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Abstract: The microstructure evolution of Al−Cu−Li−Mn−Zr−Ti alloy during homogenization was investigated by optical 
microscopy (OM), scanning electron microscopy (SEM), energy dispersive X-ray spectrometry (EDX), and differential scanning 
calorimeter (DSC) methods. The results show that severe dendritic segregation exists in the experimental alloy ingot. Numerous 
eutectic phases can be observed in the grain boundary, and the distribution of the main elements along the interdendritic region varies 
periodically. The main secondary phase is Al2Cu. The overburnt temperature of the alloy is 520 °C. The second phases are gradually 
dissolved into the matrix, and the grain boundaries become spare and thin during homogenization with increasing temperature or 
prolonging holding time. Homogenization can be described by a constitutive equation in exponential function. The suitable 
homogenization treatment for the alloy is (510 °C, 18 h), which agrees well with the results of homogenization kinetic analysis. 
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1 Introduction 
 

For high fuel efficiency and low operation cost, 
Al−Cu−Li alloys are widely used in aviation and 
aerospace industries because of their low density and 
high elastic modulus [1−3]. Li is the lightest metal in 
nature, and each 1% (mass fraction) boost of Li content 
in aluminum alloy contributes to about 3% density 
reduction and about 5% elastic modulus increase [4−6]. 
Adding Li to Al−Cu alloys forms the main strengthening 
T1 phase, which contributes to higher strength, better 
corrosion resistance and fatigue resistance performance 
than conventional 2xxx series aluminum alloys for 
aerospace applications [7−10]. Thus, Al−Cu−Li−Mn− 
Zr−Ti alloys are regarded as a competitive structural 
material for aerospace in the 21st century, and their 
development is receiving increasing attention [11−13]. 

The microstructures and mechanical properties of 
Al−Cu−Li alloys are sensitive to the microstructure of 
as-cast alloys, heat treatment, and subsequent processing. 
During casting, the microsegregation of main elements 
cannot be avoided, along with a considerable amount of 
massive undissolved secondary phases in the ingot. 
These factors weaken the workability of the cast 

structure and ultimately affect the mechanical properties 
of aluminum alloys [14−16]. By homogenization 
treatment, these residual phases can be redissolved into 
the matrix; microsegregation can also be reduced or even 
completely eliminated. Thus, homogenization is a 
primary and important step for the manufacture of 
Al−Cu−Li alloys. Numerous studies on homogenization 
prior to extrusion or rolling have been reported [17−20]. 
However, reports on the effects of homogenization heat 
treatment on the microstructure of Al−Cu−Li alloys are 
limited. Therefore, the microstructure evolution of 
Al−Cu−Li alloys during homogenization must be studied 
because the results can significantly contribute to the 
understanding of Al−Cu−Li alloy homogenization. 

In this work, the effects of homogenization on the 
microstructure and composition distribution of an 
Al−Cu−Li−Mn−Zr−Ti alloy were investigated. The 
homogenization kinetic equation of the experimental 
alloy was established, and the results can provide 
indispensable information in optimizing the parameters 
of homogenization treatment. 

 
2 Experimental 
 

The materials used in this study were prepared with 
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high purity ingot of Al, pure Li, pure Cu, pure Mg and 
binary intermediate alloys of Al−Mn, Al−Zr and Al−Ti. 
The alloy was melted in a graphite crucible heated in a 
resistance furnace, and the liquid metal was then poured 
into a steel mold. The ingot dimensions were 25 mm×  
60 mm×130 mm. The nominal composition of the ingot 
was Al−2.8Cu−1.4Li−0.3Mn−0.2Mg−0.12Zr−0.12Ti− 
0.1Fe−0.1Si (mass fraction, %). Slices with dimensions 
of 10 mm×10 mm×10mm were cut from the half position 
between the surface and the center of as-cast ingot. 
Homogenization was performed at 485, 500, 510, 520, 
530 °C for 24 h, respectively. And then at the optimized 
temperature, the specimens were homogenized for 6, 12, 
18 and 24 h. All the homogenized samples were 
air-cooled to room temperature. 

The microstructure characteristics of as-cast and 
homogenized samples were examined by optical 
microscopy (OM), scanning electron microscopy (SEM), 
and energy dispersive X-ray spectrometry (EDX). The 
specimens for OM observation were etched with Keller 
reagent (1 mL HF, 1.5 mL HCL, 2.5 mL HNO3 and 95 
mL H2O). For SEM examination, the samples were 
mechanically polished but kept unetched. SEM 
observation was conducted using a JSM−6360LV 
microscope with energy dispersive X-ray spectroscopy 
(EDX). Differential scanning calorimetry (DSC) analyses 
were conducted using a SDT-Q600 differential scanning 
calorimeter with a heat-up rate of 10 K/min. 
 
3 Results and discussion 
 
3.1 As-cast microstructure 

Figure 1 shows the microstructures of as-cast alloy, 
and Table 1 shows the results of EDX analysis. Severe 
dendritic segregation exists in the ingot, and a 
considerable number of intermetallic phases exist at the 
grain boundaries. The EDX results reveal that the bright 
phase is Al2Cu. The lamellar eutectics are defined as Fe- 
and Mn-containing phases. 

Figure 2 presents the line scanning analysis of 
as-cast alloy. As illustrated in Fig. 2, the distribution of 
main elements along interdendritic region varies 
periodically. Therefore, in order to investigate the 
distribution of elements during the homogenization, the 
key is to study the diffusion law along interdendritic 
region. 

Figure 3 presents SEM microstructure along with 
the distribution of the main elements Cu, Mg, and Mn in 
the as-cast alloy. The segregation of Cu, Mg, and Mn at 
the grain boundaries differs from one another. It is 
obvious that the segregation of Cu is great, while the 
segregation of Mg and Mn is not obvious. The 
concentration of elements decreases from the grain 
boundary to the interior. Therefore, homogenization is 

 

 

Fig. 1 As-cast microstructures of experimental alloy: (a) OM; 
(b) SEM 
 
Table 1 Chemical composition of secondary phases in 
experimental alloy (mole fraction, %) 

Composition/% 
Phase 

Al Cu Mg Mn Fe 
A 77.98 22.02    
B 79.78 17.80 1.30 1.69 0.87 

 

 
Fig. 2 Line scanning of as-cast alloy 
 
necessary to remove severe dendritic segregation in the 
as-cast alloy. Generally, the relationship between the 
diffusion coefficient of element and the temperature can 
be expressed as 
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Fig. 3 SEM microstructure and element distribution of as-cast Al−Cu−Li alloy: (a) SEM image; (b) Cu distribution; (c) Mn 
distribution; (d) Mg distribution 
 

⎟
⎠
⎞

⎜
⎝
⎛−=

RT
QDD exp0                            (1) 

 
where D0 is the diffusion coefficient, Q is the diffusion 
activation energy, R is the gas constant, and T is the 
thermodynamic temperature. Based on Eq. (1), a higher 
temperature obviously corresponds to a quicker diffusion 
speed. However, alloy overburn is fairly common at 
higher temperatures. Thus, obtaining the appropriate 
temperature for homogenization is necessary. 

Figure 4 shows the DSC curve of as-cast Al−Cu−Li 
alloy. Two endothermic peaks are observed in the as-cast 
alloy, sited at 522.5 °C (point C) and 656.7 °C (point D), 
respectively. The temperature of point C can be the 
melting point of eutectic phase. The endothermic peak at 
656.7 °C (point D) corresponds to the melting point of 
as-cast alloy. Thus, the homogenization temperature 
should not surpass 522.5 °C. 
 
3.2 Microstructure of homogenized alloy 

The optical microstructures of the experimental 
alloy homogenized at different temperatures show that 
the residual phases gradually dissolve with increased 
homogenization temperature (Fig. 5). In addition, the  

  
Fig. 4 DSC curve of as-cast Al−Cu−Li alloy 
 
grain boundaries become thinner and clearer with 
increased temperature, and the residual phase distribution 
along the grain boundaries develops a discontinuous 
pattern. Upon homogenization at 510 °C for 24 h    
(Fig. 5(b)), most of the residual phases dissolve and the 
dendritic network structure is reduced. When the 
temperature is increased to 520 °C, some of the melting 
compounds and triangular constituents are observed 
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at the grain boundaries (Fig. 5(d)), indicating that the 
specimen is slightly overburnt. By further increasing the 
homogenization temperature, more triple conjunctions 
are observed, indicating the specimen is seriously 
overburnt. In conclusion, 510 °C is determined to be the 
upper homogenization temperature limit. 

Figure 6 shows the SEM backscattered images of 
the specimen homogenized at different temperatures. The 
second phase gradually dissolves into the matrix after 
homogenization at an elevated temperature. When the 
temperature is increased to 510 °C, the residual phases  
in the grain boundaries decrease significantly. The 
number of second phases in the grain boundaries does 

not show significant reduction with increased 
homogenization temperature. This observation indicates 
that the appropriate temperature for homogenization is 
510 °C. 

Figure 7 shows the SEM images of the specimen 
homogenized at 510 °C for different time. The 
interdendritic second phases are gradually reduced, and 
the residual phases become smaller and sparser with 
prolonging holding time. When the holding time is 
increased to 18 h, the residual phase is almost dissolved 
into the matrix (Fig. 7(c)). Figure 7(d) shows that the 
residual phase does not decline with the prolonging 
holding time. 

Fig. 5 Optical microstructures of specimens 
homogenized at different temperatures for 24 
h: (a) 485 °C; (b) 500 °C; (c) 510 °C; (d) 520 
°C; (e) 530 °C 
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Based on the above discussion, it can be seen that 

most of the residual phases at the grain boundary 
dissolve into the matrix. And the segregation of elements 
Cu, Mg, and Mn at the grain boundary and the 
distribution of these elements almost homogeneous when 
the experimental alloys are homogenized at 510 °C for 
18 h. Therefore, the proper homogenization treatment is 
(510 °C, 18 h) based on the above experiments. 

 
3.3 Homogenization kinetic analysis 

According to section 3.1, the dissolution of 
elements Cu, Mg and Mn along interdendritic region 
varies periodically. Based on the previous study, the key 
of investigating the distribution of the elements during 
the homogenization is to study the diffusion law along 
interdendritic region [20]. The initial concentration of the 

elements along the interdendritic region can be 
approached by Fourier series components in a cosine 
function [21]. 

L
xAcxc π2cos)( 0+=                          (2) 

 
where L is the interdendritic spacing, c  is the average 
concentration of the element, and A0 is the initial 
amplitude of the composition segregation, which can be 
expressed as 

( ) 0minmax0 2
1

2
1 cccA Δ=−=                     (3) 

According to the second Fick’s law and the 
boundary conditions, A(t) can be expressed by  

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−= Dt

L
AtA 2

2

0
π4exp)(                        (4) 

Fig. 6 Backscattered SEM images of 
Al−Cu−Li alloy homogenized at different 
temperatures: (a) 485 °C; (b) 500 °C; (c) 510 
°C; (d) 520 °C; (e) 530 °C 
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Fig. 7 Backscattered SEM images of Al−Cu−Li alloy homogenized at 510 °C for different time: (a) 6 h; (b) 12 h; (c) 18 h; (d) 24 h 
 

It can be seen from Eq. (4) that, the amplitude of 
composition segregation decreases by increasing the 
holding time during homogenization. 

From Eq. (1) and Eq. (4), A(t) can be rewritten as 
 

⎥
⎥
⎦

⎤
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⎢
⎣

⎡
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⎞
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Q
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0
2

0              (5) 

 
Based on Eq. (5), it can be seen that the segregation 

along the interdendritic region decreases with the 
increase of homogenization temperature or the holding 
time, which is consistent with the experimental results in 
this work. 

Generally, when the composition segregation 
amplitude is reduced to 1%, the distribution of the 
element is homogeneous as shown by 
 

100
1)(

0
=

A
tA                                  (6) 

 
Then 
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By taking natural logarithms of both sides, Eq. (7) 

can be rewritten as 

⎟
⎟
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L
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Q
R
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                           (8) 

 
Equation (8) is the homogenization kinetic equation. 

The homogenization kinetic curve can be obtained, as 
long as the parameters of the ingot microstructure are 
given. From the results of section 3.1 and previous work 
[20,21], we can draw a conclusion that the diffusion 
coefficient of Cu is much lower than that of Mg and Mn 
at the same temperature. As a result, it can be considered 
that the homogenization process is mainly affected by 
the diffusion of Cu. By substituting D0(Cu)=0.084 cm2/s, 
Q(Cu)=136.8 kJ/mol and R=8.31 J/(mol·K) into Eq. (8), 
the homogenization kinetic curve of the experimental 
alloy for different interdendritic spacings is obtained, as 
shown in Fig. 8. As illustrated in Fig. 8, the soaking time 
of homogenization reduces greatly with the increase of 
homogenization temperature. 

By substituting the average interdendritic spacing L 
into Eq. (8), suitable homogenizing parameters are 
obtained. The average interdendritic spacing L in the 
present alloy is about 55 μm based on the quantitative 
metallographic analysis. According to the 
homogenization kinetic curves, at the temperature of 510 
°C, the corresponding homogenization holding time is 
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about 16 h. The calculated results agree well with the 
experimental results. 

 

 

Fig. 8 Curves of homogenization kinetics 
 
4 Conclusions 
 

1) Serious dendritic segregation exists in the as-cast 
Al−Cu−Li−Mn−Zr−Ti alloy. The main elements Cu, Mg, 
and Mn are unevenly distributed at the grain boundary. 
The main secondary phase in as-cast microstructure is 
Al2Cu. 

2) The overburnt temperature of as-cast 
experimental alloy is 520 °C. With increased temperature 
or prolonged holding time at the temperature below 
overburning, the residual phases in the grain boundary 
gradually dissolve into the matrix. The distribution of the 
main elements becomes more homogenious, and the 
grain boundaries become sparse and thin. 

3) Homogenization can be described by a 
constitutive equation in exponential function. According 
to homogenization kinetic analysis, the suitable 
homogenization processing for the experimental alloy is 
(510 °C, 18 h), which agrees well with the experimental 
results. 
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Al−Cu−Li−Mn−Zr−Ti 合金在 
均匀化过程中的组织演变 

 
李红英 1,2，苏雄杰 1，尹 浩 1，黄德胜 1 

 
1. 中南大学 材料科学与工程学院，长沙 410083； 

2. 中南大学 有色金属材料科学与工程教育部重点实验室，长沙 410083 

 
摘  要：采用光学显微镜(OM)、扫描电镜(SEM)、能谱分析(EDX)和差示扫描热分析法(DSC)研究 Al−Cu−Li− 

Mn−Zr−Ti 合金在均匀化过程中的组织转变。结果表明，实验合金的铸态组织中存在严重的枝晶偏析，晶界处存

在大量的共晶相，主要合金元素沿枝晶区域呈周期性分布。合金中的主要未溶相为 Al2Cu 相，过烧温度为 520 °C；

均匀化过程中，随着温度的升高和时间的延长，晶界处的第二相逐渐溶入基体中，晶界逐渐变得稀疏；合金的均

匀化过程可以用一指数方程描述；实验合金适宜的均匀化制度为(510 °C，18 h)，这与采用均匀化动力学方程计算

的结果基本吻合。 

关键词：Al−Cu−Li−Mn−Zr−Ti 合金；均匀化；显微组织；动力学 
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