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Abstract: The tensile properties, aging precipitate type and distribution in Al-Cu-Li-(0.35Mg)-(0.2In) alloy were investigated. 

In the T6 aged Al-Cu-Li alloy, the aging precipitates are T1(Al

2

CuLi) and θ′ (Al

2

Cu). As 0.2%In is added, many square-

shaped cubic precipitates Al

5

Cu

6

Li

2

 were formed at the early aging stage and their sizes keep stable with the extension of 

aging time. Meanwhile, the θ′ precipitation is promoted, therefore the aging response of alloy is accelerated and its strength is 

enhanced. The combined addition of In +Mg suppresses the precipitation of cubic Al

5

Cu

6

Li

2

, but plays a role in promoting T1 

precipitation instead. This role is smaller than that of the combined addition of Ag +Mg in 2050 Al-Cu-Li alloy, which results 

the strength of the In +Mg micro-alloyed Al-Cu-Li alloy being lower than that of the Ag+Mg micro-alloyed Al-Cu-Li alloy

2050. At T8 temper, the role of both In independent addition and In +Mg combined addition are suppressed by the dislocations 

introduced by plastic deformation prior to artificial aging.
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Li-containing Al alloys are considered as prospective ma-

terials in the aircraft and aerospace industry because of their 

low density, high specific strength, good toughness and low 

temperature properties

 [1]

. Developing new Al-Li alloys has 

attracted research interest all of the world.

The most prospective method for developing new Al-Li 

alloys is to add micro-alloying elements to Al-Cu-Li based 

alloys. Zr, Mn and Mg are the most commonly used mi-

cro-alloying elements. Zr element deters the re-crystallization 

and grain coarsening of Al-Li alloys by forming Al

3

Zr parti-

cles

 [2-4]

. Mn addition is beneficial for reducing the heteroge-

neity of Al-Li alloys

 [5]

. Mg addition can promote the nuclea-

tion of T1 precipitates and accelerate the aging response of 

Al-Li alloys

 [6,7]

. 

It has not been found that the independent addition of Ag 

plays a big role in ameliorating the precipitate distribution 

and improving the strength of Al-Li alloys

 [8]

. However, after 

the 1990’s, it was reported that combined addition of Ag and

Mg powerfully promoted the uniform formation of T1 pre-

cipitates, refined their sizes, and therefore greatly enhanced 

the strength of Al-Li alloys

 [9]

. The representative Al-Li alloys 

micro-alloyed with Mg+Ag include 2195, 2050 and 2198 al-

loys. 2195 Al-Li alloy has been successfully applied to the 

super lightweight tank of the space shuttle

 [10]

, while 2050 

Al-Li alloy has recently entered the industrial production for 

various commercial aircrafts as a replacement of 7050

alloy 

[11]

. The combined addition of Mg+Zn shows a similar 

function as the combined addition of Mg and Ag

 [12,13]

. The 

corresponding Mg + Zn micro-alloyed Al-Li alloys include 

2099, 2199 and 2A97 alloys.

 It was reported that the trace addition of In elements in 

Al-Cu alloys increases the population density of θ′ precipi-

tates, accelerates aging response of the alloys and enhances 

their strength

 [14,15]

. Gilmore et al found that ~0.1%In highly 

accelerated the aging response and enhanced the peak yield 

strength of Al-4.0Cu-1.2Li alloy aged at 160 °C by increasing 

the thickness of θ′′ precipitates, but little difference was not-

ed in mechanical properties or micro-structures when 

~0.1%In was added to Al-4.3Cu-1.3Li-0.5Mg alloy

[16]

.

However, Pan et al

 [17,18]

 investigated the precipitates of 
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Al-3.5Cu-1.0Li-0.5In and Al-3.3Cu-0.8Li-0.5In alloys aged 

at 175 °C and found a new cubic precipitate, which was not 

found in other Al-Cu-Li alloys. In this case, the effect of 

0.2%In addition on the tensile properties and microstructure 

of Al-Cu-Li alloys was investigated. Furthermore, consider-

ing that Ag+Mg combined addition plays a powerful role in 

promoting uniform the formation of T1 precipitates and re-

fining their size, the effect of In + Mg combined addition 

were therefore studied and compared to the effect of Ag+Mg 

combined addition on 2050 Al-Li alloy.

1 Experiment

Four Al-Cu-Li alloys were casted. Their chemical composi-

tions are shown in Table 1. Alloy 1# and alloy 2# were used to 

investigate the effect of independent In addition on Al-Cu-Li 

alloy. Their Cu and Li concentrations were controlled to be 

3.4% and 1.0% as far as possible. Because of uncontrollable 

factors during melting, there are small differences, but it was 

still valid. Alloy 4# is a nominal 2050 Al-Li alloy, and alloy 3# 

and alloy 4# were used to investigate the different mi-

cro-alloying effects of Ag +Mg and In +Mg combined addi-

tions.

After homogenization treatment, the ingots were rolled to 

sheets with 2 mm thickness through a hot rolling and cold 

rolling process. The sheets were then subjected to T6 temper 

and T8 temper after solid solution treatment at 520 °C, and 

quenching in water at room temperature. The T6 temper was 

artificially aging at 175 °C. The T8 temper was an artificial 

aging treatment performed at 155 °C after 6% pre-deformation 

through cold rolling. 

Tensile specimens with a parallel section of 30 mm in length 

and 8 mm in width were cut from the aged sheets in the rolling 

direction, according to the national standard GB/T228.1-2010. 

Tensile tests were carried out in a MTS testing machine 

(MTS858 Mini Bionix �, USA) at a tensile rate of 2 mm/min. 

The microstructure was observed through using a TecnaiG

2

 20 

ST transmission electron microscopy (TEM). The TEM sam-

ples were prepared by a twin-jet electro-polishing device in a 

solution of 75% methanol and 25% nitric acid at −40~−20 °C 

with a voltage of 15~30 V and a current of 70~95 mA.

2  Results

2.1 Strength variation caused by small addition of In

Table 1  Chemical compositions of the studied alloys (wt%)

Alloy Cu Li Mg Ag In Mn Zr Al

1# 3.44 0.99 - - - 0.35 0.12 Bal.

2# 3.35 0.99 - - 0.2 0.35 0.12 Bal.

3# 3.58 1.00 0.35 - 0.2 0.35 0.12 Bal.

4# 3.59 1.02 0.35 0.35 - 0.35 0.12 Bal.

2.1.1  In Al-3.4Cu-1.0Li alloy

Fig.1 shows the tensile strength and yield strength of In-free

(alloy 1#) and 0.2%In-containing (alloy 2#) Al-3.4Cu-1.0Li 

alloys as a function of T6 aging time at 175°C. It can be seen 

that the tensile strength and yield strength of the T6 aged 

Al-3.4Cu- 1.0Li alloy containing 0.2%In are greatly enhanced 

by 0.2%In addition. Meanwhile, the T6 aging response is ac-

celerated by 0.2%In addition, considering that the strength of 

these two solutionized alloy is similar.

Fig.2 shows the tensile strength and yield strength of In-free

(alloy 1#) and 0.2%In-containing (alloy 2#) Al-3.4Cu-1.0Li 

alloys as a function of T8 aging time at 155 °C. Compare to 

the strength of T6-aged alloys, the strength of these two 

T8-aged alloys is improved and the difference in strength is 

much smaller. However, the strength of T8 aged In-free alloy 

(alloy 1#) is slightly higher than that of the T8 aged 

0.2%In-containing alloy (alloy 2#), which is opposite to that 

of the T6 aging. The lower strength of T8-aged alloy 2# may 

be associated with its lower Cu concentration, because the Cu 

concentration of alloy 2# is about 0.1% lower than that of al-

loy 1#. Furthermore, the T8 aging responses of these two al-

loys are similar. The influence of 0.2%In addition on enhanc-

ing the strength of T6 aged Al-Cu-Li alloy is suppressed by 

plastic deformation prior to artificial aging.

2.1.2  Comparison of small addition of In and Ag in Al-

3.6Cu-1.0Li-0.35Mg alloy

Fig.3 shows the tensile strength and yield strength of 

0.2%In-containing (alloy 3#) and 0.4%Ag-containing (alloy 

4#) Al-3.6Cu-1.0Li-0.35Mg alloys as a function of T6 aging

Fig.1  Tensile strength (a) and yield strength (b) of alloys 1# and 2# 

as a function of T6 aging time at 175 °C
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Fig.2  Tensile strength (a) and yield strength (b) of alloys 1# and 2# 

as a function of T8 aging time at 155 °C

time at 175 °C. The tensile strength of the Ag-containing alloy 

(alloy 4#) is obviously higher than that of the In-containing 

alloy (alloy 3#). However, the yield strength of alloy 4# is 

only a little higher than that of alloy 3#. That is to say, com-

pared to the combined addition of 0.35Mg+0.2In, the 

combined addition of 0.35Mg+0.35Ag mainly enhances the 

tensile strength. Due to almost same concentrations of Cu, Li 

and Mg in alloys 3# and 4#, the strength difference should be 

associ ated with different effects of the In and Ag additions or 

the of In+Mg and Ag+Mg combined additions. 

Again, the deformation prior to artificial aging at 155 °C

enhances the strength of these two aged alloys (3# and 4#), 

and diminishes their strength differences (Fig.4). The effects 

of combined additions of In+Mg and Ag+Mg are lowered by 

the deformation prior to artificial aging.

2.2 Microstructures

2.2.1  Effect of 0.2%In addition on precipitates of Al-3.4Cu-

1.0Li alloy

Fig.5 shows the TEM bright field (BF) images of alloy 2# 

containing 0.2%In and alloy 1# without In addition after T6 

under-aging at 175 °C for 4 h, which are viewed along 

<100>

Al

 direction. T1 (Al

2

CuLi) precipitates are not found in 

alloy 2#, there were some θ′ (Al

2

Cu) precipitates and many 

square-shaped phases (Fig.5a). Pan et al 

[17,18]

 investigated this 

square-shaped precipitate in detail, and determined that it has

a primitive cubic crystal structure with a lattice parameter

a≈0.83 nm, and the orientation relationship with Al matrix is 

 

Fig.3  Tensile strength (a) and yield strength (b) of alloys 3# and 4# 

as a function of T6 aging time at 175 °C

Fig.4 Tensile strength (a) and yield strength (b) of alloys 3# and 4# 

as a function of T8 aging time at 155 °C
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tected in this square-shaped precipitate and it is assumed as 

Al

5

Cu

6

Li

2

, a variant of Al

5

Cu

6

Mg

2

 where Li substituted the 

Mg positions. For simplicity, this cubic phase is referred to χ

phase. However, in the alloy 1#, it is difficult to find any pre-

cipitates (Fig.5b). This above microstructure features indicate 

that in the Mg-free Al-3.4Cu-1.0Li alloy, the addition of 

0.2%In accelerates the precipitation of θ′ and results in form-

ing a cubic precipitate χ (Al

5

Cu

6

Li

2

) at the early aging stage.

Fig.6 shows the TEM images of alloy 2# containing 0.2%In 

and alloy 1# without In addition after T6 peak aging. Com-

pared to the under-aged alloy, the number density of cubic χ

precipitates in the peak-aged alloy 2# is greatly increased, and 

that of θ′ precipitates is also slightly increased a little. It is of 

interest that the size of the cubic χ precipitates is not enlarged 

obviously (Fig.6a). Meanwhile, some T1 precipitates are ob-

served in the dark field (DF) image viewed along <112>

Al

 di-

rection (Fig.6b). In the In-free alloy 1#, θ′ precipitates (Fig.6c) 

and T1 precipitates (Fig.6d) are observed, but their size is 

much larger than that of the alloy 2#.

Fig.7 shows the TEM images of the T8 peak-aged alloy 1# and 

alloy 2#. Compared to the T6 aged alloys, some features 

are observed. First, in the T8 peak-aged alloy 2# containing 0.2% 

In, the cubic χ precipitates disappear. Second, in both alloy 1# and 

alloy 2#, the precipitates are θ′ and T1, and their number density is 

increased a lot. In addition, it seems that the T1 number density in 

alloy 2# is a little smaller, due to its lower Cu concentration. 

According to the above TEM observations, the effects of 

0.2%In addition on the microstructures of Mg-free Al-3.4Cu-

1.0Li alloy are as follows: (1) At T6 aging, it results in the 

formation of a large number of square-shaped cubic precipi-

tates Al

5

Cu

6

Li

2

. (2) At T6 aging, it accelerates the precipita-

tion of θ′. 3) At T8 aging, the above effects caused by 0.2%In 

addition are suppressed by plastic deformation prior to artifi-

cial aging, which accelerates the uniform and concentrated 

precipitation of T1.

2.2.2  Microstructures of Al-3.6 Cu-1.0Li-0.35Mg alloys 

containing 0.2%In or Ag

The effect of In +Mg combined addition is different from 

that of In independent addition. Fig.8 shows the TEM images 

of T6 under-aged and peak-aged alloy 3# containing 0.2%In

and 0.35%Mg simultaneously. As aged for 4 h, only a very 

small number of cubic precipitates χ and GP zones are observed

Fig.5 TEM BF images of the alloy 2# (a) and 1# (b) after T6 aging at 175 °C for 4 h �0.2%In-containing alloy showing θ′ and χ precipitates, 

the direction is parallel to <100>

Al

)

Fig.6 TEM images of the T6 peak-aged alloys: (a) alloy 2# BF image showing θ′ and χ precipitates, the direction is parallel to <100>

Al

; (b) al-

loy 2# DF image showing T1 precipitates, the direction is parallel to <112>

Al

; (c) alloy 1# BF image showing θ′ precipitates, the direction 

is parallel to <100>

Al

; (d) alloy 1# DF image showing T1 precipitates, the direction is parallel to <112>

Al

[100]

Al

θ ′

χ

a

b

T1

T1

T1

T1

θ ′
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0.2 µm
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Fig.7 TEM images of the T8 peak-aged alloys: (a) alloy 1# BF image showing θ′ precipitates, the direction is parallel to <100>Al; (b) alloy 1# 

DF image showing T1 precipitates, the direction is parallel to <112>

Al

; (c) alloy 2# BF image showing θ ′ precipitates, the direction is 

parallel to <100>Al; (d) alloy 2# DF image showing T1 precipitates, the direction is parallel to <112>

Al

(Fig.8a), but a considerable amount of T1 phase is precipitated 

(Fig.8b). In the peak-aged alloy, the main precipitates are θ′ 

and T1 (Fig.8c, 8d), and the population density and size of T1 

precipitates are increased (Fig.8d) compared to those in the 

alloy under-aged for 4 h. It is noted that there are some cubic 

precipitates χ (Fig.8c). The role of In independent addition in 

forming cubic χ precipitates and accelerating θ′ precipitation 

is weakened by In+Mg combined addition, which accelerates 

T1 precipitation instead.

Fig.9 shows the SAED (selected area electron diffraction) 

patterns and TEM DF images of T6 peak-aged alloy 4# mi-

cro-alloyed with Ag + Mg. No cubic precipitates are found. 

Compared to that in alloy 3# micro-alloyed with In +Mg, it 

seems that the number density of T1 precipitates in alloy 4# is 

increased, but their diameter is a little decreased (Fig.9b). 

Meanwhile, it seems that the number density and diameter of 

θ′ precipitates are a little increased (Fig.9a). Combined Ag+

Mg addition plays a bigger role in promoting T1 nucleation 

and precipitation.

Fig.10 shows TEM images of T8 peak-aged alloy 3# mi-

cro-alloyed with In+Mg and alloy 4# micro-alloyed with Ag+

Mg. Both T8 aged alloys possess similar microstructures, and 

their aging precipitates are θ′ and T1. Meanwhile, T1 popula-

tion density in the T8 aged alloy is much higher, but their size 

is much smaller than that in the corresponding T6 aged alloy.

3 Discussion

3.1  Effect of 0.2%In independent addition in Al-Cu-Li 

alloy at T6 aging

0.2%In independent addition causes the formation of cubic 

χ phases, accelerates θ′ precipitation, and retards T1 precipita-

tion at T6 aging. The most important effect caused by 0.2%In 

independent addition in Al-Cu-Li alloy in this case is the for-

mation of a large number of cubic phases χ, which are In-free 

and possess a much small strain energy compared with the Al 

matrix 

[17,18]

. Furthermore, it is difficult for these cubic phases 

χ to coarsen as the aging time is extended (Fig.5a, Fig.6a), 

which means their very low interfacial energy. Compared to χ

phase, T1 precipitate is semi-coherent with the matrix and 

possesses a higher strain energy and interfacial energy. It is 

known that during solid state transformation, in addition to the 

driving force for nucleation (change in volume-free energy, 

∆G

v

), there is also energy barrier for nucleation. For a given 

local super-saturation at a given site, the energy barrier is de-

pendent on the misfit strain energy and interfacial energy. 

Therefore, the energy barrier for T1 homogeneous nucleation 

is higher than that for the homogeneous nucleation of cubic χ

phase.

Fig.8 TEM images of alloy 3#: (a, b) T6 under-aging for 4 h, BF image showing χ and GP zone, the direction is parallel to <100>

Al

; (b) T6 un-

der-aging for 4 h, DF image showing T1, the direction is parallel to <112>

Al

; (c) T6 peak-aging, BF image showing θ′ and χ precipitates, 

the direction is parallel to <100>

Al

; (d) T6 peak-aging, DF image showing T1 precipitates, the direction is parallel to <112>

Al
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Fig.9 TEM DF images and SAED patterns of T6 peak-aged alloy 4#:

(a) showing θ′ precipitates, the direction is parallel to <100>

Al

; 

(b) showing T1 precipitates, the direction is parallel to 

<112>

Al

For the nucleation, it is necessary to overcome or minimize 

the energy barrier. Therefore, T1 precipitates prefer to nucle-

ate at the sites of dislocation, interface with low-angle grain 

boundary, stacking faults and Mg-Cu-vacancy co-cluster, 

which decrease the barrier energy for nucleation

 [19]

. 

Considering that T1 precipitation is accelerated and χ pre-

cipitation is deterred at T8 aging, it is explicit that there is a 

competitive model between χ and T1 nucleation. This compe-

tition is associated with its beneficial nucleation sites. After 

quenching, there are considerable vacancies in Al-Cu-Li alloy 

which can collapse to form dislocation loops and then act as 

the heterogeneous nucleation sites for T1 precipitates. As 

0.2%In is added, due to the high binding energy between In 

atoms and vacancy (Fig.11)

[20]

, In-vacancy clusters is formed 

to trap the vacancies and therefore deters the formation of

Fig.10  TEM images of T8 peak-aged alloy 3# micro-alloyed with In+Mg (a, b) and alloy 4# micro-alloyed with Ag+Mg (c, d): (a) alloy 3# BF 

image showing θ′ precipitates, the direction is parallel to <100>

Al

; (b) alloy 3# DF image showing T1 precipitates, the direction is par-

allel to <112>

Al

; (c) alloy 4# BF image showing θ′ precipitates, the direction is parallel to <100>

Al

; (d) alloy 4# DF image showing T1 

precipitates, the direction is parallel to <112>

Al

dislocation loops caused by vacancy collapsing, which in turn 

is not beneficial to the heterogeneous nucleation of T1 pre-

cipitates. However, due to the low interfacial energy and small 

strain energy of χ phase, the energy barrier for homogeneous 

nucleation of χ phase is much small. Assuming the similar 

driving force for T1 and χ precipitation, the homogeneous nu-

cleation for χ is certainly easier than that for T1 as 0.2%In is 

added.

As for the mechanism by which In element accelerates θ′ 

precipitation, most researchers thought that In-Cu-vacancy clus-

ters were formed during quenching process, which grew and 

acted as nucleation sites and accelerated θ′ precipitation 

[21,22]

.

Furthermore, Silcock et al 

[23]

 proposed that at an aging tem-

perature lower than 200 °C, In-vacancy formed and trans-

ported to the interface between the θ′ precipitate and the Al 

matrix, and thus decreased the strain energy. The decreased 

strain energy means a lower energy barrier for θ′ nucleation, 

so the nucleation of θ′ precipitates is therefore accelerated. It 

is because of the concentrated precipitation of χ and θ′ phases 

that the strength of the Al-Cu-Li alloy with 0.2%In independ-

ent addition is higher than that of the In-free alloy.

3.2  Effect of combined addition of In+Mg in Al-Cu-Li 

alloy at T6 aging

At T6 aging, the role of In independent addition in causing 

the formation of cubic χ precipitates is weakened or sup-

pressed by the In+Mg combined addition, which promotes the 

uniform and concentrated precipitation of T1 phases instead.

Fig.11  Atomic radius of Al and various solutes as a function of sol-

ute vacancy binding energy
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Table 2  Calculated enthalpy (∆H

0

) of solution at infinite dilution 

(kJ/mol)

[24]

Solvent

Solute

Al Li Cu Mg Ag In

Al −15 −34 −7 −17 24

Li −13 –19 −1 −55 −41

Cu −28 −18 −15 8 8

Mg −8 −1 −20 −42 −14

Ag −18 –65 10 −40 −5

In 31 −59 12 −16 −7

It is known that Al possesses a higher stacking fault energy, but 

Mg elements can assemble on the close-packed surface of {111}

Al

 

to decrease the stacking fault energy 

[6,7]

. Therefore, as a small 

amount of Mg is added to Al-Cu-Li alloy, considerable stacking 

faults are formed. These stacking faults provide beneficial sites 

for T1 heterogeneous nucleation, because the energy barrier for 

T1 nucleation is lowered at the stacking faults. Besides, there ex-

ists strong interaction between Mg and In, between Li and In, and 

between Mg and Cu, as predicted by the calculated enthalpies of 

solution at infinite dilution, ∆H

0

. Table 2 shows some extracted 

values of ∆H

0

 from the lists reported by Niessen et al 

[24]

. In the 

solutionized alloy, Mg and In atoms assemble on the close-packed 

surface of {111}

Al

, forming Mg-In atom co-clusters due to their 

strong interaction. Then, at the early aging stage, Li atoms and Cu 

atoms are attracted to Mg-In atom co-clusters, due to strong in-

teraction between Li and In atoms and between Cu and Mg atoms. 

That is to say, as small Mg and In are simultaneously added, the 

formed stacking faults assembled with Mg atoms provide the sites 

for T1 heterogeneous nucleation, and Mg-In atom co-clusters act 

as catalysis and bridge for promoting the diffusion of Cu and Li 

atoms to the stacking faults. Therefore, the precipitation of T1 is 

significantly promoted, but that of the χ phase is suppressed. Be-

cause the strengthening effect of T1 phase precipitated at {111}

Al

 

plane is higher than that of other phases

 [25]

, the strength of the 

Al-Cu-Li alloy with In + Mg combined addition is correspond-

ingly enhanced, compared to that of the alloy with In independent 

addition. 

The role of In + Mg combined addition in promoting the uni-

form and concentrated precipitation of T1 phases is similar, but  

is not as much as that of Ag + Mg combined addition. This should 

be attributed to the interaction difference. As shown in Table 2, 

the interaction between Mg and In is much smaller than that be-

tween Mg and Ag, and the interaction between In and Li is also a 

little lower than that between Ag and Li. Therefore, the strength 

of the Al-Cu-Li alloy with In + Mg combined addition is lower 

than that of the alloy with Ag + Mg combined addition. 

It is noted that compared to that of the alloy with combined ad-

dition of Ag + Mg (alloy 4#), the yield strength of the alloy with 

the combined addition of In + Mg (alloy 3#) is much lower, but 

the tensile strength is only a slightly lower (Fig.3). This is associ-

ated with the precipitate types and distribution. In the alloy 3#, 

there are some cubic χ precipitates, which are coherent, and cause 

a smaller strengthening effect on the yield strength by dislocation 

cutting than the semi-coherent T1 and θ′ precipitates by disloca-

tion bypassing

 [26]

. In addition, although the number density of T1 

precipitates in the alloy 3# is a little lower (Fig.8a), the diameter 

is a little increased. This factor contributes to reduce the differ-

ence in the tensile strength of alloy 3# and alloy 4#

 [27]

. 

3.3  Role of pre-deformation in suppressing the effect 

of micro-alloying elements  

For the alloys micro-alloyed with independent In and combined 

In + Mg, the pre-deformation plays a role in suppressing the forma-

tion of cubic χ phases and promoting uniform and concentrated 

precipitation of T1. This effect is associated with the dislocations 

introduced by plastic deformation prior to artificial aging.  

As mentioned above, there is a competitive model in the 

nucleation of T1 and cubic χ phases. In the T6 aged Al-Cu-Li 

alloy micro-alloyed with independent In, the In-vacancy clus-

ters deter the formation of dislocation loops, which is the ben-

eficial sites for T1 precipitation within grains. Therefore, the 

precipitation of T1 within grains mainly depends on the 

homogeneous nucleation. But because of its smaller energy 

barrier for homogeneous nucleation, the cubic phase χ wins in 

the competition of homogeneous nucleation.  

However, once the dislocations are introduced through 

plastic deformation prior to artificial aging, they act as het-

erogeneous nucleation sites for the precipitates with semi- co-

herency features (or certain misfit strain energy and interfacial 

energy), because the dislocations decrease the energy barrier 

for nucleation. In Al-Cu-Li alloys, these precipitates mainly 

include T1 and θ′. The nucleation rate of T1 and θ′ is thus en-

hanced by the pre-deformation. Furthermore, T1 is an equilib-

rium phase and θ′ is a metastable phase, and the change in 

volume-free energy (∆G

v

) associated with T1 precipitation 

may be larger than in ∆G

v

 associated with θ′ precipitation. 

Besides, the shear strain associated with θ′ on the {001}

Al

 

plane in the [100]

Al

 direction is lower than that associated with 

T1 on the {111}

Al

 plane in the [112]

Al

 direction 

[28]

. The above 

two factors, i.e. the larger ∆G

v

 and the {111}

Al

 shear strain aid 

in the heterogeneous nucleation of T1 precipitates on disloca-

tions over that of θ′ precipitates

 [28]

. For the above reasons, the 

formation of cubic phase χ is suppressed, while the precipita-

tion of T1 is accelerated by T8 aging. Consequently, the 

strength is enhanced and the strength difference between the 

In-free alloy and In-containing alloy is decreased.  

In the Al-Cu-Li alloys micro-alloyed with In + Mg and Ag + 

Mg, the dislocations introduced by pre-deformation also pro-

vide more nucleation sites for T1 precipitation, which results 

in more concentrated T1 precipitates. 

4 Conclusions 

1) In the Al-Cu-Li alloy, 0.2%In independent addition leads 

to the formation of a large number of square-shaped cubic 

precipitates Al

5

Cu

6

Li

2

 and promotes the precipitation of θ′ 
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phases at T6 aging, so the aging response is therefore acceler-

ated and the aging strength is enhanced. 

2) The combined addition of In + Mg in Al-Cu-Li alloy in-

hibits the formation of the cubic precipitates, but promotes the 

precipitation of T1 at T6 aging. The role of small In inde-

pendent addition in forming cubic precipitates is suppressed or 

weakened by small Mg addition.  

3) At T6 aging, the combined addition of In + Mg promotes 

T1 precipitation, but this role is smaller than that of the com-

bined addition of Ag + Mg in 2050 Al-Li alloy, which causes a 

smaller strength of In- and Mg-containing alloy. 

4) At T8 aging, for the Al-Cu-Li alloy with In independent 

addition, the pre-deformation plays a role in suppressing the 

formation of the cubic phase and in promoting uniform and 

concentrated precipitation of T1, which enhances the strength 

and decreases the strength difference between the In-free alloy 

and In-containing alloy. 
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