
with defined grain boundaries are observed in the aged
CR samples (Fig. 3(a)). The corresponding SAD pattern
in Fig. 3(b) reveals a polycrystalline structure. However,
in comparison with the aged CR sample, more
recrystallized grains with minimum residual dislocations
are formed in the aged RTR sample (see Figs. 4(a) and
(b))

After being aged at 160 °C for 32 h (peak-aged),
plate-like 7' precipitates are formed in both conditions,
as shown in Figs. 3(c) and 4(c). The density of T
precipitates in the aged CR samples is higher than
that in the aged RTR samples (see Figs. 3(c) and 4(c)).

Fig. 3 TEM images with corresponding SAD patterns oriented along (110) zone axis of CR sample after aging treatment:

(a) Recrystallized grains denoted by red arrows; (b) SAD pattern; (c) Higher density of 7| (Al,CuLi) precipitates; (d) 7, phases

preferring to precipitate on dislocations marked by red arrows
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Fig. 4 TEM images with corresponding SAD pattern oriented along (110) zone axis of RTR sample after aging treatment:

(a) Recrystallized grains denoted by red arrows; (b) SAD pattern; (c) 7 precipitates with lower density; (d) 7; phases mostly

precipitated on subgrain boundaries denoted by white rectangle

Figures 3(d) and 4(d) present that the plate-like 7 phases
prefer to precipitating on dislocations and subgrain
boundaries in CR and RTR samples after being aged.

4 Discussion

4.1 Microstructural parameters and flow stress of

rolled alloys

The engineering stress—strain curves in Fig. 1 show
that the flow stress is improved as the rolling temperature
decreases, and serrations appear on the tensile curves in
both conditions. In large strain rolled Al-Cu—Li alloys,
important  strengthening mechanisms are
operative, including solid solution hardening, dislocation
strengthening and boundary strengthening. The
contributions of solid solution strengthening are similar
for both conditions due to the same materials and heat
treatment profile. Moreover, the larger dislocation
density in CR sample indicates that the contribution from
dislocation strengthening for the CR alloys is larger than

several

that for the RTR alloys. But the contribution to flow
stress of alloys at large strains is mainly from boundary
strengthening, comparing to dislocation strengthening,
which has been studied by HUGHES and HANSEN [17].

The contribution of boundary strengthening to flow
stress is attributed to the GNBs and IDBs. The GNBs are
strong barriers to slip, because the regions separated by
the GNBs select different slip system combinations.
Therefore, the strength contribution from the GNBs may
be expressed by a Hall-Petch equation which defines the
strength of the high angle grain boundary. On the
contrary, the lower angle IDBs are assumed, to a certain
extent, to be penetrable by mobile dislocations. For
example, in-situ studies by high voltage electron
microscopy have shown the dislocation passage through
low angle boundaries [18]. So for the IDBs, it is
practicable to account for the strength contribution from
the total dislocation density of IDBs.

The contribution to flow stress of rolled AI-Cu—Li
alloys from boundary strengthening can be expressed
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as [19]
O =0GNB T ODB M
& = Kyp / /Do + M aGb\J(1.55y 0 / b) @)

where ognp can be expressed as Kyp /+/Dgng » Knp 18
the slope of the straight line relating the flow stress of a
polycrystalline material to the reciprocal square root of
the grain size, and Dgyp is the boundary spacing between
parallel GNBs measured perpendicular to the boundaries.
In the second contribution, o;pg can be expressed as
MaGb,/(1.58y,0pg / b) , where M is the Taylor factor, a
is a constant, b is the Burgers vector value, G is the shear
modulus, Ojpp is the misorientation angle across the IDBs
and Sy is the boundary area per unit volume.

The contribution of boundary strengthening
(ognptomp) 1s significantly different with the change of
rolling temperature. According to Eq. (2), the strength
determining parameters of ogngtops are the boundary
spacing (Dgng) and the boundary area per unit (Sy) of
IDBs. Due to the smaller boundary spacing (Dgng) in the
CR sample, the contribution from ogyg in the CR sample
is larger than that in the RTR sample. The larger fraction
of low angle cell boundaries in the CR sample indicates
that the boundary area per unit volume (Sy) of IDBs is
larger than that in the RTR sample. The contribution
from ojpp for the CR sample is larger than that for the
RTR sample. Some studies have shown that the
contribution from the IDBs is almost twice that of the
GNBs [17,19]. Therefore, in comparison with RTR
sample, the higher yield stress is mainly due to the higher
ratio of IDBs/GNBs, namely the larger fraction of low
angle cell boundaries in CR sample.

4.2 Microstructure evolution of rolled alloys after

aging treatment

The high yield stress of Al-Cu—Li alloys can
be attributed to the precipitation of the 7} phases
(AL,CuLi) [20]. Therefore, the evolution of the 7} phase
is necessary to be examined by TEM. In both conditions,
homogeneous precipitation of the 7| phase is almost
absent in the matrix, but heterogeneous precipitation
significantly occurs on structural defects (subgrain
boundaries, dislocations) [7,21,22]. The subgrain
boundaries and dislocations provide lower energy
nucleation sites for the precipitation of 7| due to the
higher drive force as compared with the matrix. It is
known that abundant dislocations take place in the grain
interior due to the suppression of dynamic recovery
during rolling at the cryogenic temperature. Therefore, in
the CR alloys after aging, the density of 7 phase is
higher than that in the aged RTR alloys, which is
attributed to the higher density of dislocations within the
grains. Short-circuit diffusion paths for solutes [23,24]

and solute atmospheres around dislocations introduced
by the interaction between dislocations and
solutes [25,26], all result in faster precipitation on
dislocations  introduced by deformation before
aging [27].

The occurrence of recrystallization has been
observed in both conditions. As compared with the CR
sample after aging, the RTR sample shows a larger
degree of recrystallization. Similar to precipitation,
recrystallization during annealing (or aging) can also
release strain energy introduced by deformation. As
compared with precipitation, longer incubation time is
needed for recrystallization, which is due to the larger
required critical nucleation size and the higher activation
energy of recrystallization. During the incubation of
recrystallization, the nucleation and growth of
precipitation on dislocations have occurred due to the
diffusion mechanism and low activation energy. The
strain energy is thus released at the beginning of the
annealing process due to precipitation. The more strain
energy is released in the CR sample after aging due to
the more 7 phase precipitated as compared with that in
the RTR sample. In both conditions, the remaining strain
energy is used for recrystallization. Therefore, because of
the lower strain energy remaining in CR sample after
aging, the degree of recrystallization is lower than that in
RTR sample after aging.

4.3 Mechanical properties of rolled alloys after aging

In the CR sample subjected to aging treatment, a
significant increase in yield stress (29% increase), tensile
strength (34% increase) and elongation (1800% increase)
is observed. However, a less improvement in
strengthening properties (YS (7%), UTS (11%) increase)
and elongation (216% increase) is observed for the RTR
sample after aging.

Since samples are both deformed to large strain, a
heavy amount of dislocations and strain energy are
stored in the samples. When these heavily deformed
samples are subjected to aging treatment, recovery,
recrystallization and precipitation occur simultaneously.
The large enhancement of strength is attributed to
precipitation hardening. And the effective enhancement
of ductility in both conditions after aging is attributed to
the following reasons: 1) the annihilation of dislocations
during aging treatment due to recovery and
recrystallization, which improves the capability of
dislocation accumulation before saturation; 2) the
precipitation of 7| phases (Al,CuLi). The high strain
hardening capacity of AlI-Cu—Li alloys with 7} phases is
induced by the particular dislocation—precipitate
interaction, i.e., 7} precipitate is sheared by single event
on a given slip plane [28,29]. All these cause substantial
elongation prior to failure (high ductility) of tensile
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sample in aged CR and RTR alloys.

The precipitation strengthening is the main
contribution for the strength enhancement in both
conditions after aging treatment. It is known that the
main strengthening precipitate in AlI-Cu—Li alloys is the
T, phase (Al,CuLi), which forms as semicoherent
platelets along the {111}, planes and exhibits a
hexagonal structure [30]. The T precipitates act as
strong obstacles to dislocation motion. As compared with
the aged RTR sample, the strength of CR samples after
aging is higher due to the larger density of T,
precipitates.

In the aged RTR sample, the elongation is lower
than that of the CR samples after aging. This may be
attributed to the high density of 7 precipitates at
subgrain boundaries of aged RTR sample, which
increases the strain concentration and decreases the
adhesion between boundaries during tensile straining.

5 Conclusions

1) The strength and hardness of cryogenic rolled
(CR) Al-Cu-Li alloys are higher than those of room
temperature rolled (RTR) samples. Rolling at cryogenic
temperature could cause a large number of dislocations
and low-angle cell boundaries, thereby leading to the
dislocation strengthening and boundary strengthening.
Moreover, the strength effect of boundary strengthening
is larger.

2) Upon aging of the CR Al—Cu-Li alloy, a good
combination of high strength and ductility was achieved,
attributing to the combined effects of precipitation
hardening (7 precipitates with high density were formed
in the grain interior), recovery and partial
recrystallization.

3) The RTR sample after aging has lower strength
and ductility than the CR sample after aging. The TEM
analysis reveals that this is attributed to a small quantity
of T precipitates and the preferential distribution of 7
precipitates along the subgrain boundaries, which is
prone to decrease the strength and ductility of aged RTR
sample.
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