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Abstract: The slip behavior and precipitation behavior of four AI-Cu—Li single crystals with varying orientations at
different temperatures were investigated using electron backscattering diffraction (EBSD) and transmission electron
microscopy (TEM). The maximum differences in yield strength and ductility of the single crystals at room temperature
are 41.6% and 14.7%, respectively. This indicates that the mechanical properties are strongly influenced by the
crystal orientation. Moreover, grains with varying orientations exhibit distinct slip characteristics, including slip
homogenization, slip localization, and multiple slip. In single crystal SC1, slip localization primarily contributes to its
inferior ductility compared to other grains. Nevertheless, during deformation at 250 °C, the distinct morphology and
distribution of precipitates in the crystals are also correlated with orientation, which causes the increase in the maximum
elongation difference to 20.8% in all selected single crystals. Notably, SC1, with a precipitate volume fraction of 2.65%,
exhibits more severe slip localization compared to room temperature conditions, while SC2, with a precipitate volume
fraction of 4.79%, demonstrates cross-slip characteristics, significantly enhancing the plastic deformation capacity of
the Al-Cu—Li alloy.
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metal anisotropy [3]. Moreover, a higher volume
fraction of brass components exacerbates plate
anisotropy [4]. The 2024 alloy, with conventional

Al-Cu—Li alloys have excellent properties rolling, exhibits the highest ductility along the
such as low density, high strength and high modulus, rolling direction, while the anisotropy is reduced
thus garnering considerable attention in aerospace, with constrained groove pressing after two

1 Introduction

automobile manufacturing, and other industries [1].
However, the Al—Cu—Li alloy sheets exhibit
pronounced mechanical anisotropy, significantly
impacting forming accuracy and service life [2].
Texture and precipitates play crucial roles in the
anisotropy of Al—Cu—Li alloys. During the
deformation process of Al—Cu—Li alloy, a brass
texture is easily formed, notably enhancing sheet

passes [5]. NAYAN et al [6] found that the strong
brass texture formed in the cross rolled 2195 Al-Li
alloy is weakened after subsequent heat treatment,
resulting in a transition from anisotropic to isotropic
properties of the material.

T1 (AlCuLi) and 6'(Al,Cu) phases serve as
the primary strengthening phases of Al—Cu—Li
alloys. T'1 phase is precipitated on {111} surface of
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the matrix, which is also the slip surface of the
Al-Cu—Li alloy [7]. Pre-deformation treatment
introduces numerous dislocations in the matrix,
enhancing precipitate nucleation density and
facilitating the adjustment of the distribution and
size of 6" and T1 phases, thereby improving
mechanical properties [8,9]. The precipitation of
T1 phase is directly linked to dislocation density,
with uniform dislocation distribution promoting
homogeneous 71 phase dispersion throughout the
matrix, resulting in superior mechanical properties
[10—12]. However, some orientations exhibit a
higher average precipitation strengthening factor
of T1 phase, potentially intensifying the strength
anisotropy of alloy [13]. MEDJAHED et al [14]
observed significant differences in the distribution
of precipitates in Al-Cu—Li sheet after cold rolling
in different directions, resulting in different
mechanical anisotropy. The &' phase, with the
magnitude of adjustable strain determined by the
crystal orientation of these grains, can adjust the
strain of the surrounding matrix through rotation,
and varying distributions of the &' phase lead
to orientation-dependent strain hardening [15].
Different proportions of the 71 and &' phases result
in distinct deformation mechanisms during the
plastic deformation of the alloy, consequently
impacting its properties [16]. The distribution of 71
on four different {111} planes is jointly determined
by texture and pre-deformation, thereby influencing
the yield strength anisotropy of alloys subjected
to different pre-deformation treatments [17]. A
framework for calculating anisotropic yield strength
based on the VPSC model was established [18]. It
revealed significant differences in the volume
fraction of the four variants of the 71 phase after
pre-deformation in different directions, leading to
changes in the critical resolved shear stress (CRSS)
of each slip system and ultimately resulting in
varying levels of anisotropy. LIU et al [19,20]
established a crystal plastic model by finite element
method, considered plastic slip and lattice rotation
as the deformation mechanism, to study the
anisotropic stacking behavior of single crystal
copper with different initial orientations during
nanoindenting. They found that the activation of
different slip systems had a certain effect on the
anisotropy of the stacking mode. Although there are
many studies on the effect of orientation on the
precipitated phase, most simulated this process

using crystal plastic finite element methods, lacking
accurate experimental data.

The slip direction and slip plane orientation of
the dislocation will affect the plastic deformation
behavior of the material in different directions,
which can be reflected on the specimen surface.
The deformation mechanisms of the material during
plastic deformation can be analyzed by statistical
analysis of the grain surface slip traces. The method
was widely employed in studying the plastic
deformation of materials [21—23]. In polycrystalline
materials, texture represents the preferred
orientation structure of grains. When studying the
influence of texture on anisotropy, the existence
of grain boundaries increases the diversity of
deformation mechanisms, making it challenging to
accurately analyze the influence of single crystal
orientation on precipitation, deformation behavior,
and anisotropy [24-27].

Hence, in this work, the effect of orientation
on the mechanical properties and slip behavior of
four Al-Cu-Li single crystals with varying
orientations through uniaxial stretching at different
temperatures was investigated. Additionally, the
impact of orientation on dynamic precipitation
during high-temperature deformation was examined.
Importantly, the influence of oriented-precipitation
on the deformation mechanism was discussed.

2 Experimental

The material employed in this study is an
Al-4Cu—1Li (wt.%) ternary alloy. It was cast by
vacuum melting and homogenized for 20h at
500 °C. The Al-Cu—Li alloy ingot was rolled into
10 mm-thick sheets at 460 °C. The rolled sheet was
cut into 140 mm x 40 mm blocks, the block sample
was stretched with small deformation, and then
annealed at 510 °C for 24 h. The ultra-large grains
with a size of 3.2 cm were prepared by cyclic
deformation—annealing process, as shown in
Fig. 1(a). The samples for tensile testing, measuring
22 mm in length, 10 mm in width, and 2 mm in
thickness, were prepared in a single grain by means
of electrical discharge machining, as shown in
Figs. 1(b, ¢). Each specimen is a single crystal.

Different regions of the standard orientation
triangle can approximately reflect the dislocation
slip mode, as shown in Fig. 2(a), which includes
the single slip, double slip, coplanar double slip,
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Fig. 1 Ultra-large grain specimen of Al-Cu—Li alloy (a); Drawing of tensile specimens (b); Dimensions of tensile

specimen with thickness of 2 mm (c)
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Fig. 2 Crystallographic triangle showing orientations of different slip modes [29] (a); Inverse pole figures (IPF)
showing orientation of single crystals (b); EBSD IPF maps of single crystals of SCI1 (c), SC2 (d), SC3 (e) and SC4 (f)

conjugate double slip and critical double slip [28].
With TESCAN Mira4 scanning electron micro-
scope, the crystallographic orientations of the
single crystal samples were observed by electron
backscattering diffraction (EBSD), and grains
with four orientations were selected according to
Fig. 2(a), as shown in Figs. 2(b—f). These grains
are oriented along the rolling direction (RD),
approximately [311], [342], [031] and [313],
respectively, labeled as SC1, SC2, SC3, and SC4.
The tensile loading direction aligns parallel to
the RD. The surface microstructure and fracture

morphology of single crystal specimens during
tensile deformation were observed via scanning
electron microscopy (SEM). To minimize damage
from the electron beam to the specimen surface, the
corresponding beam current was reduced to 5 nA
and 300 pA, respectively, during EBSD and SEM
analysis. Subsequently, the EBSD data were
analyzed using AztecCrystal software. Slip systems
and Schmid factors of single crystals with different
orientations were calculated and analyzed using the
MATLAB toolbox MTEX. Slip trace analysis was
performed using ImageJ software. The precipitation
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behavior during high-temperature stretching
was characterized using transmission electron
microscopy (TEM) (Talos F200X).

The tensile samples were continuously
polished with 9, 3, and 1 um diamond polishing
paste, and finally polished with silicon medium
paste. First, TEM specimens were mechanically
thinned to a thickness of 80 um, followed by
cutting them into discs with a diameter of 3 mm.
A Tenupol Type 5 machine was then used to
electropolish the flakes at —25°C in a solution
consisting of 20% nitric acid and 80% methanol.
The tensile samples were solution treated at 500 °C
for 60 min before stretching. A CMT5105GL
testing machine was used for the tensile test, and
the tensile speed was set at 0.2 mm/min. The high-
temperature drawing process was insulated by a
heating device. At least three samples were tested
under the same conditions to ensure the accuracy of
the data.

3 Results

3.1 Tensile results
The mechanical properties of Al-Cu—Li single
crystals at room temperature and 250 °C are
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depicted in Fig.3. At room temperature, strong
orientation dependence of mechanical properties is
illustrated in Fig. 3(a). The maximum differences
in yield strength and elongation are observed to
be 41.6% and 18.3%, respectively. SC4 exhibits
significantly higher yield strength compared to the
other single crystals. In contrast, the variation in
tensile strength is minimal, with the largest
difference being only 9.1%. Upon increasing the
tensile temperature to 250 °C, the difference in
yield strength among single crystals with different
orientations decreases to 20.1%, as shown in
Fig. 3(b). However, the maximum differences in
tensile strength and elongation at 250 °C increase
to 17.9% and 32.6%, respectively. This indicates
substantial differences in the orientation-dependent
properties of Al-Cu—Li at different temperatures.
Additionally, as depicted in Fig. 3(c, d), the overall
mechanical properties of Al-Cu—Li single crystals
at 250 °C exhibit a decline relative to those at room
temperature. The decline is attributed to the reduced
CRSS of the slip system at 250 °C, resulting in a
monotonic decrease with increasing temperature
[30]. Furthermore, a detailed examination of the
high-temperature stress—strain curve reveals an
interesting phenomenon (Fig. 3(b)). Although work
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hardening typically prevails, an upward opening
segment is observed in the early stages of tensile
deformation. This is attributed to the rapid decline
in the work hardening rate induced by dynamic
recovery. With the accumulation of strain, the
disparity between the dislocation multiplication
rate and the dynamic softening rate progressively
widens, leading to a downward turn on the curve.

3.2 Slip activity

In the process of deformation, the activation
of slip systems plays a considerable role in
determining the plastic deformation behavior of
material. The likelihood of slip system activity can
be predicted by calculating the Schmid factor. The
Schmid factors of 12 slip systems for the four
orientations of the single crystals in this study are
given in Table 1.

To determine the potential slip systems
activated within each grain, detailed observations
were made on the SEM images of the deformed
specimens to analyze the consistency between the
observed slip traces within each grain and the
calculated results. The slip traces resulting from
15% tensile strain of single crystals at room
temperature are illustrated in Fig. 4. Slip traces
refer to the lines formed after dislocations move
from the slip plane to the sample surface. Different
colors in this figure correspond to different slip
planes, and (111), (111), (111) and (111) planes
are represented by red, blue, green and yellow,
respectively. By comparing the software calculation

(]

SC1

Slip system 3 Slip system 12

Table 1 Schmid factors of 12 slip systems

Slip o Schmid factor
system Plane Direction SCl_ SC2 SC3 sca
1 (T17)  [011] 024 031 022 0.06
2 (T17)  [110] 022 0.11 030 0.11
3 (T11)  [101] 0.46 020 0.08 0.17
4 (T11)  [0T1] 0.37 0.05 0.48 033
5 (T11)  [101] 0.03 0.04 030 028
6 (T11)  [110] 0.40 0.01 0.19 0.06
7 (111)  [0T1] 020 030 031 041
8 (111)  [T10] 0.43 0.17 022 0.45
9 (111)  [101] 0.23 0.13 0.09 0.04
10 (IT1)  [011] 0.16 035 0.18 0.07
11 (1T1)  [101] 0.17 0.10 0.49 0.05
12 (IT1)  [110] 0.01 0.44 031 0.02

results with the slip traces measured by SEM, the
active slip planes are determined and displayed
in the lattice cell (Fig. 4). Due to the large lattice
rotation during deformation, the observed slip trace
directions are slightly different from the calculated
ones. Then, the main slip system and the secondary
slip system are determined by the calculation results
of the Schmid factor in Table 1.

For single crystal SC1, the Schmid factors of
slip systems 3, 6, and 8 are above 0.4, with slip
system 3 having the highest Schmid factor of 0.46.
Consequently, it can be confirmed that slip system 3
is activated for the single crystal SC1. Similarly,

Slip system 11
Slip system 4

Slip system 8
Slip system 3

Fig. 4 Slip traces analysis of SC1 (a), SC2 (b), SC3 (c) and SC4 (d) at room temperature
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utilizing the same method, it is determined that
the single crystal SC2 activates slip system 12.
Observation of the surface of SC3 and SC4 reveals
the presence of slip traces in both directions
(Figs. 4(c, d)). The order of slip activation can be
inferred from the density of the two slip traces.
In SC3, primary slip system 11 is predominantly
activated, evidenced by dense slip traces, while slip
system 4 lags in activation, with dispersive slip
traces. Conversely, SC4 exhibits the activation of
the secondary slip system, although the slip traces
are sparse. This occurrence is typically caused by
grain rotation during deformation, resulting in a
change in orientation and, consequently, the Schmid
factor [31,32].

To observe the evolution of slip traces during
the deformation at 250 °C, periodic scanning of

the same area was conducted, as shown in Fig. 5.
Except for the activated slip system of SC1, other
oriented grains show different slip behavior
compared with that at room temperature. As shown
in Fig. 5(d), the multiple slip occurs on the surface
of single crystal SC2 when the strain is 5%. The
dislocations initially located on the slip plane
(111) migrates to the other slip plane (111),
leading to a transition from multiple slip to cross
slip, as illustrated in Fig. 5(f). As can be seen from
Fig. 3(b), the stress—strain curve of SC2 exhibits
periodic sudden drops in stress, potentially
attributed to the occurrence of cross slip [33]. The
initial stress drop manifests at 9% strain, likely
marking the critical point of multiple slip transition.

The width between the slip traces in the
direction perpendicular to the slip traces of the main

<+— > Tensile direciton
5% 10%

SC1

SC2

SC3

SC4

15%

Slip localization

Fig. 5 Slip traces analysis of SC1 (a), SC2 (b), SC3 (c) and SC4 (d) at 250 °C
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slip system is calculated to further analyze the
influence of temperature on the slip behavior. The
distributions of main slip traces spacing at 15%
strain are shown in Fig. 6, where each point
represents a slip trace, and the average width and
standard deviation are calculated in Table 2.

The average slip trace spacing of SC1 is larger
than that of other oriented grains at different
temperatures, with the maximum distance being
2.5-6.5 times that of other grains. This indicates
significant slip localization in SCI1. Moreover,
the minimum width increases from 0.455 at room
temperature to 3.243 um, indicating exacerbated

Zhen JIANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3554—3568

local slip behavior at 250 °C. Such highly localized
slip bands arise from the clustering of dislocations
along the crystal plane and their orderly slip along a
specific direction, as prominently illustrated within
a confined area of the crystal [34]. However, the
slip planes are uniformly distributed across SC3
and SC4 crystals with various orientations, and the
closely aligned slip traces nearly overlap each other.
A comparison of Figs. 6(c,d) reveals a slight
decrease in the degree of slip trace spacing in the
two grains, potentially attributed to the enhanced
ordered long-range motion of dislocations at 250 °C,
thereby reducing the number of dislocation sources
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representing slip planes [35,36]. It is noteworthy
that the spacing of slip traces on SC2 at 250 °C is
more concentrated compared to that at room
temperature, as depicted in Figs. 6(c,d). This
contributes to the transition from multiple slip to
cross slip.

3.3 Oriented-precipitation of 71 and 6’ phases

To analyze the influence of orientation on
the precipitation behavior of the Al-Cu-Li alloy
during deformation at 250 °C, the distribution of
precipitates at 15% strain is observed. Figure 7
presents the high-angle annular dark-field scanning
transmission electron micrographs (HAADF-
STEMs) observed along the [110] zone axis. The
size and volume fractions of the 71 and 6" phases
are detailed in Table 3. It is evident that the 6’ phase
predominates, with only a small amount of the 71
phase, as depicted in Figs. 7(a—d). Upon examining

the statistical data in Table 3, it becomes apparent
that the diameters and thicknesses of the 71 and
6" phases in single crystals SC1, SC3, and SC4
are similar, yet distinct from those in SC2. The
precipitates in SC2 are larger and thinner compared
to other grains. Additionally, the volume fraction of
precipitates in SC3 and SC4 is similar but lower
than that in SC1 and SC2. Hence, it can be
concluded that the precipitation behavior of the
Al-Cu—Li alloy exhibits a degree of orientation
sensitivity.

Only two of four variants of the 71 phase
are visible under the [110] zonal axis [37]. In
Figs. 7(a—d), T1 phases in one direction are
seen predominantly. This discrepancy suggests
significant differences in the proportion of 71
variants  precipitated during high-temperature
deformation with different orientations. This can
be attributed to variations in the Schmidt factors of

Table 2 Average, maximum, minimum and standard deviation of slip trace width at room temperature and 250 °C

Mean width/um Maximum width/um Minimum width/pm Standard deviation/um
Sample 25°C 250 °C 25°C 250 °C 25°C 250 °C 25°C 250 °C
SC1 3.625 8.652 21.753 22.432 0.455 3.243 4.143 6.087
SC2 2.368 2.110 8.523 8.529 0.491 0.765 2.223 1.325
SC3 0.937 1.081 3.335 8.056 0.221 0.303 0.510 0.891
SC4 0.903 1.315 3.707 4.290 0.250 0.385 0.613 0.702

Fig. 7 HAADF-STEM images of SC1 (a), SC2 (b), SC3 (c) and SC4 (d) at 250 °C; Bright field (BF) image illustrating
precipitates on dislocations (e) (The beam direction is along [110] zone axis)
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different slip planes, resulting in dissimilar
dislocation production, thereby influencing the
precipitation of the 71 phase [38].

3.4 Crack initiation and propagation behavior

In this study, the crack initiation behavior of
Al-Cu—Li single crystals with different orientations
during the deformation at 250 °C is analyzed.
The crack initiation and propagation behavior of
the single crystals at 30% strain exhibits unique
characteristics, as depicted in Fig. 8. Observations
from Figs. 5(a—c) reveal that local slip bands on the
surface of SC1 are accompanied by the initiation of
microcracks.

As the loading progressed, microcracks on the
slip line gradually propagated, as shown in Fig. 8(b).
A significant shear step emerges on the surface of
the sample, indicating proximity to fracture, as
depicted in Fig. 8(a). In the vicinity of the unstable
shear zone, a series of widely spaced shear bands
are formed, originating from the localized slip zone,

Zhen JIANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3554—3568

as indicated by the arrow in Fig. 8(a).

There is the close relationship between slip
localization and crack nucleation [34]. At this stage,
single crystal SC2 is far from its tensile limit, with
no obvious cracks detected on specimen surface,
as depicted in Fig. 8(c). However, following the
transition from multiple slip to cross slip, a
substantial concentration of slip lines occurs,
leading to dislocation plugging and subsequent
stress concentration. As depicted in Fig. 8(d), there
is a prominent coarse slip band with significant
deformation in the surrounding area, serving as
the preferred location for crack nucleation and
propagation. The cracks initially propagate along
a single slip band in SC3. The region between
the crack and the adjacent slip band experiences
severe distortion, facilitating crack transfer to the
neighboring slip band. Subsequently, the crack tip
continues to propagate along the new slip band.
There is no direct correlation between the slip trace
and the initiation and propagation of cracks in SC4

Table 3 Quantitative measurements of 6’ and 71 precipitates for four single crystals

d/nm t/nm 1%
Samlpe
o' T1 o' T1 0’ T1
SC1 108.44+90.6 214.9+112.3 10.55+1.21 4.30+1.15 233 0.32
SC2 155.7£103.2 258.7+125.7 5.67+1.34 3.64+0.53 4.23 0.56
SC3 101.2+57.1 227.3+152.4 10.42+0.55 4.58+0.86 2.40 0.29
SC4 109.7+57.0 210.9+127.8 10.34+1.04 4.68+0.74 2.65 0.36

d, t and f'stand for average plate diameter, average plate thickness, and volume fraction, respectively
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Fig. 8 SEM images of SC1 (a, b), SC2 (¢, d), SC3 (e, f) and SC4 (g, h) at 250 °C
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(Fig. 8(g)). In summary, the variations in slip
behavior are attributable to different orientations,
ultimately resulting in diverse fracture mechanisms.

4 Discussion

The yield strength of a single crystal depends
on the minimum resolved shear stress required for
the initiation of the slip system, and this minimum
resolved shear stress is determined by crystal
orientation. However, as temperature increases, the
driving force for dislocation motion decreases,
leading to a reduction in yield strength [39].
Therefore, the yield strength of Al-Cu—Li single
crystals at 250°C is lower than that at room
temperature. Importantly, orientation dependence of
the yield strength of Al-Cu—Li single crystals is
significantly diminished at 250 °C (Fig. 3).

At room temperature, deformation in a single
crystal is primarily determined by interactions
between dislocations, defining the average distance
that a dislocation travels before interacting with
an obstacle for storage as the average free path
length [40,41]. In grains with activated single slip,
dislocation motion on parallel glide planes
encounters fewer hindrances, resulting in a larger
mean free path length. Conversely, in grains with
activated multiple slip systems, where numerous
dislocations undergo cross-slip, strong interactions
between multiple slip systems occur, leading to a
lower mean free path length [31,42]. As illustrated
in Fig. 4(c), after the secondary slip system
(111)[011] is activated, the dislocation on the main
slip plane (111) is cut and dragged along the slip
direction of the former, forming a jog between the
dragged dislocation line and the original dislocation
line. The jogs impede further dislocations
movement, leading to dislocations accumulation,
high stress concentration, and the initiation of
cleavage cracks. Hence, this mechanism may
explain why the elongation of single crystal SC3 is
lower compared to SC2 and SC4. However, in
grains with activated single slip, once deformation
localization occurs, dislocation motion is limited to
a limited number of slip bands, resulting in a high
amount of dislocation per slip band [43,44]. The
slip localization in single crystal SC1 is more
pronounced, with fewer slip bands per unit distance
(Figs. 4 and 6). The convergence of numerous slip
traces leads to significant strain hardening and

premature failure. Conversely, the slip traces in
single crystal SC2 are evenly distributed (Fig. 4(b)),
allowing dislocations to spread across multiple slip
planes. Consequently, there are fewer dislocations
in each slip band, promoting coordinated
deformation and enhanced plasticity.

As shown in Fig. 7, dislocations promote the
formation of precipitates and increases the diversity
of single crystal deformation mechanisms [9].
As shown in Fig. 7(e), dislocations promote the
formation of precipitates and increase the diversity
of single crystal deformation mechanisms. The
Orowan rings and wavy dislocation cells (referred
to as matrix dislocation self-trapping) [15] can be
observed in Fig. 9, and they are depicted in a
high-magnification image in Fig. 9(f). The cell is a
long-kinked screw dislocation, which is constantly
bent and eventually evolves into a corrugated
structure composed of a set of tightly arranged
spiral turns [45—47], as depicted in Fig. 9(e). When
the distance between precipitates is large, the
self-trapping mechanism between dislocations
tends to replace other interactions. Conversely, the
dislocation interacts with the precipitates to form an
Orowan ring. Therefore, in SC1 with the lowest
volume fraction of precipitates, the large spacing
between  precipitates leads to  dislocation
self-trapping, forming wide-ranging corrugated
dislocation cells. This phenomenon is -closely
associated with the observed slip localization,
as depicted in Fig. 10(a). In SC3 and SC4, the
precipitates with intermediate particle spacing
mediate the formation of dislocation cells and
determine their size [41]. Subsequently, these tiny
dislocation cells contribute to the formation of
widely distributed slip bands, as shown in
Fig. 10(b). This can be proven from the good
elongation caused by this deformation mechanism
that can prevent premature failure by inhibiting
strain localization [48].

Previously, it has been observed that the
deformation mechanism of SC2 at 250 °C shifts
from multiple slip to cross slip. The activation of
multiple slip provides more potential dislocation
sources and facilitates dynamic precipitation [44],
which also accounts for the higher volume fraction
of precipitates in SC2. Additionally, the diameters
of the " and 71 phases in SC2 are larger than in
other grains, further reducing the particle spacing,
as indicated in Table 3. As a consequence, there are
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Fig. 9 BF images of SC1 (a), SC2 (b), SC3 (c¢) and SC4 (d) under 15% strain at 250 °C; BF image showing structure of
kinked screw dislocation (e); BF image displaying dislocation self-trapping and Orowan mechanism (f) (The beam

direction is along [110] zone axis)
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Fig. 10 Deformation mechanisms of single crystals with varying orientations at 250 °C: (a) Large dislocation cells
formed on localized slip bands in single crystal SC1; (b) Small dislocation cells developing on extensive slip bands in
single crystals SC3 and SC4; (c) Cross slip of dislocations occurring onto another slip plane in single crystal SC2,
where Orowan rings dominate



Zhen JIANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3554—3568 3565

fewer dislocation cells in SC2, and the Orowan
rings have a dominant role in controlling the
deformation  (Fig. 9(b)). Clearly, the stress
concentration caused by the small Orowan ring
structure is much smaller than that induced by the
large dislocation cell structure. Consequently, the
strength of SC2 in the early stage is lower than that
of other grains. It has been demonstrated that the
movement of dislocation between cross slip bands
is unhindered [48]. Therefore, following the
transition from multiple slip to cross slip, the free
path length of dislocation increases, effectively
averting premature material failure caused by
dislocation plugging, as illustrated in Fig. 10(c).
Consequently, the ductility of single crystal
SC2 at 250 °C surpasses that of other oriented
grains. Subsequently, as deformation progresses,
dislocation proliferation and precipitation continue
to occur, causing the strength of SC2 to gradually
increase until fracture. In summary, variations in
crystal orientations lead to changes in the
distribution of precipitates and alterations in
deformation mechanisms, ultimately resulting in
differences in final performance.

5 Conclusions

(1) The yield strength of Al—Cu-Li single
crystals is influenced by both crystal orientation
and temperature. The maximum vyield strength
difference between single crystals with different
orientations decreases from 41.6% at room
temperature to 20.1% at 250 °C.

(2) Slip behavior is one of the important
factors that lead to the great difference of ductility
of single crystals among these orientations. At room
temperature, the maximum difference of elongation
between single crystals is 14.7%. For SCl1, the
localized slip behavior shows the accumulation of
severe dislocations on specific slip planes, in which
cracks are generated at early deformation stage,
thereby reducing ductility. Conversely, the
homogeneous distribution of slip planes and
activation of multiple slip systems contribute to
enhanced ductility.

(3) During tensile deformation, the distribution
of dislocations is also influenced by crystal
orientation, consequently affecting the size and
volume fraction of precipitates in different
Al-Cu—Li single crystals. The total number of

precipitates in SC2 is 1.6—1.8 times that of other
grains at 15% strain.

(4) Compared to that at room temperature,
the maximum difference in elongation among all
selected grains increases to 20.8% at 250 °C. SC1,
characterized by minimal precipitated phases,
primarily undergoes dislocation self-trapping,
leading to enhanced slip localization and a
substantial decrease in ductility. On the other
hand, SC2, which contains the most precipitates,
predominantly operates via the Orowan mechanism.
This activation of multiple slip systems evolves into
cross slip characteristics, significantly enhancing
the plastic deformation capacity of the Al-Cu—Li
alloy.
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