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Abstract: To develop super-high strength Al-Li alloy, the microstructures and mechanical properties of Mg, Ag and Zn micro-
alloyed Al—(3.2-3.8)Cu—(1.0—1.4)Li alloys (mass fraction) with T8 temper were studied. The results showed that 1% of lower Li
content restricted the strengthening effect of increasing Cu content, while simultaneous increase in Cu and Li contents contributed
effectively to the enhancement of strength. The alloys were mainly strengthened by plenty of fine and well dispersed 7'1(Al,CuLi)
precipitates. There were also some minor precipitates of 6'(Al,Cu) and J'(Al;Li), which became less in number density, even
disappeared during the aging process. Meanwhile, higher Li content favored the formation ' and ¢’ and a small amount of
S'(Al,CuMg) phases. In addition, strengthening effect and microstructure variation were analyzed through total non-solution mole
fraction of Cu and Li and their mole ratio. To obtain Al-Li alloy with super-high strength, the total mole fractions of Cu and Li
should be increased, and their mole ratios should also be kept at a certain high level.

Key words: Al—Li alloy; precipitate; Cu/Li mole ratio; microstructure; mechanical properties

1 Introduction

Al-Cu-Li alloys were considered the most
attractive alloys in the aircraft and aerospace industries
because of their desirable properties, such as low density,
high specific strength and elastic modulus, good
corrosion resistance, excellent cryogenic properties, and
low fatigue crack growth rate [1-3]. In fact, the third
generation Al-Li alloys, such as alloys 2195, 2050,
2099, 2196 and 2197 were successfully used and
performed excellently in aircraft and
structures [4].

An important method to improve the performance
of Al-Li alloys is to add micro-alloying elements, such
as Mg, Ag, Mn and Zn. Research on micro-alloying in
Al-Li alloys has therefore gotten more and more
attractive. It was reported that combined addition of Mg
and Ag to Al-Li alloys powerfully promoted the uniform
formation of 7T'1(Al,CuLi) precipitates with much smaller
size, but single addition of Ag displayed little effect on
their precipitation [5]. The combined addition of Mg and

acrospace

Ag therefore greatly enhanced the strength of Al-Li
alloys. The representative Al-Li alloys containing Mg
and Ag micro-alloying elements included alloys 2195
and 2050. Al-Li alloy 2195 has been successfully
applied in the super lightweight tank of the space
shuttle [6], while Al-Li alloy 2050 has recently entered
industrial production for various commercial aircrafts as
a replacement of alloy 7050 [7]. The combined addition
of Mg and Zn showed a similar function as the combined
addition of Mg and Ag [8]. The corresponding Mg and
Zn micro-alloyed Al-Li alloys included alloys 2099 and
2199 which were used as structural components in
Airbus A380. In 2012, RIOJA et al [4,9] developed a
new Al-Li alloy 2055, which contained micro-alloying
elements of Mg, Ag and Zn simultaneously and exhibited
super-high strength and some other excellent
performance. Our previous research results also indicated
that combined addition of Mg, Ag and Zn displayed
better strengthening effect than that of Mg and Ag (or
Zn) [10]. This implied that combined addition of Mg, Ag
and Zn micro-alloying elements would be an important
way to develop Al—-Li alloys with super-high strength.
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As the main alloying elements in Al-Cu—Li alloys,
Cu and Li contents are important factors for developing
new Al-Li alloys. They not only provide solid solution
strengthening effect, but also enable the formation of
some effective hardening precipitates like 71(Al,CuLi),
0'(Al;L1), #'(ALCu) and S'(ALCuMg). It was reported
that the perfect Cu content was 2%—5% (mass fraction,
similarly hereinafter) for good strength, ductility and
fracture toughness combinations [11]. Li element
contributed to a certain hardening effect from the ¢' and
T1 precipitates. HAGIWARA et al [12] found that the
addition of Li to Al alloy 2219 caused a continual
enhancement in strength with Li content increasing up to
1.25%. Furthermore, KUMAR and HEUBAUM [13] and
GUPTA et al [14] reported that some Weldalite 049
Al-Li alloys containing ~1.3% Li exhibited desirable
combinations of strength and toughness and that a
decrease in strength occurred gradually with Li content
higher than 1.3%. Besides, 71 precipitate in Al—Li alloys
was the most effective strengthening phase, which
precipitated along the {111} plane of the Al matrix [15].
Variation of Cu and Li contents would greatly impact the
type and volume fraction of precipitates in Al-Li alloys,
changing their microstructure and strength. Therefore, it
is important to investigate the contents of Cu and Li for
developing super-high strength Al—-Li alloys.

In this case, as an exploration for super-high
strength Al-Li alloys micro-alloyed by Mg, Ag and Zn,
the influence of Cu and Li contents on strength was
researched, and their microstructures were observed.
Meanwhile, the strength variation was analyzed through
the total mole fraction of Cu and Li and their ratio.

2 Experimental

Seven Al-Cu—Li alloys with different Cu and Li
contents were prepared. Their Cu and Li contents are
shown in Table 1. It should be emphasized that all these
alloys contain the same micro-alloying elements of 0.4%
Mg, 0.4% Ag, 0.4% Zn, 0.3% Mn and 0.12% Zr.

Table 1 Cu and Li contents of experimental AlI-Cu—Li alloys
Mass fraction/%

Alloy No.
Cu Li
1 3.24 0.96
2 3.41 0.98
3 3.66 1.00
4 3.77 0.96
5 3.58 1.18
6 3.66 1.38
7 3.48 1.44

After a two-step homogenization treatment, the
Al-Cu-Li alloy ingots were rolled to sheets with 2 mm
in thickness through hot rolling and cold rolling
processes. The sheets were then subjected to a simple T8
aging treatment after solid solution treatment at 520 °C
and quenching in water at room temperature. The T8
aging treatment was an artificial aging treatment at
160 °C after 6% pre-deformation through cold rolling.

Tensile specimens with a parallel section gauged
30 mm in length and 8 mm in width were cut down from
the T8-treated sheets along the rolling direction,
according to the National Standard GB/T228.1-2010.
Tensile tests were carried out on an MTS testing machine
(MTS858 Mini Bionix II, USA) at a tensile rate of 2
mm/min. The microstructure was observed using a
TecnaiG” 20 ST transmission electron microscope (TEM).
The TEM samples were prepared by a twin-jet
electro-polishing device in a solution of 75% methanol
and 25% nitric acid at —40 to —20 °C with a voltage of
15-30V and a current of 70—-95 mA.

3 Results and discussion

3.1 Mechanical properties of alloys with different Cu
and Li contents

The strength and elongation versus aging time
curves of ~1.0% Li-containing alloys (Alloys 1—4) with
different Cu contents are shown in Fig. 1. At the early
aging stage, the tensile strength increases rapidly. After
reaching the peak strength, it decreases only a little
within the total aging time of 120 h (Fig. 1(a)). The yield
strength curves of these four alloys display the same
tendency (Fig. 1(b)). As the Cu content is increased from
3.24% to 3.41%, the strength is enhanced obviously.
However, as the Cu content is further increased to
3.77%, there is little difference in strength. For Alloys 2,
3 and 4, the peak tensile strength is very close to each
other (570—580 MPa). Figure 1(c) shows the elongation
of these four alloys as a function of aging time. It is clear
that the elongation decreases as the aging time is
extended. With Cu content increasing, the elongation
lowers as well, but all these four alloys possess an
elongation higher than 8%.

Alloys 3, 5 and 6 were designed to explore the
effect of increasing Li content on the mechanical
properties. In these three alloys, the Cu content is kept at
3.6%—3.7% as far as possible, while Li content is
increased from 1.00% (Alloy 3) to 1.18% (Alloy 5) and
1.38% (Alloy 6). Figure 2 shows their strength and
elongation as a function of aging time. With increasing
Li content, the strength is enhanced step by step. The
peak tensile strength and yield strength of Alloy 6 with
3.66% Cu and 1.38% Li are enhanced to 623 MPa and
584 MPa, respectively. The elongation of the above three
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Fig. 1 Tensile strength (a), yield strength (b) and elongation (c)

of ~1.0% Li-containing alloys (Alloys 1—4) with different Cu

contents as function of aging time

alloys is within a certain region ranging from 8% to 11%
after 16 h aging (Fig. 2(c)). There is only a little decrease
in elongation with increasing Li content.

The above results indicate that lower content of
1.0% Li restricts the strengthening effect of increasing
Cu content, while the increase in Li content effectively
enhances the strength. Actually, it is also found that
simultaneously increasing Cu content from 3.2% to 3.8%
and Li content from ~1.0% to ~1.4% is more favourable
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Fig. 2 Tensile strength (a), yield strength (b) and elongation (c)

of 3.6%—-3.7% Cu-containing alloys (Alloys 3, 5, 6) with

different Li contents as function of aging time

to the strength enhancement. This dependence can be
verified by the strength variation of Alloys 2, 6 and 7.
For Alloys 2 and 7, their Cu content is about 3.45%. For
Alloys 6 and 7, their Li content is about 1.4%. As shown
in Fig. 3, the peak tensile strength increases from nearly
570 MPa (Alloy 2) to 600 MPa (Alloy 7) when Li
content is increased from 0.98% to 1.44%, while it
increases from 600 MPa (Alloy 7) to 623 MPa (Alloy 6)
when Cu content is increased from 3.48% to 3.66%.
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Fig. 3 Tensile strength of Alloys 2, 6 and 7 as function of aging

time

3.2 Microstructures of alloys

The TEM images of the alloys in the early
under-aging stage are shown in Fig. 4. Alloy 1 under-
aging for 4 h reveals the 71 and ¢’ spots and weak
@' streaks in the selected area diffraction (SAD) pattern

Fig. 4 SAD patterns of [100]4; (a,c) and DF TEM images of [
(c,d) Alloy 3 aged for 2 h
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from a [100] zone axis (Fig. 4(a)). That is to say, 71, 0’
and &' phases are precipitated in the early under-aging
stage. Alloy 3 with under-aging for 2 h presents the
similar SAD pattern (Fig. 4(c)). Dark field (DF) TEM
images in Figs. 4(b) and (d) show the very fine 71
precipitates, of which the size is 40-50 nm and
20-30 nm in length, respectively. It is therefore
concluded that these experimental alloys experience the
precipitation process of 71, 8" and J' phases in the early
aging stage.

Figures 5—7 give the SAD patterns and some TEM
images of the near peak-aged 1.0% Li-containing alloys
(Alloys 1-4) with different Cu contents. The SAD
patterns from [112] zone axis indicate that obvious 71
precipitates exist in these four alloys (Fig. 5(a), Fig. 6(a),
Figs. 7(a) and (d)). Considerable 71 precipitates are
indeed observed in Alloy 1 with 3.24% Cu (Fig. 5(c)).
However, for Alloy 1, no obvious ¢’ spots and &' streaks
appear in the SAD pattern from [100] zone axis
(Fig. 5(b)), indicating no obvious ¢' and ' phases in the
near peak-aging stage. The SAD pattern from [100] zone
axis for Alloy 2 with 3.41% Cu shows apparent 71 spots,

112]4; (b,d) showing T1 precipitates: (a,b) Alloy 1 aged for 4 h;
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Fig. 5 SAD patterns (a,b) and DF TEM image (c) of Alloy 1
aged for 26 h: (a) [112]5; SAD pattern; (b) [100]5; SAD pattern;
(c) [112]4; DF TEM image showing T'1 precipitates

weak 6" steaks and J' spots (Fig. 6(b)). That is to say,
there exist a variety of 71 precipitates and some §' and ¢’
precipitates in Alloy 2, and the corresponding 6'
precipitates are observed in Fig. 6(c). The similar
microstructural characteristics are observed in Alloy 3
with 3.66% Cu and Alloy 4 with 3.77% Cu, as shown in

Fig. 6 SAD patterns (a,b) and DF TEM image (c) of Alloy 2
aged for 37 h: (a) [112]5; SAD pattern; (b) [100]5; SAD pattern;
(c) [100] o; DF TEM image showing @' precipitates

Fig. 7. In the SAD patterns from [100] zone axis, 71
diffraction spots are very apparent, and the
corresponding 71 precipitates are observed (Figs. 7(c)
and (f)). However, &' streaks become very weak and ¢’
spots almost disappear (Figs. 7(b) and (e)).

For Alloys 1-4, T1 precipitates are the dominant
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Fig. 7 SAD patterns and DF TEM images of Alloy 3 aged for 20 h (a, b, ¢) and Alloy 4 aged for 24 h (d, e, f): (a,d) [112]45 SAD
patterns; (b,e) [100]5; SAD patterns; (c) [112]4 bright field TEM image showing 7'1 precipitates; (f) [112]5; DF TEM image showing

T1 precipitates

strengthening phases, minor precipitates of ¢’ and 6’ are
also observed. In Alloy 1, the precipitates of ¢’ and 8" are
observed in the under-aging stage (Fig. 4(a)), but almost
disappear in the peak-aging stage (Fig. 5(a)). In addition,
it seems that for Alloys 1-4, the amount of ¢’ and &'
precipitates, especially ¢’ precipitates, becomes smaller,

and even disappears as the Cu content increases.

With increasing the Cu content, there is no obvious
change in the precipitate types in 1.0% Li-containing
Al-Li alloys. However, the variation of Li content results
in an obvious change. Figure 8 shows the SAD patterns
and DF TEM images of near peak-aged Alloy 5 with
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Fig. 8 SAD patterns and TEM images of Alloy 5 aged for 26 h (a, b, ¢) and Alloy 6 aged for 24 h (d, e, f): (a,d) [100]5; SAD patterns;
(b,e) [112]; SAD patterns; (c,f) [112] o; DF TEM images showing 71 precipitates

1.18% Li and Alloy 6 with 1.38% Li. The SAD patterns
from [100] zone axis (Figs. 8(a) and (d)) show that the
main precipitates are still 71 phases in these two alloys.
Meanwhile, some ' and ' precipitates also appear, their
spots or streaks in these two alloys are obviously more
intense than those in 1.0% Li-containing Alloy 3
(Fig. 7(b)), which implies that increasing Li content may
favor the formation of & and J' precipitates to some
extent.

In addition to 71, 6" and ' precipitates, the SAD

patterns from [112] zone axis (Figs. 8(b) and (¢)) also
reveal the presence of a small amount of S’ precipitates
(see the white arrows). The streaks corresponding to '
precipitates in Alloy 5 (Fig. 8(b)) are weaker than those
in Alloy 6 (Fig. 8(e)). Meanwhile, a little more S
precipitates are observed in Alloy 6 (Fig. 7(f)) than in
Alloy 5 (Fig. 7(c)). In this case, Mg content of all alloys
is kept at about 0.4%, which seems that increasing Li
content favors the formation of §' precipitates. There
may be two factors that S’ phase appears and its
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amount increases as the Li content increases.
MUKHOPADHYAY and RAO [16] found the
phenomenon of poor Mg content in S phase in an
Al-Cu—Mg-Li—Ag alloy and contributed it to the Li
atoms substituting for certain amounts of Mg atoms in S’
phase. The increase in Li content perhaps provides more
Li atoms to substitute for Mg atoms in S’ phase, resulting
in more S’ phase in the matrix. Another possible reason is
that increasing Li content favors the formation of o'
precipitates and unstablizes 71 precipitates a
little [13,17], which makes S precipitates gain
advantages in the precipitation competition.

3.3 Influence of total mole fraction of Cu and Li and
their ratio

The strength and microstructures of Al—-Cu—Li
alloys are dependent on not only the total contents of Cu
and Li, but also their ratio, as reported by other
researchers [18,19]. Table 2 shows the total mass fraction
of Cu and Li as well as their ratio. To discuss the strength
dependence, the peak tensile strength of the alloys is also
presented. The alloy with greater total mass fraction of
Cu and Li and larger ratio possesses higher strength.

Table 2 Total mass fraction of Cu and Li, their ratio and
corresponding peak tensile strength of Al-Cu—Li alloys aged at
160 °C in T8 temper

Peak tensile

Alloy No. w(Cuytw(L)%  w(Cww(Li) o o
1 4.20 3.375 550
2 4.39 3.480 568
3 4.66 3.660 578
4 4.63 3.927 570
5 4.76 3.034 601
6 5.04 2.702 623
7 4.92 2.417 601

To clearly declare the strength and microstructure
dependence on Cu and Li contents, it is more effective to
discuss the mole fractions of Cu and Li and their ratio.
Cu and Li atoms in the T8-aged Al-Cu—Li alloys exist in
two forms, solid solution atoms and non-solution atoms
(atoms in precipitates). The difference in strength is
mainly influenced by the precipitates containing Cu and
Li. Cu and Li atoms exceeding their solubility in the
alloy matrix form the precipitates during the aging
process. Usually, the solubility of alloying elements of
Cu, Li, Mg, Ag and Zn in Al-Cu—Li alloy matrix is
dependent on each other. In other words, the solubility of
Cu (or Li) in the alloy matrix is decreased due to the
solution of Li (or Cu). However, the solubility data of Cu
and Li in the Al-Cu—Li alloy matrix are insufficient. In
order to simplify the analysis, a simple assumption is

made here. Supposing that the solid solubility of Cu and
Li at the aging temperature of 160 °C in the Al-Cu—Li
alloy matrix is 60% of that taken from the Al-Cu and
Al-Li binary phase diagrams. According to Al-Cu and
Al-Li phase diagrams, the solid solubility values of Cu
and Li are about 0.1% and 0.5% (mass fraction),
respectively. The alloy composition is transformed to
mole fraction, and the total non-solution mole fraction of
Cu and Li and their ratio at the aging temperature of
160 °C are therefore calculated, as shown in Table 3.
Meanwhile, the corresponding peak tensile strength of
the alloys is also presented.

Table 3 Calculated total non-solution mole fraction of Cu and
Li, their ratio and corresponding peak tensile strength of
Al—Cu—Li alloys aged at 160 °C in T8 temper

Peak tensile

Alloy No. x(Cu)+x(Li)/%  x(Cu)/x(Li) strength/MPa
1 3.94 0.438 550
2 4.1 0.546 568
3 4.28 0.570 578
4 4.18 0.623 570
5 4.91 0.444 601
6 5.69 0.371 623
7 5.82 0.333 601

According to Table 3, two phenomena are
significant. Firstly, the strength is highly dependent on
the non-solution mole fractions of Cu and Li. The tensile
strengths of Alloys 5—7 are obviously higher than those
of Alloys 1—4, which is corresponding to a much higher
total non-solution mole fraction of Cu and Li in Alloys
5—=7. Secondly, the non-solution mole ratio Cu and Li is
also an important factor, which is especially reflected in
the strength variation of Alloys 5—7. Alloys 6 and 7 have
a similar total non-solution mole fraction of Cu and Li.
However, due to a lower non-solution mole ratio of Cu to
Li, the strength of Alloy 7 is lower than that of Alloy 6.
In addition, Alloy 7 possesses much higher total
non-solution mole fraction of Cu and Li than Alloy 5, but
due to a lower non-solution mole ratio of Cu to Li in
Alloy 7, its strength is almost the same as that of Alloy 5.
The above investigation reveals that the strength of these
Al-Cu—-Li alloys 1is wunder co-control of total
non-solution mole fraction of Cu and Li and their ratio.
Either total non-solution mole fraction of Cu and Li or
their ratio is the dominant factor under different
conditions. To develop super-high strength, the total
amount of alloying elements of Cu and Li should be
increased. Meanwhile, their ratio should also be kept at a
certain high level.

The strength dependence is associated with
microstructure variation caused by total non-solution
mole fraction of Cu and Li and their ratio. The
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non-solution Cu and Li atoms form the aging precipitates,
such as T'1, 6" and ¢'. As their amounts are increased, the
precipitate fraction is accordingly improved, which
possibly enhances the alloy strength. In addition, among
the precipitates of 71, " and ¢’, T1 precipitate has a
hexagonal crystal structure and a platelet morphology
with a main orientation relationship of {0001}7//
{111}, and (1010)7//(110)4; [20]. So, T1 precipitates
generate a great impediment to the dislocation glide
along the {111}, plane and therefore contribute to the
strongest strengthening effect, compared with other
precipitates like 6 and ¢'. According to the
microstructure comparison between Alloys 1-4 with
higher Cu/Li mole ratios (Figs. 5—7) and Alloys 5 and 6
with lower Cu/Li mole ratios (Fig. 8), higher Cu/Li mole
ratio favors the formation of 71 precipitates and results
in a higher portion of 71 phase among all the precipitates.
Although the microstructure of Alloy 7 is not observed, it
is rational to deduce that Alloy 7 contains lower portion
of T1 phase than Alloy 6, due to its lower Cu/Li mole
ratio. The strength of Alloy 7 is therefore lower than that
of Alloy 6.

4 Conclusions

1) As a preliminary exploration for super-high
strength Al-Li alloy, the mechanical properties and
microstructures of some Mg, Ag and Zn micro-alloyed
T8-aged Al-Cu—Li alloys with 3.2%-3.8% Cu and
1.0%—1.4% Li were researched.

2) For alloys with lower Li content of about 1.0%,
the strength is not effectively increased with increasing
the Cu content. However, the strength can be greatly
and Li

enhanced by contents

simultaneously.

increasing Cu

3) The main strengthening precipitates in the Al-Li
alloys include 71, 6" and 6’ phases. With increasing Li
content, the fractions of ¢’ and & phases among the
precipitates seem to increase a little, and it is also more
likely to precipitate S phase.

4) The strength and microstructure are highly
dependent on the total non-solution mole fraction of Cu
and Li and their ratio. To obtain super-high strength, the
total mole fraction of Cu and Li should be increased, and
their ratio should also be kept at a high level.
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Mg. Ag. Zn ZLEGMEEK
Al-(3.2~3.8)Cu—(1.0~1.4)Li § £ B BB LF 5 F1E8E

ZHA, 2FALY, B, KGR, TR

1. HRIRZ MRRES TRE2ABE, KV 410083;
2. FURMEL R LEMF AT, dEst 100076

O ONTTROBT TR s AR A, TS TS I ER 1) Mg Ag Zn E &M &4 Al-(3.2~3.8)Cu—(1.0~1.4)Li
B ERBMAL KT F R, SEREW, Li & EBE01.0%)K, Wi Cu &5k st & S A
B, 17 RS 38 0 Cu 0 L 20 DA R Lo B W S 3 e o a6 1 T LA AR D K B4/ NIR L) T1(ALCuLi)
s [, St E 0 (ALCuM K& &(ALL)AH, 1 BRI S0t fREM T, LSRG, HEH kL, Li
TERERNERT 6 M& 6 HMWIEK, JFaEFEUE SR/ 8 S'(ALCuMgHH. T34k, RAHEFEE Cu. Li R F1
BRI ILEB 0HT Cus Li AR A S SO SO AT . 3R i R & 4, —
JiH R Cuy Li B F I R BE R 04, 3 — D7 TR N 4R LR s e ol
FEEIR: A S MTiLAR: Cuw/Li BESREL: BAMAIZL JiaEbigE
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