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Abstract: An Al-3.6Cu—1Li alloy was subjected to room temperature rolling and cryorolling to investigate their effects
on microstructure evolution and mechanical properties. The microstructure and aging characteristics of the room
temperature-rolled and the cryorolled alloys with 70% and 90% of thickness reductions were studied by microstructure
analysis and mechanical tests. The samples subjected to cryorolling with 90% of thickness reduction have high strength
and good toughness. This is mainly due to the inhibition of dynamic recovery and the accumulation of high-density
dislocations in cryorolled samples. In addition, the artificial aging reveals that the temperature at which peak hardness is
attained is inversely proportional to the deformation amount and directly proportional to the rolling temperature.
Moreover, bright field images of cryorolled samples after aging indicate the existence of 71 (Al2CuLi) precipitates.
This suggests that the high stored strain energy enhances the aging kinetics of the alloy, which further promotes the
nucleation of 7'1 phases.
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1 Introduction

Al—Cu—Li alloys are advanced and lightweight
structural  materials. They possess several
interesting  characteristics, such as excellent
corrosion resistance, high fatigue performance, low
density, high strength and superior toughness
compared with traditional aluminum alloys [1,2].
These features of aluminum-—lithium alloys allow
them to replace traditional 2xxx and 7xxx series
aluminum alloys in the aerospace field [3,4].

Precipitation strengthening is a predominant
strengthening mechanism in aluminum alloys [5].
The second phases include the 71(Al,CuLi) phase,
0’ phase and S’ phase in the Al-Cu-Li alloy in
which the equilibrium phase 71 is the main
strengthening phase. Hence, extensive interest
has been attracted by the investigation of T1
phase [6—8].

Severe plastic deformation technology (SPD)
not only accumulates a large number of dislocations
but also produces a bimodal grain structure
distribution (a microstructure with ultrafine grain
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(UFG) and nano grain (NG)), which provides better
strength and ductility. UFG can store many
dislocations, whereas NG can play a role of grain
refinement strengthening [9]. The SPD processes,
such as equal channel angular press (ECAP) [10],
accumulative  roll  bonding (ARB) [I1],
high-pressure torsion (HPT) [12] and cryorolling
(CR) [13], are effective means to refine the material
matrix and uniformly disperse the second phase to
improve strength, hardness and ductility [14].

CR is a mature technology in the SPD
processes [15]. CR increases the dislocation density
by dislocation accumulation and stores great
recrystallization power producing fine-grained
structures in bulk alloys [16,17]. DENG et al [18]
performed a series of room temperature rolling
(RTR) and CR experiments of AlI-Cu—Li alloys and
concluded that CR can precipitate a denser and
more dispersed 71 phase with better mechanical
properties than RTR. Likewise, SHAHSAVARI
et al [19] carried out different approaches to deform
AA2024 with high strength and plasticity by
combining solid solution treatment, CR and
artificial aging to achieve bimodal grains and the
nano-precipitated phase. GOPALA KRISHNA
et al [20] evaluated the influence of CR followed by
annealing through two-step aging on an
Al-4Zn—2Mg alloy. They concluded that peak
hardness is increased due to the presence of a
large number of dislocations caused by CR. SHI
et al [21] evaluated the impacts of CR on the
microstructure and mechanical properties of
AAS5052. The results showed that the suppression of
the dynamic recovery is expected to preserve the
high density of defects, which could act as potential
recrystallization sites for producing fine-grain

structures.

The aim of this study was to evaluate the
fracture ~ behavior, = mechanical  properties,
microstructure  (grain size) and precipitation

behavior of room temperature rolled and cryorolled
Al-Cu—Li alloys. In addition, this study will
explore the advantages of CR, probe the best CR
parameters and analyze the aging hardened under
various processing conditions.

2 Experimental

The high-grade pure aluminum, pure copper
and pure lithium were placed into a vacuum heating

furnace until all of the metals in the crucible were
melted. The melted metal liquid was then poured
into the mold and allowed to solidify to form
Al—Cu-Li alloy ingots. The chemical composition
of the alloy was 3.6% Cu, 1% Li, and balance Al
(mass fraction) with inductively coupled plasma
optical emission spectrometer (SPECTRO BLUE
SOP). The ingot was then solution heat treated
(SHT) at 520°C for 24 h followed by water-
quenching, and then hot extrusion to sheets of
3.5 mm. These alloy sheets were further solution
heat treated followed by quenching in the water at
room temperature. Solution heat-treated sheets were
conducted by CR and RTR to 1 mm (70%) and
0.35mm (90%) at a roller rotational speed of
6 /min (In the following, they are defined as
RTR70, RTR90, CR70 and CR90, respectively).
Prior to CR, the sheets were immersed in a liquid
nitrogen bath for 30 min. For intermediate passes,
the sheets were dipped in liquid nitrogen for 5 min
to ensure liquid nitrogen temperature. In order to
avoid adiabatic heating, the thickness reduction of
each rolling pass was less than 5%.

The samples were mechanically polished by
800, 1000, 1500, and 2000 grit papers for micro-
and macro-texture measurements. The crystal
structure was observed under an optical microscope
(OM, Mshot), which was treated at 20 V working
voltage at room temperature in 2.5 vol.% fluoboric
acid solution. The X-ray diffraction (XRD, D8
ADVANCE Davinci) analysis was carried out on
the parameter with a step size of 0.35 s, a starting
angle of 30°, and a termination angle of 100°. The
crystallite size, dislocation density and lattice strain
were subsequently analyzed by applying the
Williamson—Hall (WH) technique through Jade (6.5)
software. The relation is expressed as [22]
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where f is the integral breadth, & is the diffraction
angle, 1 is the wavelength, D, is the volume
weighted crystallite size and e is the microstrain.
The micro-texture features were characterized using
transmission electron microscopy (TEM, FEI
Tecnai G20) with an operating voltage of 200 kV.
Specimens for TEM were prepared by thinning
down the samples to 80 un by mechanical grinding
followed by twin-jet polishing in the solution of
70 vol.% methanol and 30 vol.% perchloric acid at
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—20 °C using 25 V DC supply for 10—40 s.

The tensile tests were carried out using
Shimadzu AGS-X 10kN tensile machine at a strain
rate of 1x10°s™". Wire electrical discharge machine
was utilized to prepare tensile specimens from the
final sheet parallel to the rolling direction as
displayed in Fig. 1. Furthermore, a Vickers hardness
was measured at a load of 0.05 kg with 10 s dwell
time and at least 10 readings were taken on each
specimen to obtain the hardness value. The fracture
surface morphology after the tensile test was
examined by scanning electron microscopy (SEM,
Oxford X-Max20). For age hardening, the CR and
RTR samples were artificially aged at various
temperatures for 0—200 h.

36 mm

21 mm
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Fig. 1 Dimensions of tensile specimen

3 Results and discussion

3.1 Grain structure of alloys

The optical micrographs (OM) of the
transversal surface of SHT and rolled samples are
illustrated in Fig. 2. The different colors in the
figures indicate that the samples are prepared by
anodic coating and observed under the polarized
light of an OM. A closer color implies a smaller

grain boundary misorientation angle.

Figure 2(a) shows the broken grains and the
coarse grains along with the extruding direction
because of dynamic recrystallization and grain
growth. The grains are elongated along the rolling
direction in all rolled samples. With increasing
reduction, the grains break and the strip becomes
narrower under severer pressure. YUAN et al [23]
observed that the elongated nature of the AA2195
grains originates from the RTR process. This
elongated process in grain
refinement. Figure 2 implies that the grain size of
CR is finer than that of RTR. The decrease in grain
size is ascribed to the effective suppression of
dislocations associated with dynamic recovery [16],
which also facilitates uniform deformation during
rolling process. Furthermore, CR90 is
uniform fiber structure than RTR90, as shown in
Figs. 2(d) and (e).

in turn results

more

3.2 Microstructure parameters of alloys

With elongated grains, lattice strain increases
with a further X-ray
diffraction line profile analysis was performed to
calculate crystallite size, lattice strain and
dislocation density. The XRD peak, peak
displacement and peak broadening of SHT, CR and
RTR alloys are presented in Fig. 3. The influences
of RTR and CR on Al-3.6Cu—1Li alloy are
illustrated in Fig. 3(a), and the main reflecting
surfaces are (111), (200), (220) and (311).
Figure 3(a) shows that the (220) plane has the

increase 1in reduction.

Fig. 2 Cross-section optical micrographs of Al-3.6Cu—1Li alloys showing broken grains and coarse grains of extruded
growth strips: (a) SHT; (b) RTR70; (c) CR70; (d) RTR90; (¢) CR90
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Fig. 3 XRD patterns of Al-3.6Cu—1Li alloy at different states: (a) SHT and as-rolled Al-3.6Cu—1Li alloy; (b) Related

peak shift and peak broadening of (311) plane

highest strength compared with other planes, which
shows that the (220) crystal plane parallel to the
rolling surface takes precedence over the other
planes. With an increase in deformation, the
intensity of diffraction peak gradually decreases,
and moreover the strength of (220) plane is
remarkably reduced, which is known as the texture
evolution during the rolling deformation. This peak
shift is due to the effect of strain accumulation
during rolling, while the peak broadening is
attributed to the enhancement of microstrain and the
decrease of crystal size. Table 1 summarizes the
lattice strain, crystalline size and dislocation
density from the XRD data obtained through WH
method.

Calculations exhibit the crystallite size of
the SHT sample to be 4160 nm, the lattice strain
0.35x107, and the dislocation density in the order

Table 1 Crystallite size, lattice strain and dislocation
density of solid solution and rolled Al-3.6Cu—1Li alloy

Process  Crystallite Lattice Dislocation
condition  size/nm  strain/10” density/10'm >
CR90 97 1.8 2.79
RTR90 172 1.6 2.27
CR70 209 1.5 1.91
RTR70 369 1.4 1.84
SHT 4160 0.35 1.04

of 1.04x10". The crystallite size of samples
subjected to RTR70 was reduced to 369 nm and the
lattice strain was improved by 1.05x107 compared
with SHT samples. However, the crystallite size of
samples subjected to CR70 decreased to 209 nm,
and the corresponding lattice strain was increased
by 1.15x10°. The dislocation density of RTR70
(1.84x10'* m™) was much lower than that of the
samples subjected to CR70 (1.91x10"m™).
Likewise, a similar trend was observed in the
samples subjected to RTR90 and CR90. The
dislocation density values were intensified to be
2.27x10" m™* (RTR90) and 2.79x10"* m (CR90),
and the crystallite sizes were reduced to 172 and
97 nm, respectively. This analysis shows that the
dislocation density rises in the order of samples
subjected to SHT, RTR70, CR70, RTR90 and
CR90. Furthermore, the result clearly shows that
the CR samples have smaller crystallite sizes. These
findings are concurrent with the conclusions of the
scholars who studied the CR of aluminum
alloys [15], i.e., CR reduces the grain size and
improves the dislocation density.

3.3 Microstructure evolution of alloys

The bright field TEM image of SHT sample
shows few of residual dislocation lines (Fig. 4(a)),
considering a hot extrusion deformation along with
dynamic recovery and recrystallization. Dislocation
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tangles and dislocation cell structures are observed
in all the rolled alloys. Dislocation tangles and
dislocation cell structures become denser with an
increase in reduction and a decrease in rolling
temperature, as demonstrated in Figs. 4(b—e).
According to previous TEM studies, cryogenic
temperature can restrict the dynamic recovery
during large plastic deformation, resulting in high
dislocation density in CR samples compared with
RTR samples [21]. During the rolling process, a
significant amount of strain energy is accumulated
in the form of dislocations (Figs. 4(b) and (c)), and
the number of dislocations is also increased. In
addition, dislocation tangles and dislocation cell
structures are ascribed to the FCC structure of
aluminum alloys that make the cross-slip process of
dislocations easier.

TEM images of SHT, RTR, and CR samples
after aging at 80 °C (peak aging of CR90) are
displayed in Fig. 5. Compared with samples before
aging, dislocation tangles and dislocation cell are
also observed in the TEM, which indicates that the
reduction of dislocation is due to aging treatment
where dislocations are sacrificed to promote
precipitation phase nucleation. The microstructure
of CR alloys consists of a high density of

Dislocation cell structure (|

dislocations and dislocation-tangling zone. The
TEM observation on various cryorolled Al alloys
exhibits that the dislocation of CR is denser than
RTR, which agrees with the results before aging.
Likewise, the large number of dislocations retained
in the grains during CR is because of the inhibition
of dynamic recovery. The microstructure of CR
alloys consists of a high density of dislocations and
dislocation-tangling zone. The microstructure of
SHT (Fig.5(a)), RTR70 (Fig.5(b)), CR70
(Fig. 5(c)), and RTR90 (Fig. 5(d)) samples after
aging treatment is in line with the microstructure
before aging, except a decrease in dislocation
density. However, CR90 forms T1-precipitated
phase (AlL,CuLi) after low-temperature aging
(Fig. 5(e)). NAYAN et al [24] found that the
plate-shaped precipitates characterized as Al,CuLi
(T1) phase have an unusual shape similar to a
biconvex lens. These precipitates usually occur as
plates on {111} planes. 71 phases observed in this
experiment are also similar to a biconvex lens. The
volume fraction of 71 phase is lower than that of 6’
phase. And Al-Li alloy is generally strengthened by
T1 phase. Figure 5(e) illustrates the interaction
between the T'1 phase and dislocation, where the 71
phase effectively prevents dislocation slip in order

¥ A
- B .“ z‘g~\ (Y ’ Lﬂ
' Dislocation cell structure |

W

Fig. 4 TEM images of Al-3.6Cu—1Li alloy after solution and rolling treatment: (a) SHT; (b) RTR70; (c) CR70;

(d) RTR90; () CR90
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Fig. 5 TEM images with corresponding SAD patterns oriented along (110) axis of CR sample after aging treatment:
(a) Sub-grain boundary of SHT; (b) RTR70; (c) CR70, (d) RTR90; (e) 71 phase precipitated from CR90; (f) HRTEM of

T1 phase

to maintain high strength during tensile ductility.
YOSHIMURA et al [25] also observed a 71 phase
while investigating the precipitate structure of
Al-1.6Li—3.2Cu and Al-2.4Li—3.2Cu alloys after
aging at 220°C, which indicates that the
precipitation temperature of 71 phase is high. It
concluded that a higher reduction leads to a higher
dislocation accumulation and a greater strain energy.
This can not only improve the texture of Al-Cu—Li
alloy and the aging response but also lower the
precipitation temperature of 71 precipitate.

As aresult, the T'1 phase is easier to precipitate
in the CR samples after aging versus the RTR
samples after aging. A small amount of 7’1 phase is
precipitated in CR 90 sample through low-
temperature aging. Due to solution strengthening,
deformation  strengthening and precipitation
strengthening, it expects that CR90 exhibits higher
mechanical properties after low-temperature aging
for 24 h.

High-resolution TEM image (HRTEM)
(Fig. 5(f)) shows that the T'1 phase gradually grows
and nucleates. NAYAN et al [26] also observed a T'1
phase in a similar atomic state during HRTEM

analysis. In Fig. 5(e) (diffraction pattern of the
selected region observed from the direction of [110]
crystal axis), the diffraction pattern of 71 phase can
be observed in the insert image. This pattern further
confirms the existence of 7'1 phase. The T'1 phase is
mainly concentrated on the grain boundaries and
dislocations. According to Refs. [24—26], T1 phase
is in the shape of platelet, about 100 nm in length
and several nanometers in thickness, belonging to
hexagonal crystal structure. The strengthening
effect depends on universality. Furthermore, the
SAD diagrams of all selected areas in the upper
right corner of Fig. 5 show the diffraction spots of
SHT and rolled samples. Diffraction spots of SHT
samples are distributed in an array, whereas they are
annular after rolling deformation. The number of
rings increases with increasing reduction, which
confirms that the aluminum matrix metal coexists
with a polycrystalline and coarse-grained body.

3.4 Mechanical properties of alloys

Figure 6 shows the engineering stress—strain
curves of the SHT and rolled samples before
fracture. Tensile tests were performed to further
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Fig. 6 Engineering stress—strain curves of Al-3.6Cu—1Li
alloy after solution and rolling treatment

investigate the influence of rolling temperature on
the mechanical properties of Al-3.6Cu—1Li alloys.
It is clear that the ultimate tensile strength (UTS)
increases, whereas the elongation decreases with an
increase in reduction (Fig. 6). The UTS of the SHT
is 227 MPa, and the elongation is about 27.5%.
UTS and the elongation of CR70 are 345 MPa and
9%, respectively. These are 20 MPa and 1% higher
than RTR70. Similarly, the tensile strength of CR90
is 400 MPa, which is about 20 MPa higher
than RTR90, whereas elongation to failure of both

samples is approximately 4.5%. The toughness of
the RTR samples is worse than that of CR samples.
The increase in tensile strength and decrease in
elongation are attributed to the residual stress in the
base metal after deformation where high energy is
stored. This phenomenon reveals that the process of
large plastic deformation is at the expense of
plasticity to improve the strength of materials. YU
et al [27] evaluated the impacts of CR and
asymmetric CR (ACR) on AA6061 sheets. They
concluded that both can result in enhanced strength
and ductility of AA6061 sheets. YU et al [28] also
showed that CR was superior to cold rolling.
Combined with XRD analysis, CR can restrict
dynamic recovery, retain high-density dislocation
and refine grains ultimately leading to greater
tensile strength and elongation.

In general, the CR can maintain better ductility
during severe plastic deformation compared with
the RTR. Figure 7 shows the fracture surface of
specimens at different reduction ratios and rolling
temperatures. Figure 7 shows that the samples with
a high tensile strength have a slight necking
phenomenon on fracture surface, and the fracture is
rough and fibrous. The fracture surface is mainly
composed of pores and dimples, and these
observations suggest a ductile mode of fracture.
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NAYAN et al [29] indicated fracture morphology in
the form of equiaxed dimples with micro-void
coalescence exhibiting an excellent ductility.
Interactions between voids and dimples resulted in
enhanced ductility. Figure 7 implies that the number
of dimples and their size decrease with an increase
in reduction. In addition, the number of dimples and
toughness of the alloy decrease with an increase in
reduction, which is the sign of brittle fracture.
Larger holes, larger and deeper dimples, and the
size of CR sample imply the enhanced toughness of

the CR samples.
In this work, the rolled samples of
Al-3.6Cu—1Li alloy were aged at different

temperatures by artificial aging, and the hardness
was measured in real time to find the peak-aging
parameters with the most significant improvement
in mechanical Figure 8 shows
the optimized age-hardening curves under

different deformation temperatures and reductions.

properties.
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Obviously, the mechanical properties of the alloy
can be further improved by aging treatment.
However, the peak-aging temperature is related to
the deformation and rolling temperature. The peak-
aging temperature decreases with an increase in
reduction, a larger deformation implies a lower
peak-aging temperature, and thus the peak-aging
temperature of CR is lower than that of RTR
samples.

Figure 8 also shows that the peak-aging time
of the rolled samples is around 50 h in which
recovery, recrystallization and precipitation occur
simultaneously when these heavily deformed
samples are subjected to aging treatment. The
hardness values suggest an increasing trend during
the initial aging due to the grain recrystallization to
form ultrafine crystals. During the process, the
dislocation density decreases gradually and reduces
the effect of strain—strengthening derived from the
large rolling deformation. Actually, the precipitation
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Fig. 8 Peak hardness curves of rolled Al-3.6Cu—1Li alloys during artificial aging with different time (0—196 h):
(a) RTR70 aged at 150—170 °C; (b) CR70 aged at 130—150 °C; (c) RTR90 aged at 80—100 °C; (d) CR90 aged at

70-90 °C
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strengthening phases are observed at the peak aging
in Fig. 5. T1 phase is evenly dispersed in the matrix
and interacts with it to strengthen the alloy. This
confirms that the increase in hardness is because of
the improvement of precipitation strengthening
effect. In addition,
enhances the clustering kinetics leading to an
increase in hardness [30]. As the aging time
increases, the strain-strengthening decays, and the

an aging treatment even

grains grow and the precipitated phase grows or
decomposes, which is the main reason of reduction
in hardness. The hardness before aging and peak
aging increases with an increase in reduction, and
the hardness of CR samples is markedly higher than
that of RTR samples as illustrated in Table 2.

Table 2 Hardness of rolled samples before and after

aging
o Hardness (HV)
Process condition
Before aging Peak aging
CR90 139 149
RTR90 129 144
CR70 126 141
RTR70 122 136

The peak temperature of CR90 is only 80 °C
and the peak hardness is HV 149. In combination
with TEM images after aging (Fig. 5), it can be
shown that CR can inhibit recovery, accumulate
more dislocations, store more strain energy and
provide more aging kinetics, thus promoting
strengthening phase precipitation, and improving
the mechanical properties of the alloy. And
compared with other specimens, 71 phase can be
precipitated in CR90 earlier. Figure 8 reveals that
the peak-aging temperature of RTR70 (160 °C) is
higher than that of RTR90 (140 °C). This once
again verifies that increasing reduction provides the
great aging kinetics.

4 Conclusions

(1) CR samples can increase dislocation
density, enhance lattice strain and reduce grain size.
CR90 sample has the smallest grain, the largest
lattice strain and the most dislocations in this work.

(2) T1 phase precipitated in the CR90

Al-3.6Cu—1Li alloy during aging at 80 °C. CR
samples have higher strength and ductility than
RTR samples due to the suppression of dynamic
recovery and the accumulation of high-density
dislocations.

(3) The aging process is related to rolling
temperatures and reduction. The peak hardness of
CR90 samples is obtained at 80 °C, which indicates
that the storage of large strain energy can reduce the
peak-aging temperature.
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