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Abstract: 2A97 Al-Li alloy was processed by thermo-mechanical treatment at different pre-stretch deformations of 0, 3% and 6%.
The microstructure observation results reveal that some ¢’ and 71 precipitates are found in a(Al) matrix of 2A97 alloy processed by
the heat treatment with no pre-stretch deformation. When the pre-stretch deformation is 3% and 6%, respectively, amounts of tiny 71
and a few of S precipitates precipitates are observed in the microstructures of 2A97 alloy. The tensile test results show that the tensile
properties of 2A97 alloys are improved via thermo-mechanical treatment. When the pre-stretch deformation is from 0, 3% to 6%, the
ultimate tensile strength values of the 2A97 alloys increase gradually from 447.7, 516.5 to 534.3 MPa, and the elongations decrease
from 17.6%, 12.8% to 10.2%, respectively. Moreover, with increasing pre-stretch deformation amount from 0 to 6%, the in-plane

anisotropy value of 2A97 alloys becomes more obvious.
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1 Introduction

Aluminum—lithium (Al-Li) alloys are of great
interest in structural materials for aerospace applications
because of their low density and high strength, good
stiffness and reasonable ductility. The marriage of Li to
Al offers the promise of substantially reducing the mass
of aerospace alloys, since each 1% Li (mass fraction)
added to Al reduces the density by 3% and increases the
elastic module by about 6% [1,2]. However, due to the
anisotropy and poor weld-ability of the alloy, the first
and second generations of Al-Li alloy has not been
widely used. Until the 1990s, the third generation of
Al-Li alloy was developed successfully to have fine
comprehensive  mechanical  properties. In  the
composition, Li element content reduced and the
proportion of Cu increased, which lead to modifying
precipitations of ¢’ (Al;Li, L12 structure), 6 (Al,Cu,
tetragonal structure) and 71 (ALCuLi, hexagonal
structure) phases with the processing treatments [3—6].

Heat treatable 2A97 alloy is a new type of
Al-Li—Cu alloy, which belongs to the third generation of

Al-Li alloy. There are many researchers concerning the
matching of strength and plasticity of 2A97 alloy
processed by aging treatment. YUAN et al [7] and LIN et
al [8] observed the microstructure of 2A97 alloy under
the peak-aged condition. They suggested that the tensile
properties of 2A97 alloy were effectively improved by
aging treatment, due to a large number of 71 phases
precipitated in the matrix. Recently, LI et al [9] reported
that the tensile strength of 2A97 alloy aged at 135 °C for
60 h with a pre-deformation amount of 6% was 570 MPa.
LIAO et al [10] found that the tensile strength and
elongation of the alloy were 605 MPa and 7.7%,
respectively under (135 °C, 36 h)+(175 °C, 24 h) duplex
aging treatment conditions with 2.5% pre-deformation.
These studies suggested that after thermo-mechanical
treatment, more and finer 7’1 precipitates formed in the
Al matrix and led to higher tensile strength with
favorable plasticity. However, so far, no researches have
been published about the anisotropy of 2A97 alloy
processed by thermo-mechanical treatment.

In the present study, 2A97 alloy was processed by
thermo-mechanical treatment with different pre-stretch
deformation amounts of 0, 3% and 6%. The effects of
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pre-stretch deformation on the microstructure and
mechanical properties of 2A97 alloy were discussed.
Moreover, after thermo-mechanical treatment process,
the anisotropy of 2A97 alloy was investigated.

2 Experimental

The materials used for study were kindly supplied
by Aluminum Corporation of China in the form of
4.7 mm-thick hot rolled plate, with a composition of Al
base, 4.0% Cu, 1.4% Li (mass fraction used throughout)
with minor addition of elements such as 0.4% Mg, 0.5%
Zn, 0.3% Mn and 0.1% Zr. The samples of 2A97 alloy
were first cold-rolled to sheets with a thickness of 2.2
mm, and then followed by aging treatment at 135 °C for
60 h to reach the peak strength. The processes of 2A97
alloys with different pre-stretch deformations from 0 to
6% are listed in Table 1.

Table 1 Thermo-mechanical treatment processes of 2A97

alloys
Alloy State Solution Aging
treatment treatment
2A97-HR Hot-rolled - -
2A97-CR Cold-rolled - -
. +
2A97-T80 O PrESIeteht - ooh0c oy (135 °C, 60 h)
aging
0, -
2A97-T83  S/ePrestreleht gy 00 o1y (135°C, 60 by
aging
% pre- +
2A97-T86 64pz§gwh (520°C,2h) (135 °C, 60 h)

As an example, three-dimensional micrograph of
2A97-T80 alloy is shown in Fig. 1. The microstructures
were characterized by optical microscopy (OM) and
transmission electron microscopy (TEM). The hardness
measurement was carried out by Vickers micro-hardness
tester (HXZ—-1000) at a load of 2 N and a dwell time of
10 s. Five measurements were performed to get an
average value. The tensile specimens were cut from the
alloy sheets by wire electro-discharge machining (EDM),
and all the surfaces were mechanically ground with a
600-grit SiC abrasive prior to the tensile test. The tensile
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tests were conducted on an Instron—8801 test machine at
room temperature and a loading rate of 2 mm/min. The
fracture surfaces were observed by a CS—3400 scanning
electronic microscope (SEM).

Fig. 1 Three directions of 2A97-T80 sample (RD—Rolled
direction; TD—Transverse direction; ND—Normal direction)

3 Results

3.1 Tensile properties

Table 2 shows the tensile properties of 2A97 alloy
in 5 different states along rolling direction (RD) and
transverse direction (TD). Tensile properties consist of
ultimate tensile strength (UTS), yield strength (YS),
elongation (EL) and in-plane anisotropy (IPA), which
can be calculated in UTS according to Refs. [11,12]

Figure 2 shows UTS and IPA of 2A97 alloys in 5
different states. It reveals that the UTS of 2A97 alloy is
greatly enhanced in the heat treatment process. The UTS
values of 2A97-HR and 2A97-CR samples are 282.6 and
349.2 MPa, respectively, while the average UTS value of
2A97 alloy processed by heat treatment is 499.5 MPa,
which is approximately 2 times of that of 2A97-HR alloy.
The scatter diagram of IPA in Fig. 2 indicates that the
greater in-plane anisotropy values are directly caused by
cold-rolled and pre-stretch deformation. The IPA value of
2A97 alloy processed by cold-rolling is 2.4%, while the
IPA value of 2A97-HR alloy is only 1.4%; when the
pre-stretch deformation amounts are from 0, 3% to 6%,
the IPA values increase from 1.1%, 1.9% to 2.5%.

Figure 3 shows the relationship between the tensile
properties of 2A97 alloys processed by heat treatment
and the pre-stretch deformation amount. It reveals that
the mechanical properties of 2A97 alloy are significantly

Table 2 Tensile properties of 2A97 alloys along RD and TD directions

RD-direction

TD-direction

Alloy State IPA(UTS)/%
UTS/MPa  YS/MPa EL/% UTS/MPa YS/MPa EL/%
2A97-HR Hot-rolled 282.6 261.8 18.2 286.2 262.6 15.8 1.4
2A97-CR Cold-rolled 349.2 331.7 9.1 357.7 338.2 72 24
2A97-T80 No pre-stretch+aging 447.7 411.7 17.6 442.8 389.5 11.8 1.1
2A97-T83 3% pre-stretch+aging 516.5 499.4 12.8 506.7 470.1 7.4 1.9
2A97-T86 6% pre-stretch+aging 534.3 516.8 10.2 521.1 501.5 7.8 2.5
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Fig. 2 UTS and in-plane anisotropy (IPA) of 2A97 alloy in five
different states
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Fig. 3 Tensile properties of 2A97 alloys processed by heat
treatment at different pre-stretch deformation amounts

improved with increasing the pre-stretch deformation
amount. When the pre-stretch deformation amount is 0,
the UTS, YS and EL of 2A97-T80 alloy are 447.7MPa,
411.7 MPa and 17.6%, respectively; when the pre-stretch
deformation amounts are 3% and 6%, the UTS values of
2A97-T83 and 2A97-T86 alloy increase to 516.5 and
534.3 MPa, respectively, while the elongations decrease
from 12.8% to 10.2% accordingly.

3.2 Hardness

Figure 4 shows the effect of pre-stretch deformation
amount on the microhardness of 2A97 alloy. It can be
seen from Fig. 4 that the microhardness of 2A97 alloy
increases gradually under higher pre-stretch deformation
amount condition. When the pre-stretch deformation
amounts are 0, 3% and 6%, the microhardness values
of 2A97 alloy are HV 165, HV 179 and HV 188,
respectively.

3.3 Microstructure
Figure 5 shows the micrographs of the hot-rolled
2A97 alloy. It can be seen from Fig. 5(a) that there are
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Fig. 4 Microhardness of 2A97 alloys processed by heat
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some black particles aligned in the rolling direction in
2A97-HR alloy. A partial magnified micrograph
(Fig. 5(b)) reveals that the size of the particles varies
from a few micrometers to more than 20 pm. Similar
particles were observed in the work of CAMPESTRINI
etal [13] and MA et al [14].

The microstructures of 2A97 alloy under different
heat treatment with pre-stretch deformation amounts of 0
and 6% are given in Fig. 6. It can be seen from Figs. 6(a)
and (b) that the 2A97-T80 alloy has a “pan-caked” grain
structure. The length of the grain is 250—500 pm, and the
thickness is 20—40 pm. Figures 6(c) and (d) show that
the black particles in 2A97-T80 and 2A97-T86 alloys
have no obvious change. And the length of the grain is
more than 500 um, while the thickness remains the same
size in 2A97-T86 alloy. The results of tensile tests show
that the IPA of the 2A97-T86 alloy is larger than that of
the 2A97-T80 alloy. Thus, the elongated grains may have
some contribution to the anisotropy.

Figure 7 shows the TEM morphology and SAED
pattern of 2A97-HR alloy along the [111]4; axis. From
Fig. 7, polygonal substructures and no precipitates are
observed in 2A97-HR alloy, which indicates that the
dynamic recovery plays a dominant role during the hot
rolling, and the alloying elements dissolve in the matrix.
Thus, the tensile strength of the 2A97-HR alloy is very
low.

Figure 8 shows the TEM morphologies of 2A97
alloys with various pre-stretch deformation amount along
the [112] a1 axis. It can be seen from Fig. 8(a) that there
are three sets of diffraction spots in the SAED pattern,
including aluminum matrix diffraction spots. The super
lattice spots (diamond) are from the ¢' (Al;Li) phase
(structure: cubic, ¢=0.401 nm; space group: pmgm ;
orientation relationship: (100)s//(100) 4;, [100]5//(100)4,
[14,15]) in the [T12] projection. The diffraction spots
at 1/3 [011], (red circles) are from 71 (AlLCuLi)
phase (structure: hexagonal, @=0.496 nm, ¢=0.935 nm;
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Fig. 6 Microstructures of 2A97 alloys under different heat treatment with different pre-stretch deformation amounts: (a) ND plane of

2A97-T80; (b) TD plane of 2A97-T80 alloy; (c) ND plane of 2A97-T86 alloy; (d) TD plane of 2A97-T86 alloy

Fig. 7 TEM morphology and SAED pattern of 2A97-HR alloy
along [111] 4 axis

space group: P6/mmm; orientation relationship:
(0001)7y//(111)5,  [1010];, /[110],; habit plane:
{111} [16—18]) in the [51 10] projection. The length of
the needle-like 71 precipitates {111} planes is 150—200
nm. Dark shadows are observed around these precipitates,
suggesting the presence of a strain field. Spherical ¢’
phases with a diameter of approximately 25 nm are
indicated by the arrows. The morphologies of 2A97-T83
and 2A97-T86 alloys are given in Figs. 8(b) and (c),
respectively. Amounts of tiny 7’1 precipitates are found in
the length of 80—-100 nm in 2A97-T83 alloy, and
50—90 nm in 2A97-T86 alloy, while some S'(Al,CuMg)
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Fig. 8 TEM morphologies and SAED patterns of 2A97 alloys
with various pre-stretch deformation amount along [112] Al
axis: (a) 0; (b) 3%; (c) 6%

phases are observed.

Here, the underlying mechanism responsible for the
improved tensile properties for 2A97 alloys processed by
heat treatment was discussed with pre-stretch
deformation. GAYLE et al [19] and CASSADA et al [20]
indicated that, the T1 precipitates which form in the
aluminium {111} planes are considered to have the
major strengthening effect in Al-Li alloys. The
nucleation of T1 precipitates strongly depends on the
application of plastic deformation prior to aging,
involving the dissociation of a perfect matrix dislocation.
NIE and MUDDLE [21] reported that the strengthening
effect produced by {111} a planes (like 71) is larger than
that produced by {100} a planes and the best
strengthening effect is associated with a continuous,
three-dimensional network of dispersive, plate-shaped
precipitates, similar to those shown in Fig. 8. So, in this
work, the mechanical properties of 2A97 alloy are

significantly improved with increasing pre-stretch
prominent
enhancement of tensile strength happens in the

2A97-T86 alloy with pre-stretch deformation amount of

deformation amount. And the most

6%. This is good corresponding to the largest number
and fine morphology of T1 precipitates in 2A97 alloys.

MUDDLE and NIE [22] concluded that the
nucleation of strengthening precipitates in aluminum
based solid solutions is usually heterogeneous, and the
heterogeneous nucleation is mostly associated with
pre-existing structural defects such as dislocations,
stacking faults and grain boundaries so as to reduce the
obvious increase of interfacial or strain energies arising
from the formation of nuclei. WEI et al [11] believed that
the distribution of tiny 71 precipitate phase in a(Al)
matrix may be not uniform. 71 phase precipitates on four
{l111} planes, and the plane under high shear stress
during the pre-stretch deformation has more nucleation
sites. The morphologies of Fig. 8 show that the
distribution of 71 phase is non-uniform, which is well
underpinning the above points of view.

Figure 9 shows the fracture surface morphology of
the hot-rolled 2A97 alloy. It reveals that the fracture
surfaces are mostly covered with small shallow dimples,
and the particles indicated by the arrow fallout from the
Al matrix. The fracture mode of 2A97-HR alloy is a
quasi-cleavage fracture. Thus, 2A97-HR alloy exhibits
good performance in duality during the tensile test.

Fig. 9 Fracture surface morphology of hot-rolled 2A97-HR
alloys

Figure 10 shows the fracture surface morphologies
of 2A97 alloys with different pre-stretch deformation
amounts. From Fig. 10, it can be seen that, the cracks are
located at the grain boundaries, lots of small dimples
covered on the fracture surfaces, and some particles
fallout from the Al matrix. The fracture of 2A97 alloy
processed by heat treatment is dominated by the
inter-granular mode, which mixes with trans-granular
shear mode to some extent.



Chong GAO, et al/Trans. Nonferrous Met. Soc. China 24(2014) 2196—2202 2201

Fig. 10 Fracture surface morphologies of 2A97 alloys with
various pre-stretch deformation: (a) 0; (b) 3%; (c) 6%

4 Conclusions

1) Tensile properties of 2A97 alloys processed by
thermo-mechanical treatment are improved. The UTS
values of the 2A97 alloys with pre-stretch deformation
amount from 0, 3% to 6% increase gradually from 447.7,
516.5 to 534.3 MPa, and the elongations decrease from
17.6%, 12.8% to 10.2%, respectively.

2) The in-plane anisotropy (IPA) of the 2A97 alloy
processed by cold rolling has a greater value of 2.4%,
which can be decreased to 1.1% by heat treatment
without pre-stretch deformation. When the pre-stretch
deformation amounts are 3% and 6%, the IPAs of the
heat-treated 2A97 alloy are 1.9% and 2.5%, respectively.

3) The size of T1 precipitates is refined and the
precipitation of 71 phase is promoted in 2A97 alloy

processed by heat treatment with pre-stretch deformation
amounts of 3% and 6%.

4) The dominant fracture mode of 2A97 alloys
processed by thermo-mechanical treatment is the
inter-granular rupture.
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