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Abstract: The effect of microstructure evolution on the tensile properties of 2050 Al-Li alloy thick plate aged at
150 °C with 80 mm in thickness (#) was studied from a microstructural perspective. Scanning electron microscope,
optical microscope, transmission electron microscope and X-ray diffractometer were used to explore the surface (#/6),
interlayer (#/3) and center (#/2) thickness layer of this alloy. Results show that the secondary phases on grain boundaries,
precipitates and textures vary depending on the thickness location. The precipitation strengthening has a stronger
influence on the alloy along the rolling direction than the transverse direction from the under-aged to the peak-aging
condition; however, its effect on the anisotropy is insignificant. The higher Taylor factor (M) value caused by stronger f
fiber rolling textures and the intergranular phases is the main reason that leads to the highest strength at the #/2 position
along the rolling direction. The M-value has a limited change at different thickness layers along the transverse direction,

which causes the same tensile strength.
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1 Introduction

Aluminum lithium alloys have been widely
used in aerospace, transportation and other
industries because of the low density, high strength
and heat resistance stability [1]. As a typical
third-generation Al—-Li alloy, the 2050 Al-Li alloy
has a low Li content, increasing the damage
resistance and strength by reducing the coplanar
slip caused by @' phase precipitation and the
hydrogen embrittlement from excessive hydrogen
absorption [2]. The 2050 Al-Li alloy thick plate
combines the flaw resistance performance of 2xxx
alloys and the ultra-high strength of 7xxx alloys.
Compared with the 7xxx alloy thick plate, the 2050
Al-Li alloy thick plate has higher elastic modulus,

better damage resistance and higher specific
strength [1,3,4]. LEQUEU et al [5] suggested that
an Al—Cu—Li thick plate has a better damage
tolerance than a 7050-T7451 thick plate. WU
et al [6] also found that the yield strength and
ultimate tensile strength gradually increased from
the surface layer to the center layer of an Al-Cu—Li
plate with a final thickness of 90 mm. These uneven
mechanical properties at different regions within
thick plate dramatically restrict the application of
2050 Al-Li alloys.

The properties of 2050 Al-Li alloy can be
affected by many factors like segregation in casting
ingots,  dissolution of secondary phases,
recrystallization, hardenability and textures during
plastic deformation [5,7]. Previous reports [8]
indicated that the coarse secondary phases were
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observed in casting ingots and retained in
subsequent heat treatment. It will result in stress
concentration or crack, which reduces the plasticity,
fracture toughness, fatigue properties and stress
corrosion resistance [9]. Coarse precipitates and
dispersoids significantly affect the microstructure
refinement and corresponding strengthening in the
particle-containing materials [10].

As a heat-treatable aluminum alloy, the 2050
Al-Li alloy achieves a high yield strength from
precipitation strengthening. However, it is also the
main factor that leads to the inhomogeneous
properties of the material. This hypothesis has
been works by
characterizing the number density, size and types of
precipitates under various aging environments [11].
LIU et al [7] reported that the Zn and Mg
concentration of grain boundary precipitates led to
the disparity of corrosion resistance under
different quenching rates. Additionally, SHU
et al [12] found that the Mg/Zn ratio difference can
alter the growth kinetics of the #' phase distributed
at the surface layer and central layer. Such a
microstructure  difference distinct
mechanical properties along the normal direction
(ND) of 7055 thick plates. ZHAO et al [13]
reported that the pitting corrosion behavior of
95 mm-thick 2297 Al-Li alloy was mainly ascribed
to the distribution of the inhomogeneous
precipitates.

Textures can also contribute to the
inhomogeneous strength of thick plates. In contrast
to the weak texture of the surface layer in an
Al-Li—Cu—Zr alloy with a thickness (f) of 12 mm,
the central part of this alloy presents a strong rolling
texture [14]. It was also proposed that the texture
disparity contributed to the discrepancy of tensile
strength. Similarly, WU et al [6] reported that an
Al-Li—Cu alloy had a random texture at the surface
layer, originating from the greater recrystallization
degree with cold deformation during the rolling
process. The typical shear texture of R-Cube
and strong S fiber rolling textures were found at the
t/8 and #/2 (center) layers due to the weaker

verified from tremendous

will cause

Table 1 Chemical composition of 2050 Al-Li alloy (wt.%)
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recrystallization driving force.

From the above mentioned results, it can be
found that a strong anisotropy at different thickness
layers on the mechanical properties is inevitable.
SHE et al [12] investigated the influence of
microstructure (center and edge) on the tensile
properties along ND in aged 7055 aluminum alloy
plate. They hypothesized that the anisotropy of
tensile strength through ND could be mainly
attributed to a strong S fiber rolling texture at the
center layer.

Most Al-Li alloy thin plates were extensively
studied by researchers [3,11]. However, few works
have explored the inhomogeneity along ND of
Al-Li thick plates. Further, the understanding of the
inhomogeneous mechanical properties from a
microstructural perspective is not completely clear.
The 2050 Al-Li alloy thick plates may find
potential applications for the aircraft industry for
their excellent performance. Nevertheless, the
inhomogeneous tensile properties along ND of
2050 Al-Li alloy thick plates may hinder their
further application. This work aims to investigate
the microstructure inhomogeneities and their effect
on tensile properties of 2050 Al-Li alloy plates
with a thickness of 80 mm. We focus on the factors
such as secondary phases at grain boundaries,
precipitates and rolling texture and their influences
on the strength and ductility. The effects of the
anisotropy on different layers will also be discussed
in this work.

2 Experimental

2.1 Materials and procedures

As-received 2050 Al-Li alloy plate with a
thickness of ~80 mm in T3 condition was provided
by Southwest Aluminum (Group) Co., Ltd. The
detailed chemical composition is listed in Table 1.
The samples were firstly solution heat-treated
for 60 min at ~520 °C then water quenched to
~25°C. After quenching, the samples were pre-
deformed to a plastic strain of 4% and aged at
150 °C for different durations.

Composition range  Cu Li Mg Ag

Maximum 39 1.3 0.6 0.7
Minimum 3.2 0.7 0.2 0.2

Mn Zr Ti Zn Fe Si Al
0.5 0.14 0.1 0.25 <0.1 <0.08 Bal
0.2 0.06 0.1 0.25 <0.1 <0.08 Bal
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2.2 Tensile test

The plate was cut into three equal layers from
the surface to the center. The layers were spaced
~13 mm apart. The samples cut from these equal
layers (the surface, the interlayer, the center) were
designated as #/6, #/3 and #/2 positions, respectively.
The tensile samples with a diameter of 8 mm and a
length gauge of 48 mm were prepared from the
aged plate with different thickness layers along the
rolling direction (RD) and the transverse direction
(TD). A schematic about sampling is shown in
Fig. 1. Tensile testing was conducted on the MTS—
810 machine at ambient temperature with a strain
rate of 0.01 s,

TND
RD
>

| 1/6 position

/]
/]

any position

#/3 position

Fig. 1 Schematic diagram showing sample orientations
and three thickness positions (#/6, #/3 and #2 positions)

2.3 Microstructure characterization

The microstructures were characterized by
optical microscope (OM, Leica Microsystems
Wetzlar GmbH, Germany) and transmission
electron microscope (TEM, FEI Tecnai G?20)
operated at 200 kV. The chemical composition of
secondary particles was defined by scanning
electron microscopy (SEM, Quanta 200) with
energy- dispersive spectroscopy (EDS, GENE
SIS60E). The SEM specimens along ND were
ground, polished then etched in the Keller’s reagent
for 10s. The TEM specimens were prepared by
cutting pieces with a thickness of 500 pm and
carefully grinding them to a 80 pm-thick sheet.
These thin pieces were subsequently punched into
3 mm-diameter disks. The disks were finally
thinned by electro polisher in a solution containing
75% methanol and 25% nitric acid (volume fraction)
at —40 to —25 °C.

X-ray diffraction (XRD, BruckerD8 Discovery)
was carried out at 40 kV and 40 mA with Cu K,
radiation to determine the textures at different
positions along ND. The samples with 12 mm (RD)
x 12 mm (TD) x 3 mm (ND) taken from different
layers along ND were prepared by electrical
polishing. The incomplete pole figures in the three
directions of {111}, {200} and {220} were
measured. The three-dimensional orientation
distribution functions (ODFs) were calculated by
analysis software to obtain the relative volume
fraction of texture components.

3 Results

3.1 Tensile properties

Typical engineering stress—strain curves of
2050 Al-Li alloy thick plate aged at 150 °C along
RD and TD are shown in Fig. 2. Little serration is
observed from the tensile curves. As shown in
Figs. 2(a, c, e), the curves of specimens along RD
demonstrate a stress decrease at high strains, which
indicates the occurrence of nonuniform deformation
and necking.

The ultimate tensile strength (UTS), yield
strength (YS) and elongation (El) of 2050 Al-Li
alloy aged plate at the three regions (along TD and
RD) are shown in Fig.3. Significantly
inhomogeneous tensile properties appear at
different thickness positions of the aged plate. The
UTS and YS at the #2 position along RD are
50 MPa higher than those at the other positions in
all cases. Compared to the #/3 position, the
difference between the UTS and the YS at the #/6
position is slightly over 10 MPa. The El at the #/2
position is lower than that at the #6 and #3
positions during all aging time.

Meanwhile, El has a stable value of around
10% after 30 h at different thickness positions. The
UTS, YS and El at all regions along TD decrease.
The YS at the #/6 and #/2 positions is similar after
30 h and that is 10 MPa higher than the #3 position.
The UTS at different thickness positions has a
similar situation as the YS. The YS and UTS at the
t/6 and t/3 positions along TD and RD have nearly
the same values in all aging conditions. However,
the strength at the #/2 position along TD is about
90% of that along RD. Notably, the alloy at the #/2
position exhibits severer anisotropy in strength than
the other positions. The YS at the #/2 position along
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Fig. 2 Engineering stress—strain curves of 2050 Al-Li alloy thick plate aged at 150 °C along RD (a, ¢, €) and TD (b, d, f)

at #/6 position (a, b), #/3 position (c, d), and #/2 position (e, f)

RD increases by about 8% from under-aged to
peak-aging condition, while the YS at other
positions increases by 10%. The YS at the #3
position along TD has the highest increase (7.3%).

3.2 Microstructural inhomogeneities

Figure 4 shows the fractions of secondary
phases at the grain boundaries (GBs) in 2050 Al-Li
alloy thick plate at the three thickness positions.

The main chemical compositions of coarse phases
are Cu, Fe and Mn basing on EDS point analysis. Li
is too light to be detected by EDS. The area fraction
(fa), minimum diameter (Dp;,), maximum diameter
(Dmax) of these phases are quantitatively analyzed,
as shown in Table 2. The area fraction of these
coarse phases at the #/2 position (1.18%) is higher
than that at the #6 and #3 position (0.76% and
0.87%).
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Fig. 3 YS (a, b), UTS (c, d) and El (e, f) of 2050 Al-Li alloy thick plate aged at 150 °C from three thickness positions

along RD (a, c, e), and along TD (b, d, f)

Meanwhile, the D, of the secondary phases
at the GBs at the #2 position is the maximum.
Secondary phases within grains at the #2 position
dissolve into the matrix after the solid-solution
treatment, while some intergranular phases remain,
as shown in Fig. 4(d). Figure 4 indicates that the
phase number around GBs increases from surface to

center, where the morphology of these phases turns
from particle to lump.

Figure 5 depicts the selected area diffraction
patterns (SADPs) along the [112],a1 zone axis at
t/6 position and the [001],a; zone axis at #3
position for 2050 Al-Li alloy aged at 150 °C for 30 h.
The main strong diffraction spots come from the



1194

Ding-ding LU, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1189-1204

Element wt% at%
Al 33.27 53.09
Mn 399 3.13
Fe 13.51 10.42
Cu 49.23 33.36

Cu

Fe

12 4

5

6

Energy/keV

Fig. 4 SEM images of secondary phases in 2050 Al—Li alloy thick plate after hot rolling at #/6 position (a), #/3 position

(b) and #2 position (c), after solution treatment at #/2 position (d), and corresponding EDS analysis (e)

Table 2 Microstructural parameters of coarse phases at
GBs in 2050 Al-Li alloy

Position fal% Dypox/pm Dypin/pm
t/6 0.76 8.3 1.5
t/3 0.87 6.5 1.6
12 1.18 10.5 1.9

o(Al) matrix. The weak sharp diffraction spots at
1/3 {220}a(Al) and 2/3 {220}a(Al) in the [llz]a(Al)
SADPs, marked with a red circle in Fig. 5, are
sheet-like 7, (ALCulLi) precipitates with a
hexagonal close-packed lattice. Besides, the
discontinuous lines passing through the {200},

and {110}, spots in the [001],1) SADPs, marked
with a white circle in Fig. 5, are sheet-like
0'(Al,Cu) precipitates with the tetragonal system.
There are no strong diffraction spots of other phases
in the SADPs, indicating that 77 and 8’ precipitates
are the dominant precipitates within the grains.
Figure 6 illustrates the bright field TEM image
(BFs) of the 2050 Al-Li alloy thick plate aged at
150 °C for 15 h. Rod-like (A marked with red
arrows) and equiaxed (B marked with black arrows)
particles are observed at the #2 position. T
precipitates are found at the #/3 position, while the
rod-like or equiaxed coarse particles are not
observed, as shown in Fig. 6(b).
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Fig. 5 Typical SADPs of 2050 Al-Li alloy aged at 150
[001],an zone axis (#/3 position) (b)

°C for 30 h corresponding to [112], (#/6 position) (a) and

(a)

'.-;,'\Q‘, )
o RSha Sn MU
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Fig. 6 TEM images of 2050 Al-Li alloy thick plate aged
[112],al) zone axis

Figure 7 shows the SADPs and dark field
images (DFs) at the #/6, #/3 and #/2 positions along
[112],a1 and [001],1) zone axes inside the grains,
where both 7} and 6’ precipitates are observed. It is
known that the strength of heat- treated alloys is
mainly determined by the types, size and number
density of precipitates [10,15]. The sizes of 7 and
0" precipitates were counted by the Image-Pro Plus
software in the present work. Three photos were
selected for statistics to ensure the accuracy of the
data. The average diameters of 7} and ' precipitates
at different regions were quantitatively measured.

The average diameter of 7' precipitates at the
t/6 position (70.1 um) is slightly less than that at
the #3 and ¢#2 positions (77.4 and 82.2 pum,
respectively). There is a competitive relationship
for the Cu atoms between 7 and 6’ precipitates in
the Al-Li alloy during aging treatment [16]. The
average diameter of &' precipitates at the #/3
position (99.6 um) is higher than that at the #6 and
t/2 positions (75.6 and 77.5 pum, respectively). The
result is supported by the histograms of diameter in
precipitate from different thickness positions, as

Faa
e
™

150 °C for 15 h from #2 position (a) and #/3 position (b) in

T

at
shown in Fig. 8.

3.3 Texture

The ODF figures illustrate that textures of
2050 Al-Li alloy thick plate aged at 150 °C for
30 h are mainly the recrystallized texture (Goss
{011}001), Cube {001}(100)), shear textures
(Rotate-Cube {001}(110)), and S fiber rolling
texture which aligns the three main texture
components: Brass {011}(112), S{123}(634) and
Cu {112}(111), as shown in Fig. 9. Their volume
fractions at the three thickness positions are
summarized in Table 3. Typical textures at the #/6
and #/2 positions are similar, including Brass, S, Cu,
Cube and Goss. Cube (30.77%) and Cu (22.66%) at
the #/6 position are greater than that in the #/2
position with 13.46% and 8.64%. The Cube, Goss
and R-Cube dominate textures at the #3 position,
and the volume fraction of R-Cube has the
maximum fraction 16.89%. The proportions of the
recrystallized texture and f fiber rolling texture at
the #/6 position are 36.2% and 41.3%, respectively,
like the #/2 position (34.3% and 40.2%).
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200 nm

& (001,

Fig. 7 TEM images of 2050 Al-Li alloy thick plate aged at 150 °C for 30 h along [112],)y zone axis (a, c, e) and
[001],an zone axis (b, d, f) at #/6 position (a, b), #/3 position (c, d), and #/2 position (e, f)

4 Discussion

4.1 Tensile properties and microstructures
Precipitation is the main parameter that
affects the mechanical properties of aged 2050
Al-Li alloy. Equation (1) illustrates that the critical
shear stress is primarily derived from the

precipitates strengthening effect in the aging-
hardening aluminum alloys. THOMAS et al [17]
analyzed the equilibrium configurations of a
dislocation interacting with random distributed
unshearable fine-sized obstacles under applied
stress. According to Egs. (1)—(4), both 7| and 6’
precipitates can hinder the dislocation slip and
improve the strength by the Orowan mechanism.
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Fig. 8 Histograms of diameter in typical precipitates of 2050 Al-Li alloy thick plate aged at 150 °C for 30 h at #/6

position (a, b), #3 position (c, d), and #2 position (e, f)

where 7, is the critical resolved shear stress within
the grain, G is the shear modulus, b is the Burgers

(D

[Gb/2m(1-v)"?1(1/ L) In(1.061T, / R)

Tp =

poisson ratio, D, is the average particle radius, 7 is

the average particle thickness, f is the particle
volume fraction, R, is the radius of the dislocation

vector component of the slip dislocation, » is the
nucleation zone and L, is the mean distance

)

p
~0.9197,

D
8

[Gb/2m(1-0)"*](1/ L) In(1.225T,, / R,)

0.256nD,T,
0.931x e
f

L,=

3)

Tp:

between particles. The habit plane of 7} precipitates

(4)

P _1.0617,

D
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|

0.306nD,T,
0.931x e
f

L,=
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Fig. 9 ODFs of 2050 Al-Li alloy thick plate aged at 150 °C for 30 h at #6 position (a), #3 position (b), and #/2

position (¢)

Table 3 Texture content at different thickness positions
of 2050 Al-Li alloy aged at 150 °C for 30 h (vol.%)

Position Cube R-Cube Goss Brass S  Copper
16 30.77 538 6.06 12.59 22.66
3 1049 16.89  6.47
2 13.46 20.79 15.64 15.88 8.64

is {111} and that of &' precipitates is {100}, while
the slip system of 2050 Al—Li alloys is {111}(110).
7, of precipitates at the habit plane of {111} is
greater than that of {100}. The above equations
indicate that the shear strain gradually increased
with the average diameter and number density of
precipitates. The interaction between dislocation
and 7, precipitates consists of shearing and
by-passing controlled by the thickness of T
precipitates [17-20]. Meanwhile, a similar
thickening evolution (an average 7 precipitate
thickness less than 2 nm) in AA2050 alloy aged at
155 °C was reported [21]. The shearing mechanism
is another strengthening method of 7 precipitates.
The density and size of 7; precipitates have a
significant effect on the strengthening of this alloy.
The temperature distribution at different
thicknesses will not be uniform during the hot
rolling, which affects the solute diffusion rate, strain,
dynamic recrystallization and precipitations [13,22].
It has been well acknowledged that solute atoms

have low free energy at the GBs, enabling the
segregation of solute atoms and then reducing the
formation energies of GBs [23]. The strengthening
effect of Cu solutes on GBs is forming new Cu—Al
bonds that contribute to the grain boundary
cohesion, thereby increasing GBs resistance against
crack propagation [24]. Segregation of solute (Cu
and Fe) around GBs was observed in Al-Li-alloy
systems [25]. The Cu segregation at the #2 position
at the GBs is higher than that at other positions due
to the higher diffusion rate. The entropy difference
of Cu in the Al-matrix adjacent to GBs during hot
rolling will affect the feature of subsequent
precipitates during aging treatment. Most alloying
elements in specimens, like Cu and Mn, dissolve
into the Al matrix due to the high solidification
rate [1]. This phenomenon explains the solute
elements retained around GBs by forming the
Cu-rich and Fe-rich phases (as shown in Fig. 4).
The strengthening effect of GBs at the #/2 position
is remarkable as the segregation of Cu/Fe and can
significantly increase the fracture energy. The
enrichment in Cu is not associated with an
appreciable enrichment in Li [26]. In an AlI-Cu—Li
alloy, the rapid segregation of Li around GBs was
reported in underaged conditions [27]. Hence, the
segregation of Li around GBs can not be ignored in
this alloy.

LI et al [1] reported that the 2050 Al-Li alloy
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has a “hardenability” which is different from the
classical definition for steel. The Cu-rich secondary
phases at GBs and lenticular-shaped Cu-containing
secondary phases have more significant differences
due to the distance away from the quenching
end [1]. The Cu-enriched secondary phases around
GBs are formed during the quenching process by
taking Cu atoms away from the matrix, which
results in a restricted growth of 7 precipitates
within grains during the aging treatment. Two
particles (A and B in Fig. 6(a)) at the #2 position
have similar morphologies of those secondary
phases reported by LI et al [1]. This result implies
that the concentration of Cu in the Al-matrix of this
alloy from the #2 position is lower than that of the
location near the quenching end due to the
formation of those Cu-rich phases. The solid
solubility of solute atoms in the Al-matrix from the
t/6 position is remarkable due to the higher
quenching rate, contributing to the precipitation
during aging.

The slip system can activate easily with a
higher Schmid factor (SF) that causes decreasing
dislocation density by cross-slip and lower
deformation within grains under a given
load [28,29]. SFs of the tested alloy along RD and
TD in {111}{110) were calculated by the
Orientation software, as shown in Tables 4 and 5.
According to Tables 3—5, the weighted average SFs
at the #6, #/3 and #/2 positions along RD in
{111}(110) are 0.237, 0.285 and 0.246 respectively,
which are higher than those along TD (0.227, 0.276
and 0.210). The average SF at the #6 and #/2
positions along RD in {111}{110) is almost the
same. The dislocation density is supposed to have a
minimal difference between the #6 and #2 positions
after 4% pre-deformation along RD. During the
pre-deformation at the #/3 position, the dislocation
density yielded is lower due to the lowest SF value.
Many works indicated that the stress field around
the dislocation promotes the diffusion of Cu and
also reduces the energy required for the T
precipitates nucleation [30]. The dislocations
caused by the plastic deformation before aging can
be treated as the ideal position for the T;
precipitates nucleation [19]. The difference in the
dislocation density and the concentration of Cu
atoms from different thicknesses can dramatically
alter microstructures. As a result, the number
density of T precipitates at #/6 and #/2 positions is

Table 4 Schmid factors of typical texture in {111}{110)
along RD of 2050 Al-Li alloy thick plate aged at 150 °C
for 30 h

Texture

Cube R-Cube Goss Brass
(11D[110] 0.408 0
(11D[110] 0.408 0
(111)[110] 0.408 0
0
0

S Copper
0.408 0.410 0.101 0

0.408 0.004 0267 0

0.408 0.138 0.057 0.271
0.408 0.275 0.425 0.271
(111)[101] 0.408 0.408 0.138 0.229 0.275
(TTDH[10T] 0.408 0  0.408 0.004 0.095 0.004
(1T11)[101] 0.408 0.408 0.408 0.410 0.007 0.001
(I11)[101] 0.408 0.408 0.408 0.275 0.331 0.270
(1)[o11] 0 0 0 0271 0331 0.275

(I11)[110] 0.408

(Itpfo11] o 0 0 0 0.172 0.004
(11D[011] 0 0408 0 0.271 0.064 0.270
(11D[o11] 0 0408 0 0 0.094 0.001

Table 5 Schmid factors of typical texture in {111}{110)
along TD of 2050 Al-Li alloy thick plate aged at 150 °C
for 30 h

Texture  Cube R-Cube Goss Brass S  Copper
(111)[110] 0.408 0 0 0.001 0071 0
(11D[110] 0408 0  0.408 0.004 0.266 0
(111)[110] 0.408 0O 0 0270 0.120 0
(111)[110] 0.408 0  0.408 0.275 0.075 0
(11)[101] 0 0408 0 0270 0.057 0

(ITH[101] O  0.408 0.408 0.004 0.089 0

(111)[101] 0 0 0 0.001 0.299 0.408
(rinpo1] o 0  0.408 0.275 0.445 0.408
(111)[011] 0.408 0.408 0 0.271 0.014 0
(TTD[0T1] 0408 0408 O 0 0177 0
(111)[011] 0408 0 0 0271 0.179 0.408
(111)[011] 0.408 0 0 0 0370 0.408

higher than that at the #3 position. A higher
diameter of 7' precipitates at the #2 position was
also observed. Minor lattice misfits between
precipitate and matrix exist along other directions
perpendicular to the elongation direction, making
the corresponding interfaces around the
precipitates [19,31]. The strain field provides an
effective impediment against dislocation movement,
thus helps to strengthen the materials. Larger
precipitates have a better effect on the strength due
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to the increasing strain field caused by the lattice
misfit between the precipitate and matrix. The
number density of 7 precipitates may cause the
precipitation strengthening at the #2 position along
RD is less than that at the #6 position. Previous
reports [32] suggested that the strength anisotropy
may be controlled by the volume fraction of T;
precipitates related to the {111} fiber texture
intensity. The interaction between dislocations and
precipitates is different at different grain
orientations when loaded in a confirmed direction,
which causes that the precipitation strengthening in
specimens along RD is higher than that along TD.
Nonetheless, the effect of precipitation in
anisotropy is not significant, as shown in Fig. 3.

The secondary phases around GBs hinder the
occurrence of slip transfer, which contributes to the
higher tensile strength of alloys [1]. However, these
phases around GBs are brittle and incoherent,
resulting in the formation and growth of cracks
under the critical stress [33]. The failure of
macrocracks extended into the soft matrix results in
decreasing ductility [12]. The residual phases
around GBs with a decreasing cooling rate on
solidification and hot rolling process result in the
strength increase. However, the ductility decreases
from the #/6 position to the #/2 position. The
segregation of Li and Cu contributes to the
precipitation of 77 and 6’ during the aging treatment,
which also causes the increase of strength and the
decrease of ductility. The higher grain boundary
density is the reason causing the greater strength
along TD than that along RD. It suggests that the
grain boundary strengthening is one of the factors
that influence the anisotropy in strength.

A schematic provides the crack propagation
path of 2050 Al-Li alloy, as shown in Fig. 10.
When loaded along TD, the crack gathers and
expands along GBs, and its propagation direction is
difficult to change. Besides, the grains are easy to
be eclongated along RD by plastic deformation,
which results in the necking and the deteriorated
mechanical properties later. As shown in Fig. 11,
the fracture morphologies of 2050 Al—Li alloy thick
plate artificially aged at 150 °C for 30 h after the
tensile test support this result. At the same time,
many rough dimples are found within grains. The
dimples number and the GBs density in the alloy
along RD are higher than those along TD,
which means that the elongation at three different

()

Rolling direction

Rolling direction

(b)

Fig. 10 Crack propagation path of 2050 Al—Li alloy thick
plate under loading along RD (a) and TD (b)

positions along TD is lower than that along RD.

4.2 Texture analysis

It should be noticed that the textures have
minimal differences during the various aging
conditions [34], which means that the textures of
this alloy formed in the hot rolling and
solution treatment. The deformation parameters of
temperature and strain in hot rolling affect the
microstructures of Al—Li alloy at different thickness
positions [35,36]. The interface between the alloy
plate and the roller during the hot rolling process
resulted in a remarkable temperature drop at the
t/6 position (the surface vicinity). While the
temperature increases because of the heat generated
by the plastic deformations at the #2 position [37].
Each variable leads to the temperature gradually
decreasing in this alloy from the ¢/6 position to
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the #/2 position. However, the hot deformation
gradually decreases from the #6 position to the #/2
position because of the redundant shear strains. The
shear strain caused by the friction between the roller
and the plate surface is produced at the #/6 position
at the relatively low deformation temperature. The
plastic deformation occurs easily at the #/2 position
due to the high deformation temperature. The shear
strain rises to a high value at the #3 position after
the hot rolling due to the uneven deformation
between the #/6 and #/2 positions and that is the
main reason for the high shear textures at the #/3
position. A high strain and a low deformation
temperature at the #/6 position during the hot rolling
process lead to the increasing deformed
substructure [38]. These substructure results in the
stored energy at the #/6 position are higher than
those at the other positions. The nucleation and
growth of recrystallized grains have a preferred
orientation, which affects the formation and
transformation of textures after recrystallization.
The high grain stored energy at the #6 position will
increase the driving force for recovery and
recrystallization, which results in recrystallized
textures. Generally, the uniaxially deformed fcc
metals with high stacking-fault energy present the
(111) fiber texture distribution [32]. Some S fiber

Fig. 11 SEM images of 2050 Al-Li alloy thick plate artificially aged at 150 °C for 30 h after tensile test under loading
along RD (a, b) and TD (c, d)

rolling texture remains at the #/6 position under
intense deformation. The grain stored energy at the
t/2 position is lower than that at the #/6 position
after the hot rolling. However, dynamic
recrystallization occurs in the alloy under suitable
hot deformation environments, resulting in large
amounts of recrystallized textures. It should be
noted that the f fiber rolling textures also remain at
the #2 position.

A slip system can be activated if the resolved
shear stress applied to material is higher than the
critical resolved shear stress of this slip system [39].
SFs can be used to describe the difficulty of
material deformation. The slip system has the
highest significant possibility to be activated with
the highest SF [30]. Taylor factor (M) depends on
the texture and the orientation of the tensile axis
relative to the worked specimens main axes and has
an effective relationship with the SF value [39,40].
Based on the texture analysis, the average M at
different thicknesses of the 2050 Al-Li alloy thick
plate aged at 150 °C for 30 h is shown in Fig. 12.
The crystallographic texture is the main factor of
the macroscopic anisotropy of aluminum alloy
plates. The Brass texture is a characteristic of alloys
with lithium and has the highest anisotropy of
Al-Li alloy properties, unlike the other aluminum
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alloys [34,41]. The alloys at the #6 and #/2 positions
have a higher M-value along RD than that at the #/3
position due to the g fiber rolling texture. The
M-value is almost the same in the three different
regions along TD. The -correlation between
anisotropy and the (100) texture is there but is not
crucial as the correlation with the (111) fiber
texture [32]. It suggests that the anisotropy of this
alloy at the #/6 positions is the maximum due to the
stronger copper rolling textures. However, the
anisotropy on strength at the #2 position is higher
than that in the other thickness positions.

3.0
== RD
287 2.73
S 56l
= 26 256 255 3353
OD |
& .
o
Z 241
22}
2.0

t/6 position t/3 position t/2 position

Fig. 12 Average Taylor factor of 2050 Al-Li alloy thick
plate artificially aged at 150 °C for 30 h from three
thickness positions

The yield strength (oy) of a polycrystalline
metal can generally be described by [39]

oy=Acy,+Mr, ©))

where oy, is the strengthening due to (sub-)grain
boundaries.

Although this alloy has a lower average M
value at the 2 positions along RD, the
strengthening of GBs is another reason that causes
the highest strength at the #/2 position. This alloy at
the #3 position along RD has a lower M-value than
the #6 position. However, the grain boundary
strengthening at the #/3 position along RD is more
significant than that at the #6 position, which
causes the same strength. When loaded along TD,
the GBs will promote the propagation of cracks in
the fracture process rather than crack deflection,
which weakened the influence of GBs on the
strength and ductility. Consequently, the strength in
specimens at the different positions is the same
along TD due to the equal M-value.

5 Conclusions

(1) Precipitation strengthening contributes to
the increase in the strength of this alloy along RD
from the under-aged to the peak-aging condition,
and it is higher than that along TD at the same
thickness position. Meanwhile, the effect of
precipitation on the anisotropy is not significant.

(2) The 2050 Al-Li alloy plate has a higher
M-value at the #/6 and #/2 positions along RD due to
the stronger £ fiber rolling textures. However, the
M-value of this alloy along TD is almost the same
at different positions.

(3) The strength and ductility at the #/2 position
along RD are greater than those at the #/6 and #/3
positions due to the higher M-value and the grain
boundary precipitates. When loaded along TD, the
strength is the same at different thickness layers
because of the equal M-value.
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