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Abstract: The present work is aimed to clarify the formation of the z1(AlsCusCe) phase and its formation mechanism in the high Cu
content alloys with Ce addition, i.e high Cu/Li Al-Cu-Li-Ce alloys. The microstructure evolution of the alloy during the two-step
homogenization annealing process was investigated. Results show that the coarse Ag+Mg enriched Tg (Al;CusLi) phase and the
primary AlCuCe phase occur under solidification. Two types of the minor z; phases are formed after homogenization. It is concluded
that the 7 phase nucleation mechanism could involve either nucleation on an existing Tg phase by Ce diffusion from the Al matrix or
the transformation of the primary AlCuCe phase into the z; phase by Ce diffusion through the coarse primary AICuCe phase shrink.
It is deduced that the grain refinement is attributed to the primary AlCuCe, which can promote « (Al) nucleation and further prohibit

the grain growth for the experimental alloy.
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Al-Li alloys have received considerable interest because of
their attractive high strength to weight ratio, large elastic
modulus, small anisotropy, excellent resistivity to damage and
good weldability. These characteristics make the alloys a very
attractive choice in all weight-critical applications™?. In past
several decades, a number of researchers have paid attention
to the microstructure and the mechanical properties of
Al-Cu-Li alloys with a trace amount of Ag, Mg and zr®*™,

The mechanical properties of the Al-Li-Mg alloys were
improved and the negative effect of impurity Fe was
controlled by Ce addition. The Ce addition was also reported
to affect the ductility and the fracture toughness of 8090 alloy
sheets rich in impurities of Fe, Si and alkali metals™. Once the
Cu level is up to 5.8% in the present alloy system, an isothermal
section of Al-Cu-Ce ternary system phase diagram™® must be
taken into consideration and the Ce containing precipitates
observed in such a system might be z(AlsCusCe) phase. Ce
addition in the Al alloys usually has following three effects: (i)
hindering the diffusion of the major elements in experimental
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alloys and finally retarding the coarsening of primary
strengthening phases, e.g. Xiao found that the addition of Ce up
to 0.45wt% improved the thermal stability of the £2 phase in
Al-Cu-Mg-Ag base alloys™. (ii) forming primary AlCuCe
phase which acted as nucleating agents for remainder liquid
solidified to (Al) and combined with Ce atoms to segregate at
the solidification front of the dendrites so as to increase the
region of compositional supercooling and finally reduce the arm
spacing of secondary dendrites™, e.g. grain size varied with the
Ce content in Al-Cu-Mg-Mn-Ag alloys™ and the dendritic
structure could be refined, the morphology of precipitates
changed from spherical to needle shape when Ce content varied
from 0.1% to 0.4% (mass fraction) in 7055 Al alloy™. In
addition, J. P. Lai et al.”® also found that addition of Ce could
remarkably refine the as cast grains and eutectic microstructure.
(iii) forming 7; dispersoids during homogenization and thermal
mechanical process. These types of particles played a high
antirecrystallized effectiveness in the alloy during following
heat treatment™.

Foundation item: Research Foundation of the General Armament Department (6140506); Foundation for Sci & Tech Development Project of Shandong

(2014GGX102006)

Corresponding author: Yin Dengfeng, Ph. D., Associate Professor, School of Materials Science and Engineering, Central South University, Changsha 410083, P.R.

China, Tel: 0086-731-88879341, E-mail: dfyin@126.com

Copyright © 2016, Northwest Institute for Nonferrous Metal Research. Published by Elsevier BV. All rights reserved.

1687



Yu Xinxiang et al. / Rare Metal Materials and Engineering, 2016, 45(7): 1687-1694

The aim of the present study is to investigate the feature of
the microstructure evolution and the possibility of the
formation of the z; phase in the Ce-added novel Al-Cu-Li
complex alloy system during homogenization.

1 Experiment

The alloy with a chemical composition of Al-2.46Cu-5.08L.i
-0.054Ce-0.1Ag-0.45Mg-0.04Zr (at%) was prepared. Master
alloys of Al-Zr, Al-Ce and Al-Cu and pure elements of Ag, Mg,
Li and Al were melted in a vacuum induction melting furnace
under a controlled atmosphere of argon gas, using high pure
graphite crucible. Lithium addition was made by plunging Li
wrapped in aluminium foil. Casting was carried out under
argon[lsl. The ingot was homogenized using two-step
homogenization cycle at 470 <C, 8 h + 510 <C, 16 h in a salt
bath.

Specimens cut from the ingot as-cast and homogenized
were observed by optical and electronic microscope. Grain
structure of the specimens was determined after being
anodized with Barker’s reagent (1.8% HBF, solution with a
voltage of 20~30 V and a current of 0.5~1.5 mA) and viewed
with cross-polarized light on Leica DMILM optical
microscope (OM). Phase analysis was performed with X-ray
diffractometer (XRD, Rigaku D/ max 2500). A Quanta-200
environmental scanning electron microscope (SEM) was used
for the evaluation of the microstructural features of the alloy.
The wave length-dispersive X-ray spectrometer (WDS)
microanalysis of the intermediate phases in arbitrarily selected
area was performed on JEOL JXA-8230 electron microprobe
analysis (EPMA) instrument. In addition, differential scanning
calorimeter (DSC) analysis of specimens by NETZSCH STA
449C was carried out under argon atmosphere to analyze the
transition of phases during the homogenization treatment.

2 Results

2.1 Microstructure observation

Optical micrographs of the grain structures of the alloy are
presented in Fig.1. The alloy in as-cast condition consists of
typical large and dendritic grains. The average grain size is
200~300 um, and the dendrite arm spacing (DAS) is ~30 um
(Fig.1a). Compared to other Al-Cu-Li alloy, e.g. 1469 Al-Cu-
Li-Sc (grain size 400~500 pm)™® and Al-Cu-Li-Mn-Zr-Ti
alloy (DAS 80~100 pum)™, the remarkable refinement of the
columnar grains containing the dendritic substructure with
complex alloying by Ce and Zr is observed; DAS is reduced
simultaneously. A great degree of dendritic microsegregation
exists within the grains. After homogenization, the dentritic
grain structure is eliminated basically, as shown in Fig.1b. The
grain boundaries become level and smooth.

Fig.2 shows the SEM images for the solidification and
homogenization microstructure of the alloy. Coarse conti-
nuous non-equilibrium phases are distributed both within the
interiors of dendrite cells and on the dendrite boundaries that

Fig.1 OM images of the experimental alloy with cross polarized
light: (a) as-cast and (b) homogenized

100 pm

Fig.2 Backscattered SEM images of the experimental alloy:
(a) as-cast and (b) homogenized

comprise the shell, as the white net-like parts shown in Fig.2a.
However, in the homogenized structure, vast arrays of
discontinuous small particles are visible instead of those
coarse continuous phases, as shown in Fig.2b. This indicates
that most of the continuous non-equilibrium phases are
dissolved and some other phases are formed.
2.2 Segregation of the alloying elements before and after
homogenization
Fig.3 is the SEM images and the elements mappings of the
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As-cast

SEM images

Ag

Mg
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Fig.3 Elements map-scanning of the selected region in the as-cast structure and homogenized structure:
(a, f) SEM images, (b, g) Cu, (c, h) Ce, (d, i) Ag, and (e, j) Mg

studied alloy by EPMA. Cu atoms are distributed within the
coarse continuous phases entirely, and a few of Ce segregate
at the area with Cu enrichment. The Mg and Ag tend to be
concentrated together at the localized region of these
continuous phases. After homogenization, Ce and Cu further

gather together in the Cu-rich area intensely. The segregation
of Mg and Ag are eliminated considerably and they become
uniformly distributed within grains, which indicate that the
homogenization treatment has successfully eliminated the
microsegregation of Mg and Ag.
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Fig.3b and Fig.3g show the distribution of Cu before and
after homogenization, respectively. It is obvious that the Cu
atoms segregate more strongly in the continuous phases
formed during solidification. Correspondingly, the Cu atoms
fixed in the Al matrix of the solidification microstructure are
relatively deficient. The color of the Al matrix showing deep
dark confirms this (Fig.3b). The Al matrix becomes light
colored after homogenization, showing blue (Fig.3g), which
means that the Cu content in the matrix rises. The results
suggest that Cu atoms tend to move from the coarse
continuous phases towards the Al matrix during
homogenization annealing. In contrast, the distribution of Ce
shown in Fig.2c indicates that the degree of Ce segregation in
the array of the “skeleton” particles formed after
homogenization is seen to be higher. This observation will be
confirmed by the further quantified analysis in the following
section.

2.3 Phase constitution

Fig.4 shows the XRD patterns of the alloy both in the as-cast
and the homogenized states. It can be observed that as-cast alloy
is mainly composed of aAl) solid solution, Tg (Al,Cu,Li) and
7 (AlgCu,Ce) (serve as primary AlCuCe phase in the present
work due to relatively low Ce content compared to z; particle
formed during homogenization) phases. After homogenization
of the experimental alloy, there are no obvious diffraction peaks
of Tg phases. This indicates that the majority of Tg phase
formed during the solidification process has dissolved back to
Al matrix. However, XRD peaks originating from the z; phase
are distinguished both in the as-cast and the homogenized states.

The SEM image of solidification microstructure (Fig.5a)
shows that the coarse continuous particle can be divided into
two types of phases because of well-defined differences in
their morphology and brightness. The WDS analyses of point
1 in the brighter and thinner part of continuous phase
(“skeleton” phase), point 2 in the normal part of continuous
phase and point 3 in the matrix are listed in Tablel. The
contents of Mg and Ag are 0.2148 at% and 0.0627 at%,
respectively, in the point 1 and the Ce level is measured to be
2.1281 at%. Compared to point 1, the content of Mg and Ag are
found to be double more in the point 2, while its Ce level is
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Fig.4 XRD patterns of the experimental alloy
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Fig.5 Backscattered SEM images of the experimental alloy:
(a) as-cast and (b) homogenized

relatively low. Furthermore, the composition profiles along
the line across the two types of coarse phase are indicated in
Fig.6a. It is easily observed that Ce is only detected in the
brighter part of continuous phase. However, the contents of
Mg and Ag start to rise for the phase without Ce in the normal
part of continuous phase.

The typical phases of the alloy after homogenization are the
“skeleton” particles and the discontinuous irregular particles
(Fig.2d). The SEM image of the phase is shown in Fig.5b. The
variation of the components along line across the two types of
particles is shown in Fig.6b. Table 2 shows the WDS
composition analysis of point 1 in “skeleton” particles, point 2
in irregular particles and point 3 in matrix. Two types of
discontinuous particles contain mainly Al, Cu and Ce, of
which the content of Ce reaches 5.4110at% and 4.1541at%,
respectively. In addition, it is clearly observed that Mg content
is decreased largely in Ce enrichment area.

A comparison of the compositions of the predominant second
phases (particle 1 shown in Fig.5) as well as the matrix before
and after homogenization in Table 1 and Table 2 is obtained. It
reveals that higher level of Ce is found within the second phase
after homogenization. It also presents that the content of Ce fixed
in the matrix decreases from 0.0207 at% to 0.0113 at%, while
the content of Cu increases from 1.4555 at% to 1.7505 at% after
the homogenization annealing. The results are in accordance
with those in Fig.3, which indicate that a considerable amount of
Cu dissolve into the matrix and parts of Ce diffuse from matrix
to the Ag-Mg enrichment phase to form the 7 phase.

2.4 Microstructure evolution during homogenization
annealing

Fig.7 shows the SEM images of microstructures of the alloy
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Fig.6 Backscattered SEM images and elements line-scanning across the coarse phase as the lines with arrows in upper pictures:

(a) as-cast and (b) homogenized

Table 1 WDS analysis of the as-cast experimental alloy in Fig.5a (at%o)

Point Al Cu Ag Mg Zr Fe Si Ce Total
1 74.2398 22.9415 0.0627 0.2148 0.1668 0.1923 0.0529 2.1281 100.0000
2 76.4389 22.1606 0.1254 0.5621 - 0.7030 0.0496 0.0100 100.0000
3 98.3532 1.4555 0.0621 0.0799 0.0226 0.0059 0.0119 0.0207 100.0000
Table 2 WDS analysis of the homogenized experimental alloy in Fig.5b (at%)
Point Al Cu Ag Mg Zr Fe Si Ce Total
1 62.6571 31.4556 0.0341 0.0566 0.1962 0.1454 0.0440 5.4110 100.0000
2 63.8824 30.5728 0.0834 0.0673 0.2810 0.9111 0.0479 4.1541 100.0000
3 97.997 1.7505 0.0799 0.0916 0.0450 0.0030 0.0217 0.0113 100.0000

homogenized for different time. Fig.7a shows the features of
the as-cast structure. The white coarse particles appear to be
complete and continuous. As shown in Fig.7b, upon heating at
470 <C for 8 h, the whole profile of the primary AlCuCe phase
barely changes (as arrows pointed). On the other hand, the
majority of the Ag+Mg enriched Tg phase begins to dissolve
and shrink. Fig.7c shows the typical feature of the
microstructure of the alloy after homogenizing at 470 <C for 8
h followed by a high temperature step at 510 <C for 8 h. The
majority of the coarse Tg phase disappears and the elongated
parts of primary AlCuCe phase have already broken off (as
arrows pointed). Fig.7d shows the microstructure of the alloy
after homogenizing at 470 <C for 8 h followed by heating at

510 <C for 16 h. The volume of the second phase diminishes
further and the array of the discontinuous particles is initially
formed. There are two 7 phases formed during
homogenization in Fig.7d. One is transformation from the
primary AlCuCe phase into the rodlike (as circle pointed) and
the other is nucleation on an existing Tg phase which converts
into  phase (remainder minor white particle). At the same
time, Tg phase cannot be seen in the alloy any more.
2.5 DSC analysis

Fig.8 shows DSC plots for the alloy in both the as-cast and
the homogenized states. A well-defined difference is evident
in the precipitation behavior between the two states of the
Al-Cu-Li-Ce alloy. At 518 and 599 <C, a double endothermic
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peak appears in the alloy after solidification, and the
homogenized alloy exhibits an almost-single, distinct endo-
thermic peak at 599 <C. At 518 <C, the endothermic peak is
largely caused by the dissolution reaction of low melting
phase (Tg phase), which is similar to general Al-Cu alloy
where the DSC endothermic peak at 532 <C, is largely caused
by the melting of the Al,Cu phase ™. A decrease in the
volume fraction of the Tg phase after homogenization
annealing leads to a significant decrease in the intensity of this
peak up to a negligible value. For the alloy in the as-cast state,
the DSC curve tends to be endothermic, which indicates the
gradual dissolution of the Tg phase with heating. In contrast,
for the alloy in the homogenizing state, the DSC curve
provides weak evidence for the gradual dissolution of the Tg
phase. Therefore, homogenization annealing eliminates
massive melting at 518 <C.

The endothermic peak at 599 <C is attributed to the partial
melting of other high-temperature phases. The homogeni-
zation annealing obviously increases the intensity of this peak.
The Ce containing z; phase is mainly responsible for this
peak.

3 Discussion

The modification of the cast structure with Sc addition was
attributed to the formation of the primary Als;Sc during
solidification™?2. The primary Al,Sc precipitates could be
formed prior to the solidification of the aluminum phase and
act as nuclei of solidifying aluminium grains . Analogously,
when the Ce content is 0.054 at%, the present experimental
alloy owns a primary AICuCe phase which acts as nucleating

agents for remainder liquid solidified to «(Al) continually at
590 T Therefore the grain size and the typical dentritic
grain structure of the studied high Cu/Li Al-Cu-Li as-cast
alloy manifest that the Ce addition can refine the cast structure
considerably (Fig.1a).

An inspection of the experimental result after
homogenization shows that the Ce additives do not lead to
unusual Ag or Mg segregation; therefore, this additional
alloying will not affect the size and distribution of the T,
phase precipitating during artificial ageing®®!. However,
Ag+Mg enriched Tz phase is observed in as-cast experimental
alloy, which is attributed to and consistent with the strong
attraction between Ag and Mg owing to the large difference in
electronegativity between them, i.e. 0.7, together with the fact
that Ag reduces the solubility of Mg in Al"%!,

According to the SEM observations, it is concluded that the
7; phase nucleation mechanism could involve either
nucleation on an existing Mg+Ag-rich Tg phase (Fig.9 upper)
or the transformation of the primary AICuCe phase particle
into the 7; phase by Ce diffusion mainly from some part of the
primary AICuCe phase into AlCuCe remain part (Fig.9
bottom). In the case of nucleation on the Ty phase, the 7; phase
constituents (Ce and Cu) must be present in the Al matrix to
form a nucleus at the Tg phase/Al interface. This interface
represents a preferred nucleation site because the incoherent
interface with the Tz phase reduces the interfacial energy.
After the 7 phase is nucleated, it will grow by consuming the
Tg phase particle next to it and also by diffusion of Ce through
the Al matrix fixed within the supersaturated solid solution. In
the case of the transformation mechanism, Ce diffuses into the

Fig.7 SEM images of the typical microstructures at the different stages of homogenization: (a) as cast; (b) 470 <C, 8 h;
(c) 470 ,8h + 510 €, 8 h; (d) 470 C,8h +510 T, 16 h
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Fig.8 DSC curves for the alloy before and after homogenization
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Fig.9 Schematic diagrams of formation of t; phase during
homogenization

primary AICuCe phase particle itself, which increases the Ce
content (at%) by a factor of 2 or more.

4 Conclusions

1) The grain sizes can be significantly refined with addition
of rare earth Ce.

2) The addition of Ce into the Al-Cu-Li alloy leads to the
formation of the © phase. The primary AICuCe phase is
formed in the as-cast structure. Under homogenization
annealing, the coarse primary AICuCe phase shrinks, breaks
off during homogenization and transforms into the z phase
ultimately; on the other hand, the Mg+Ag rich Tg phase
dissolves and the 7 phase forms.
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B 5 AL IEXTHE Al-Cu-Li-Ce & & R M L5 HI RS2

SEREL FEIEY, KB, KR, MK
(1. FRFRE 2011 A G4 8 et S ARl S hliE b F 0% oG, Wik Kb 410083)
(2. MEm L, LR WE 265713)

O W T RN Ce A S Culli B8 Al-Cu-Li-Ce A 475 XU 34 214k # b B b R FhAROW 85 40 i) AL I R, IR 3 3R 1%
&4 na(AlgCusCe) i T BT A2 S H B ML . fERERE R R Ag, Mg & SERTHLAN Te (Al,CusLi) A A ) AlCuCe AHFLFITE M. XX
WIS 2 PRE o AR L. 2R S 4, 185t Ce AW H Al BARFIZE Te A EETEAZ I o MY BOFSBOZR A
WK, BAKJFEAER AlCuCe AHIBIE AWAE K IFHERE Cu, Ce A&7 T HL, A NA/NREI o Al [R5 A R A & 4 il i 2
AR KX RS T AICuCe H, AMHAERSHEERRIAL, IR REASRLIE Skt KoK, RA GBS HINEGE S MRS 2I41k.

K B Al-Cu-Li &4 i WE; offl; Bk

EH TN KT, B, 1984 F4, #E4E, PRERFEMERELS TR, W K70 410083, Hif: 0731-88879341, E-mail:
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