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Introduction
Commercial aluminium-lithium-copper alloy has high specific 

modulus, high strength, high stiffness resistance and low density, 
which makes it interesting for many material scientists [1-2]. Due 
to its excellent-comprehensive properties, it is used increasingly for 
aerospace construction and aircraft industry. Since 1980s, many 
researchers [3] have made a lot of studies on Al-Cu-Li alloy about 
its physical and mechanical properties at the stage of solution-heat 
treatment, and they have achieved great progresses.

The mechanical properties and microstructures of Al-Li-Cu 
alloy are very sensitive to structures of alloy solidification schemes 
of heat treatments and subsequent deformation conditions [4]. Alloy 
always gets through different heat treatment processes so as to get 
the mechanical properties improved. Apparently, solution treatment 
is thought as one of the first step in the whole heat treatments [5,6]. 
During solution treatment, the alloy is exposed to as high temperature 
as possible but limited to the lowest melting point. By doing so, the 
bulk soluble phases’ elements including Cu, Li, Mg etc will re-dissolve 
into the alloy matrix in solution-heat treatment heating so as to get 
a supersaturated solution solid, which is beneficial to subsequent 
aging. As a result, the studies on the effects of solution treatments are 
significant and beneficial to get a promoted mechanical property of Al-
Li-Cu-Mg-Ag alloy.

Recently, there are many papers about the relationship between 
principles of heat treatments and microstructures of Al-Li-Cu-Mg-Ag 
alloy, but these are focused on aging procedures.

Experiments
The present experimental materials as listed in Table 1 were 

prepared with pure Al, pure Li, pure Mg and intermediate alloy Al-
cu, Al-Zr, Al-Ce (etc), which were melted in a induction graphite 
crucible under protection of Ar. The ingots were homogenized at 
450°C/160h+500°C /8 h in a salt bath furnace and then were hot and 
cold rolled to 2 mm. The tensile specimens were parallel to the rolling 
direction. Samples cut from alloy sheet were solution-heat treated at 
510°C, 515°C, 520°C and 525°C for different period of time in a salt 

bath which is shown in Table 2, and then suffered artificial aging at 
160°C/20h.

Tensile tests were carried out on a WD-10A tensile machine or 
mechanical deformation and the effect of solution treatment is paid 
little attention [7]. In this work, we have studied the effects of solution 
treatments on microstructures and physical properties of Al-Li-Cu 
alloy by mechanical tests, SEM and TEM analysis. The appropriate 
solution treatment parameters are received and the results can provide 
indispensable information for further study on heat treatment of Al-Li-
Cu-Mg-Ag alloy at rate of 2 mm/min, hardness tests were performed 
on HBE-3000 machine loading at 250 kg for 30 s, and electrical 
conductivity tests were done on D60K digital metal measurement. 
The metallurgical structures of alloy whose specimens were grinded, 
polished, rewashed and etched with Keller solution were observed at 
POLYVER-MET optical microscopy. The fracture morphology of 
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Alloy element Cu Li Mg Ag Zr Ce Al

Content/wt.% 5.8 1.3 0.4 0.4 0.14 0.3 bal

Table 1: Chemical compositions of the experimental alloy.

Solution temperature/oc 510 515 520 525

Solution time/min

- - 20 -
30 30 30 30
- - 40 -
- - 50 -

Table 2: Schedule solution treatment of Al-Li-Cu-Mg-Ag.
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tensile tests were conducted at KYKY-1000 SEM and the TEM was 
finished at TECNAl G220 machine. The composition of the large 
second particles was measured by Energy Dispersive X-ray (EDX) 
analyzer. DSC analysis and electrical conductivity tests were carried 
out on SDT-Q600 differential scanning calorimeter and D60K digital 
metallic conductivity machine. The specimens for TEM were prepared 
by the twin-jet electro-polishing using 75% methanol and 25% nitric 
solution at -30°C.

Results
Mechanical properties of aged Al-Li-Cu-Mg-Ag alloy with 
different solution treatments

Figures 1 and 2 show the mechanical properties of Al-Li-Cu-Mg 
alloy studied in this work when solution-heat treatment is performed 
at different temperature and various times. Figure 1 shows that 
tensile strength, for instance, ultimate tensile strength(σb), yield 
tensile strength(σ0.2) tend to increase firstly with elevating solution 
temperature and time and then decrease; while the elongation(δ) 
is opposite, it shows a reduction along with increasing solution 
temperature and time. Elongation of this alloy is reducing from 
9.9% to 7.24% along with elevation of the temperature. σb and σ0.2 
increase respectively with temperature between 500-520°C, and then 

decrease slightly when the temperature preponderates over 520°C, 
but the strength still remains at a high level. The maximum values of 
σb and σ0.2 are 563.4 Mpa and 506.2 Mpa when solution-heat 
treatment temperature is around 520°C and 30 min. Results of 
Figure 1 demonstrate that tensile properties and ductility are well 
combined when the Al-Li-Cu-Mg alloy containing minor Ag, Zr and 
Ce is solution treated at temperature 520°C for 30 min. The effect of 
solution treatment on hardness and electrical conductivity of this alloy 
is shown in the Figure 2. We can find that hardness increases rapidly 
with elevating temperature before 520°C and solution heated time until 
30 min, which is common with those of tensile properties treated by 
different solution temperature and time in Figure 2a. The electrical 
conductivity cannot only reflect the conductivity of materials, but also 
shows critical relations with conditions of materials’ heat treatments. 
Nevertheless, electrical conductivity of this alloy has a bit difference 
when treated at various solution times [8-10]. A drop of electrical 
conductivity occurs before 30 min, but then it keeps neither increasing 
nor reducing from 30 to 50 min. Many researchers have reported about 
these changes, but there is no exact evidence on explanation of this 
planar stage in the Figure 2b. Therefore, the optimum temperature 
and time of solution-heat treatment deduced from the results of the 
experiments are 520°C and 30 min, which has significant influences on 
further artificial aging characteristics.
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 Figure 1: Tensile properties of aged alloy treated by solution treatments: (a) solution temperature; (b) solution time.
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 Figure 2: Hardness and electrical conductivity of aged alloy treated by solution treatments: (a) solution temperature; (b) solution time.
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Effects of solution treatments on microstructures

EDX and DSC analysis of residual phases: Figure 3 shows 
microstructures of alloy observed on SEM after solution treatments 
and DSC curve. Apparently, there are some different sizes of residual 
phase in matrix of alloy. From the Figure 3a, these insolvable particles 
have spherical, bulk and rod morphologies. EDX was used to analyze 
these residual phases, as shown in Figure 3b and 3c. Results show that 
two undissolved particles can be qualitatively studied. The spherical 
particles pointed at a red arrow are a Fe-rich phase (Al7Cu2Fe), whose 
content is very small given in Figure 3c. The Fe-rich phase (Al7Cu2Fe) 
is formed during solidification of liquid alloy and hardly dissolves into 
Al matrix when heated in homogenization and solution treatments. 
And the other morphology pointed at a blue arrow is a Cu-rich phase, 
θ'(Al2Cu), which is the main strengthening phase in Al-Li alloy. 

Figure 3d shows the DSC curve of alloy. There are four peaks in 
the curve, which are marked by letters A, B, C and D. Apparently, 
little changes happen at the temperature between 180 to 490°C, but 
endothermic and exothermic reaction occurs around 518-550°C, for 
instance, A, B and C. A clear peak of endothermic reaction shows at A 
dot, 525°C, which may refer to re-dissolution of atom clusters, second 
phases and impurities particles which formed during solidification of 
liquid metal alloy. An alloy is prone to overheat when the temperature 
exceeds over A dot. A small peak in B on the thermograph curve results 

from re-precipitation of second meta-stable phase δ' or Guinier–
Preston (GPB) zones, due to the consequence of heat flow from the 
DSC instrument. Moreover, C dot suggests that most particles have 
disappeared and alloy matrix is under the state of super-saturation. 
When the temperature surpasses D (650-600°C), liquid metal phases 
will turn up. According to the result of DSC experiment, we can find 
that the temperature of solution treatment should be low at 525°C. So 
we select 520°C/30 min for solution treatment, which is consistent with 
the optimum mechanical properties shown in Figures 1 and 2.

Influence of solution treatment on microstructures: Figure 4 
depicts some micrographic metallurgy photos of alloy, where letters 
Figure 4a-4d stand for samples solution-treated at temperature from 
510-520°C, and the others, Figure 4e and 4f mean that specimens are 
heated with the solution treatment at the same temperature, optimum 
values at 520°C for 20, 30, 40, 50 min. In Figure 4a, there are many 
remaining second phases and large particles distributed along the 
grain boundaries. Size of grains is not homogeneous and dislocations 
are tangled around subgrain boundaries. With the temperature 
increasing, solute elements and solvable small phases dissolve into 
aluminiummatrix and the density of dislocations gets smaller and 
smaller, but the contents of vacuums increases fastly [11]. Residual 
unmelted particles mostly accumulate around the grain boundaries 
and their number is small when solution treatment temperature 
was 520°C, which is clearly shown in Figure 4c. However, when the 
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Figure 3: EDX graphs of residual phases and DSC curve.
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temperature goes up to 525°C, those second phases and alloy elements 
will begin to re-precipitate and grow along with grain and subgrain 
boundaries, which is harmful to ductility and toughness of Al-Li alloy, 
as is depicted in the Figure 4d. Microscopy figures (Figure 4e and 4f) 
also witness the similar results shown in Figures 4a and 4d. So, the 
optical microscopy structures of alloy are susceptible to the solution 
treatment temperature and time, which can be demonstrated by the 
relatives between microstructures and mechanical properties shown in 
Figures 1 and 2. Figure 5 displays the SEM tensiled fracture surfaces of 
aged Al-Li-Cu-Mg-Ag alloy treated at various solution treatments. We 
can find that the format of tensiled fracture is clearly cleavage fracture 
and delamination cracks, as shown in Figure 5a. There are a little of 
small dimples with different size and shapes around delaminated 
structures, which is an indication that part of the failure is the result 
of ductile fracture. However, with the increasing solution temperature, 
lamellar structures of delamination get clear and the morphology of 
failure is transferring from transgranular crack to a combination of 
transgranular and intergrannlar fracture. In Figure 6b, the lamellar 
structures and dimples is thinner, smaller and deeper than those 
shown in Figure 6a and 6c. But the morphology of fracture tend to 
be a smooth crystal-sugar shape when the temperature gets up from 
520 to 525°C. The magnification of fracture face of alloy treated at 
optimum processing, 520°C/30 min in Figure 5d, shows that the thin 
delaminated structures and dimples make many contributions to the 
combination between strength and ductility, which can demonstrate 
the results in mechanical properties tests in Figure 1 and 2. 

Figure 6 depicts TEM micrographs of precipitates of aged alloy 
treated by different solution treatments. Apparently, there are plenty 
of aging strength precipitates, T1 phase which can be determined 
from the diffraction mottles in the Figure 6f at the [100] direction, 
homogeneously precipitated in alloy matrix, and some θ' phase also can 
be detected respectively. From the Figure 6a to 6c, when the solution 
temperature is 510°C, the number and size of precipitates are small, 
but distribute dispersedly. With increasing temperature, the density 
of these main strength phases gets greater and more homogeneously 
and they come to grow, as shown in Figure 6b and 6c. The precipitate 
free zone around grain boundary in aging alloy solution treated at 
520°C/30min is very narrow and little precipitates are observed, 
which can make significant contribution to the strength of the alloy as 
displayed in the Figure 6e.

Analysis and Discussion
As discussed before, an enhanced tensile strength and toughness 

can be obtained by appropriate solution treatment that trends to make 
the alloy elements and precipitations redissolve into Al matrix mostly 
[12,13], which lead to get fine grains and facilitate further artificial aging 
hardness. The main parameters of solution treatment are the solution 
holding time and solution temperature, which have significant effects 
on mechanical properties. A proper solution temperature is necessary 
for the heat treatment of Al-Li-Cu-Mg-Ag alloy. To some extent, the 
higher temperature and the more redissolution of elements are, the 
higher strength of aged alloy after solution treatment gets [14]. It is 
apparent that the strength mechanisms for Al-Li-Cu-Mg-Ag alloy are 
major fine grain strengthening and precipitation strengthening when 
treated at different solution conditions and then treated at the same 
aging condition. The precipitation strengthening is attributed to the 
great plenty of solution atoms during solution treatments, which is to 
the benefit of precipitation in the following aging treatment [15]. With 
increasing temperature which is below the over burnt temperature of 

alloy, much more residual phases are redissolved into the Al matrix, 
which results in a higher strength of Al-Li-Cu-Mg-Ag alloy. And the 
extent of lattice distortion and probability of electron diffraction will 
also increase quickly, leading to reduction of mechanical and physical 
properties. Similarly, the fraction of microstructure recrystallization 
and grain size increase significantly with the increasing solution 
temperature, according to Hall-Petch functions relationships [16], 
leading to decreasing the effects of the fine grain strengthening. 
The results of tensile and hardness tests are convincing evidences in 
Figure 1. And electrical conductivity decreases with the elevation of 
temperature till 520°C, then keeps at a stable level around at 22.00, 
shown in Figure 2, though temperature increases. This means that 
solubility of the solution atoms is close to supersaturation. Alloy obtains 
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Figure 4: Optical microscopy structures of Al-Li alloy: (a) 510°C; (b) 515°C; (c) 
520°C; (d) 525°C; (e) 520°C /20min; (f) 520°C /30min; (g) 520°C /40min; (h) 
520°C /50min.
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Figure 5: SEM fracture surfaces of aged alloy solution treated at: (a) 510°C; (b) 
520; (c) 525°C; (d) 520°C /30min.
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a well combination of strength, ductility and toughness when solution 
heat treatment is performed at 520°C for 30 min. Therefore, it is very 
important to treat alloy at proper solution temperature and holding 
time, which obtain a good combination of mechanical properties.

As is shown in Figure 6, the aged Al-Li-Cu-Mg-Ag alloy solution 
treated at 520°C /30 min precipitates a lot of fine dispersion of uniform 
distributed T1 (Al2CuLi) and a few needle-like phases θ'(Al2Cu), which 
makes the alloy achieve an corresponding optimummicrostructures 
and mechanical properties. When treated at relative high solution 
temperature, the vacuum concentration in Al substrate and the 
solution atoms, Cu and Li Robson et al. [17,18], resulting from 
redissolution of residual secondary particles both increase, which can 
increase the matrix supersaturation and the kinectics for precipitation 
after quenching and is beneficial to the precipitation of T1 and θ' [19]. 
On the one hand, the secondary phases’ transformation dynamic and 
diffusion of solution atoms are also promoted with the elevated solution 
temperature. On the other hand, kept for proper solution holding time, 
the secondary particles can dissolve into Al matrix perfectly and few 
bulk phases come to precipitate. However, when the temperature is 
close to 525°C, overburning microstructures will appear in the triangle 
grain boundary connection shown in the Figure 4d.

Conclusions
1) The optimum solution treatment of Al-1.3, LI-5.8, Cu-0.4, Mg-

0.14, Zr-0.3(wt.%) alloy is treated at 520°C for 30 min.

2)The temperature and time of solution treatment have a significant 
influence on size of grains, microstructures of alloy, dispersion 
of the second phases and distortion of crystal lattices, which 
can be in the present of mechanical properties of alloy.

3) Under the superior solution condition, the alloy achieve                         
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(f)(e)

(c)

5 1/nm

Figure 6: TEM micrographs of aged alloy solution treated at: (a) 510; (b) 520; 
(c) 525; (d) 520/30min; (e) PFZ at 520/30min; (f) [100] direction.

excellent microstructures, which a lot of fine dispersion 
of uniform distributed T1 (Al2CuLi) and a few needle-like 
phases θ' can be obtained, and the optimum corresponding 
mechanical properties: σb=566 Mpa, σ0.2=512 Mpa, δ=8.23% 
and hardness=148 HB.
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