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Abstract: Continuous, discontinuous, double-pass and multi-pass hot isothermal compression tests were conducted to understand the
mechanical behavior and microstructure evolution of the Al-2.5Cu-1.58Li-0.3Mn-0.12Zr-0.06Mg-0.05Ti (wt%) alloy. The tests were
conducted at temperature of 420 € and strain rates of 0.001, 0.1 and 10 s on Gleeble-1500. EBSD and TEM were used to investigate
microstructure evolution at different deformation stages of the alloy. Double-pass hot deformation results show that the extension of
interval time between two passes is conductive to promoting static softening. It is possible to control the grain size in the test alloy by
changing the strain rate at different deformation stages. During multi-pass hot deformation process, static softening between the
deformation pass is beneficial to the dynamic softening, vice versa. Dynamic precipitation of T, and ¢ phase is observed during the
multi-pass deformation process (T=420 €, & =0.1 sV). In the initial stage of multi-pass deformation, strain-induced dislocations
provide the nucleation site for 6 and T, phase, promoting their precipitation and coarsening. With increasing of strain, the size of the
precipitates T; and 8’ phase decreases and then tends to be stable, and the density of ¢’ phase decreases. Flow stress of the test alloy
during multi-pass hot deformation is influenced by dynamic softening, static softening and dynamic precipitation.
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With the rapid development of the aerospace industry,
Al-Cu-Li alloys are being extensively used for aerospace
structures owing to their high stiffness to density ratio and
large elastic modulus compared with conventional 2xxx and
7xxx series alloyst). Al-Cu-Li alloy thick plate is the main
component of the aircraft application. However, thermo
-plastic range of Al-Cu-Li alloy is relatively narrow, which
makes it at the risk of cracking during producing of the
thick plate. Thermomechanical processing (TMP)
parameters should be designed to control the
microstructural evolution and subsequent mechanical
properties of the final production . A comprehensive study
of hot deformation behavior and microstructure evolution
of Al-Cu-Li alloys is of great importance. At present, the
study on the hot deformation of Al-Cu-Li alloy is mainly
focused on the construction of the constitutive model™, the
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processing map analysis™®® and the heat treatment!®’.
However, the research on the multi-pass hot deformation
process of Al-Cu-Li alloy is less.

Multi-pass hot rolling is essential for the production of
Al-Cu-Li alloy thick plate. During the successive
deformation process of multi-pass hot rolling™, hardening
and dynamic softening exist simultaneously because
dynamic recovery (DRV)[Q], dynamic recrystallization
(DRX)™ and precipitation and dissolution of the second
phase™* are inevitable. But, multi-pass hot rolling
process is discontinuous. During the inter-pass periods, the
alloys will subject to the static recovery (SRV), meta-
dynamic recrystallization and static recrystallization
(SRX)™L. Meanwhile, the microstructure and properties of
the alloy are influenced by complex time, strain, strain rate
and temperature history during industrial deformation
processes'®). During the multi-pass hot deformation process,
on the one hand, microstructure evolution is determined at a
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given hot deformation conditions. On the other hand,
microstructure evolution of alloy in turn affects the
mechanical characteristics of the alloy such as the flow
stress, and influences the deformation process™“. Hence,
the relationship between the flow behavior and
microstructure evolution of Al-Cu-Li alloy during
multi-pass deformation is very complex.

In this study, the flow behavior of Al-Cu-Li alloy was
investigated by continuous, discontinuous, double-pass and
multi-pass hot compression tests. The corresponding
microstructure evolution was investigated by EBSD and
TEM analysis.

1 Experiment

The chemical composition of the test alloy in this work
was composed of 2.5Cu, 1.58Li, 0.3Mn, 0.12Zr, 0.06Mg,
0.05Ti, and Al-Bal. (wt%). The cast ingot was homogenized
at 460 <€ for 20 h followed by 525 <€ for 24 h and then
cooled down to room temperature in air. Cylindrical
specimens of 10 mm in diameter and 15 mm in height were
machined from it for compression tests. Graphite sheet was
used between the specimens for reducing the deformed
friction. The specimens were heated with a rate 5 €/s and
held for 3 min at the deformation temperatures in order to
establish a uniform temperature prior to deformation.
Continuous, discontinuous, double-pass and multi-pass hot
compression tests were carried out on Gleeble-1500 at
temperature of 420 <€, strain rates of 0.001, 0.1, 10 s
because 420 <€ is the hot rolling parameter for the industrial
production of the test materials. In order to investigate
microstructural evolution of the deformed specimen, the
specimens were immediately quenched in water after
deformed. The specimens were polished in an electrolyte
composed of 10 mL HCIO, and 90 mL methanol ethanol at
voltage of 20 V for 10 s. Then, the specimens were analyzed
using a SEM equipped with an EBSD system to determine
the morphologies. TEM films were prepared by the
conventional method: 0.5 mm thick foils were cut from the
deformed specimens. Then the thick foils were ground into
0.05 mm and disks with 3 mm in diameter were punched out
from these foils, and subsequently two-jet thinned in a
solution of 75 mL HNO; and 225 mL methanol cooled to —30
€. TEM microstructure was investigated by TecnaiG20.

2 Results and Discussion

2.1 Double-pass hot deformation

Fig.1a shows flow stress curves for Al-Cu-Li alloy under
isothermal double-pass deformation at 420 <€ and strain
rate of 0.1 s*. For all the deformation conditions, the
stress-strain curves rapidly reach a peak stress at a small
strain, after which the flow stresses decrease monotonously
and a typical multi-peak appears due to DRX!™. In the
early stage of deformation, strain-induced dislocation

density sharply increases, increasing the flow stress. DRX
occurs when the strain exceeds the critical strain™®. Flow
stress of the second pass decreases with the extension of
interval time at the same deformation parameters,
indicating that static softening occurs in the inter-stage
duration. In the present study, the 0.2% offset yield stress™*”
is used to determine the static softening behavior, as shown
in Fig.1b. Fraction softening increases from 25.7% to
36.4% with increasing interval time from 5 s to 30 s.
Kwon™ reported that static softening is related to
fractional recrystallization in a nonlinear relationship, and
the degree of nonlinearity is closely dependent on the
emergence of recovery and recrystallization.

Fig.2 shows the effect of continuous and discontinuous
strain rate on flow stress during hot deformation process.
The initial flow curves with the same strain rate, strain of
0.35, are almost the same, but a little difference is observed
due to microstructural inhomogeneity among samples or
experimental errors. As shown in Fig.2, when the strain rate
is continuous (0.001 s or 10 s™), flow stress increases
quickly to a peak value and then tends to a stable value with
increasing of strain. However, flow stress develops after
strain rate change increases (from 0.001s™ to 10s™) or
decreases (from 10 s™ to 0.001 s™) and approaches a new
stable value. It is worth noting that the new stable value
after increasing or decreasing strain rate (from 0.001 s to
10 s™, or from 10 s™ to 0.001 s™) becomes lower than at a
continuous strain rate 10s™ or 0.001 s'. Besides, the
difference between them increases with increasing in strain.
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Fig.1 Stress-strain curves of the test alloy in double-pass hot
deformation (a) and corresponding fractional softening (b)



Yang Shengli et al. / Rare Metal Materials and Engineering, 2017, 46(10): 2825-2830 2827

100 + 105"
80 H
& 0.0015' 105"
S 60
®
40 0.001s"

— -
20 F_\ 1055000152 T=420 °C

0.0 0.2 0.4 0.6 0.8 1.0

&

Fig.2 Effect of continuous and discontinuous strain rate on flow
stress during hot deformation process (T=420 <€)

Fig.3 shows the EBSD images of Al-Cu-Li alloy
deformation at continuous and discontinuous strain rate
corresponding to Fig.2, together with an imaging quality (1Q)
map (insert the top right corner). As shown in Fig.3a, at
continuous strain rate of 10 s(¢=0.92), adiabatic shear heat
cannot easily disperse in time due to high strain rate and low
thermal conductivity, inducing flow localizations along the
maximum shear stress direction, causing the formation of
micro-shear bands crossing a grain interior. A large amount
of fine sub-grains are generated in the micro-shear bands, as
presented in Fig.3a 1Q image. At continuous strain rate of
0.001 s'(¢=0.92), DRX occurs near the grain boundaries
which are shown in white arrows in Fig.3b, where new DRX
grains are surrounded by blue high angle boundary (HAB: =
159. Sufficient time is available for DRV and DRX at the
lower strain rate. As a result, the movement and gathering of
dislocations near the grain boundaries provide sufficient
impetus for DRX. As seen from Fig.3c and 3d, with
discontinuous strain rate of 0.001 s'—10 s*, DRV is
sufficient at the low strain rate stage, causing shortage of
storage energy for DRX in the subsequent high strain rate
stage. Hence, DRX is not obvious in Fig.3d. However, some
DRX nuclei already form during the preceding low strain rate
range deformation. It is beneficial to the DRX due to lacking
of an incubation time for grain nucleation at later stage,
resulting in the slight increasing of HAB fraction from 20.9%
to 23.8% (Fig.3c, 3d) and the decreasing of flow stress
(Fig.2). Fig.3e and 3f represents the EBSD images of the test
alloy deformed at discontinuous strain rate of 10 s*—0.001
s™, respectively. Few low angle boundary (LAB:<<15<= are
formed in the grain interiors after deformation at the strain
rate of 10 s™(¢=0.36), as shown in Fig.3e. As the deformation
continues at a strain rate of 0.001s™"(¢=0.92), the deformed
grains are almost completely replaced by small equiaxed new
DRX grains with HAB and sub-grains boundaries with LAB,
as shown in the top right corner of Fig.3f. HAB fraction

increases from 24.7% to 32.5%. Enough driving force
provided by deformation at high strain rate is available for
the DRX during the subsequent low strain rate deformation
process. Fig.3 indicates that the strain rate clearly affects the
DRX process of the Al-Cu-Li alloy during the
high-temperature deformation. It is possible to control the
grain size of Al-Cu-Li alloy by changing the strain rate at
different deformation stages. For instance, as shown in
Table.1, at continuous strain rate of 10 s (¢=0.92) or 0.001
st (6=0.92), the average grain size of the alloy is 298.5um
and 316.1um, respectively. However, when the strain rate is
discontinuous (0.001 s'—10 s* or 10 s'—0.001 s™), the
average grain size of the alloy is 312.8 pm and 108.8um,
respectively. That is, the grain can be significantly refined
when the alloy deformed at low strain rate after high strain
rate.
2.2 Multi-pass hot deformation

Fig.4 shows that stress-strain curves of multi-pass
(interval time 5s/4s/3s/2s) between the deformation pass
and single-pass continuous hot deformation with a strain
rate of 0.1 s™* at 420 € to strain of 1.2. The flow stress of
the alloy with multi-pass deformation is lower than that of
single pass continuous deformation. However, the
difference between them decreases with increasing in strain.
Another phenomenon observed in Fig.4 is that flow stress
decreases suddenly at the second pass hot deformation after
holding five seconds at 420 <€. Afterwards, flow stress
gradually increases with increasing of the strain. Fig.5
shows the TEM images of the sample corresponding to
different stages of multi-pass hot deformation in Fig.4. It
can be seen from Fig.5a that cell structures are bounded by
dislocation clusters. After five seconds of holding time at
420 <€, dislocation of opposite sign are annihilated by
cross-slip of screw dislocation and climb of edge
dislocation forming low energy dislocation wall, as shown
in Fig.5b. Fig.5¢c shows that sub-grains form in deformed
original grains after the second pass deformation. But, some
dislocations are pinned by some second phase. Fig.5d
presents that dislocations separate from the second phase
particles and then move to sub-grains boundaries during the
interval of deformation pass. Above these results show
obvious DRV and SRV characteristics. With the increase of
strain, strain-induced dislocations will continuously
increase and rearrange due to DRV and SRV. This will
promote the formation of sub-grains, which is conductive to
the formation of the DRX grains in the subsequent
deformation stage for reducing the nucleation stage of DRX.
When the strain increases to 0.85 and held for three seconds
between the deformation pass, as shown in Fig.5e, grains
with clean and straight high-angle grain boundaries form,
showing typical characteristics of DRX. In addition, the
triple-junction grain boundaries can be seen in Fig.5e.
Continue to increase the strain, sub-grains form in
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Fig.3 EBSD images of the test alloy deformed at continuous and discontinuous strain rate corresponding to Fig.2: (a) 10 s *(¢=0.92);
(b) 0.001 s'(6=0.92); (c) 0.001 s7(£=0.36); (d) 0.001 s*—10 s(¢=0.92); (e) 10 s (¢=0.36); (f) 10 s*—0.001 s7(£=0.92);
(T=420 °C, top right corner is the corresponding imaging quality map (1Q))

Table 1 Statistics of grain size in the corresponding Fig.3

Stage a b e f

Grain size/pm 298.5 316.1 312.8 108.8
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Fig.4 Stress-strain curves of the test alloy with multi-pass and
single-pass hot deformation (T=420 €, £=0.1s")

the deformed original grains and new DRX grains, as
shown in Fig.5f. It can be concluded that the static
softening between the deformation pass is beneficial to the
dynamic softening, vice versa.

Fig.6 shows the STEM images and selected area electro
diffraction (SAED) pattern along the [110], axis of the
original sample without compression and deformed sample
corresponding to different stages of multi-pass hot
deformation in Fig.4 (T=420 °C, £=0.1s™). Fig.6a shows
the STEM images and SAED pattern of the original sample

homogenized at 460 €/20 h followed by 525 €/24 h and
then cooled in air. The superlattice spots in the rhombus
center reveal the existence of the ¢’ phase (Al;Li). ¢’ phase
(grey dot in Fig.6a) is full of whole grain, which indicates it
is precipitated in the homogenization stage. In the grain
boundary, there exist some large sized massive particles
(labeled with “A’), which cannot be dissolved in the
homogenization stage. EDS analysis confirms these
particles as compounds of Al-Cu-Mn-Fe, as shown in
Table.2. It can be seen from Fig.6b that the other two kinds
of precipitates (6'-Al,Cu, T;-Al,CuLi) can be identified for
the test alloy. They are labeled and marked with black
arrows in Fig.6b. As can be seen from the SAED pattern in
Fig.6b, the streaking in the [100] direction indicates the
presence of the ¢ phase, the sports that located in the 1/3
and 2/3 positions of the long diagonal of the rhombus
verifies the existence of the Tlphase[el. No evidence of T,
and ¢’ phase is found in the original sample, indicating that
the two phases are precipitated during the hot compression
process. As the multi-pass deformation continues, the
density of ¢’ phase decreases (Fig.6a~6g), and the size of
¢ and T, decreases then tend to be stable (Fig.6b~6g).

o', T, and 0’ phase are regarded as the major
strengthening phase of Al-Cu-Li alloy. T, phase is more
inclined to precipitate near dislocation and grain boundaries
by a stacking-fault mechanism!*®!. In this study, flow
behavior of multi-pass hot deformation is closely related to
the microstructural evolution and dynamic precipitation.
After the first pass deformation, a large number of
strain-induced dislocations provide the nucleation site for ¢’
and T, phase, leading to their precipitation and coarsening
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Fig.5 TEM images of sample corresponding to different stages of multi-pass hot deformation in Fig.4: (a) 1-; (b) 1+; (c) 2-; (d) 2+; (e) 3+;
(f) 5-(“1, 2” on behalf of the corresponding deformation pass, respectively; ‘-> : water quenching immediately after each
deformation pass; ‘+’: water quenching immediately after the holding time at each deformation pass)

Fig.6 STEM images and SAED (selected area electro diffraction) pattern along the [110] 41 axis of the original sample without compression
and deformed sample corresponding to different stages of multi-pass hot deformation in Fig.4: () STEM images of original sample
(homogenized at 460 €/20 h followed by 525 €€/24 h then cooled in air), together with a SAED model in insert; (b) 1-; (c) 1+; (d) 2-;
(e) 2+; (f) 3+; (9) 5-(“1, 2, 3, 5” on behalf of the corresponding deformation pass, respectively; ‘-’ : water quenching immediately after
each deformation pass; ‘+’: water quenching immediately after the holding time at each deformation pass)

Table 2 Chemical composition of massive particles in Fig.6a (Fig.6b, 6¢). B. M. Gable™™ reported that the growth of
Point Element Content/at% each large T, plate consumed the copper and lithium from
Al 85.97 the adjacent region, causing the number and density
cu 06.03 decrease of ¢’ phase. However, there was no obvious
A change in size of the ¢’-(Als;Li) phase. Besides, the obvious
Mn 06.50

static softening at the interval between the first and second
Fe 00.12 pass (Fig.5a, 5b), decreases flow stress at the second
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pass(Fig.4). With the increasing of strain, sub-grains
structure is more complete due to dynamic softening and
static softening, as shown in Fig.5b~5f. What’s more,
partial ' and T, are gradually dissolved into the alloy
matrix, resulting in the size of 6" and T, decrease, as shown
in Fig.6b~6g. The fine size of the precipitates is conducive
to prevent the movement of the dislocation. Although the
static softening between the deformation pass is beneficial
to the dynamic softening, the precipitation strengthening
effect is stronger after the second pass. Finally, flow stress
of multi-pass gradually increases and approaches the
single-pass deformation (Fig.4). It is concluded that the
change of the flow stress is influenced by dynamic
softening, static softening and dynamic precipitation.

3 Conclusions

1) During double-pass hot deformation, the extension of
interval time between two passes is conductive to promoting
static softening. It is possible to control the grain size in the test
alloy by changing strain rate at different deformation stages.

2) During multi-pass hot deformation process, static
softening between the deformation pass is beneficial to
dynamic softening, vice versa.

3) Dynamic precipitation of T, and & phase is observed
during multi-pass deformation process (T=420 ‘C, & =0.1
s'). In the initial stage of deformation, strain-induced
dislocations provide the nucleation site for §’ and T, phase,
promoting their precipitation and coarsening. With
increasing of strain, the size of the precipitates T, and &'
phase decreases and then tends to be stable, and the density
of ¢’ phase decreases. Flow stress of the test alloy during
multi-pass hot deformation is influenced by dynamic
softening, static softening and dynamic precipitation.
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