
P

L
a

b

c

d

a

A
R
R
A
A

K
A
P
S
C

1

c
i
t
o
a
h
p
(
c
n
[
a
a
a
i
w
m

S
T

P

v

0
d

Journal of Alloys and Compounds 509 (2011) 3822–3831

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

hase relationships in the Al-rich region of the Al–Cu–Er system

igang Zhanga,b,c,1, Patrick J. Massetb, Fuyong Caoa, Fangui Mengd, Libin Liua,c,∗, Zhanpeng Jina,c

School of Material Science and Engineering, Central South University, Lushan Street 105#, Changsha, Hunan 410083, PR China
Freiberg University of Mining and Technology, Centre for Innovation Competence Virtuhcon, Fuchsmühlenweg 9, D-09596 Freiberg, Germany
Science Center for Phase Diagram & Materials Design and Manufacture, Central South University, Changsha 410083, PR China
School of Material Science and Engineering, Central South University of Forestry and Technology, Changsha, Hunan 410004, PR China

r t i c l e i n f o

rticle history:
eceived 10 September 2010
eceived in revised form 2 December 2010

a b s t r a c t

The Al-rich region of the ternary Al–Cu–Er system is investigated using the method of X-ray diffraction,
scanning electron microscopy with energy dispersive X-ray spectroscopy. Phase equilibria in the Al-rich
region of the Al–Cu–Er system at 673 K have been obtained, and the microstructures of as-cast alloys in the
ccepted 3 December 2010
vailable online 10 December 2010
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Al-rich region are also investigated. One ternary phase �1-Al8Cu4Er with a composition of 59.4–60.4 at.%
Al, 32.2–33.8 at.% Cu, and 6.4–7.7 at.% Er is observed in both as-cast and annealed alloys. At 673 K, the
binary Al3Er phase dissolves about 3.51 at.% Cu. The calculated solidification paths (based on the CALPHAD
method) of as-cast alloys are in agreement with the experimental results.

© 2010 Elsevier B.V. All rights reserved.
olidification simulation
ALPHAD

. Introduction

Interest in aluminum alloys is increasing continuously, espe-
ially for their potential applications in automotive and aerospace
ndustries. Microalloying has been used to improve the high
emperature strength of selected age hardenable Al alloys through-
ut the years [1–7]. Rare earth elements have been used in
luminum alloys for decades to improve the tensile strength,
eat resistance and corrosion resistance, etc. [8–10]. For exam-
le, when Sc is added into Al alloys, a thermo-stable L12-type
AuCu3) Al3Sc phase will form in the Al solid solution, which
an inhibit the re-crystallization and the grain growth and sig-
ificantly improve the high temperature properties of the alloys
11–14]. Recently it has been shown that Er is also a favor-
ble alloying element for aluminum alloys, especially in Al–Mg
nd Al–Cu alloys [15–19]. By increasing the proportion of Er, the

s-cast grains are refined, the thermal stability of the alloy is
mproved, and the hardness and the strength are increased as

ell [20–25]. The reason of the above advantages is that the ele-
ent Er can exist as Al3Er phase, which has a thermo-stable
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L12-type (AuCu3) structure as Al3Sc phase in aluminum based
alloys and is capable to be coherent or semi-coherent with the Al
matrix.

Only limited experimental information is available for this
ternary system in the literature. The crystal structure data of solid
phases in the Al-rich region have been previously assessed by Riani
et al. [26], and listed in Table 1. Kuz’ma et al. have reported the
isothermal section at 873 K [27]. On the base of these limited data,
the thermodynamic parameters of the whole ternary Al–Cu–Er sys-
tem have been assessed by present authors [28]. The purpose of the
present work is to construct the isothermal sections at 673 K in the
Al-rich region of Al–Cu–Er system experimentally and to verify the
thermodynamic optimization of this ternary system.

2. Experimental

The Al–Cu–Er alloy samples were prepared from Al (99.9 wt.%), Cu (99.99 wt.%),
Er (99.5 wt.%) metals and Al–10Er (wt.%) master alloy by arc-melting under argon.
The ingots were re-melted five times to ensure their homogeneity. The weight loss
detected after the arc-melting varied greatly with the alloy compositions (some
alloys showed no weight loss at all). Ten samples with varied alloy compositions
were selected to investigate the Al–Cu–Er ternary system, and their compositions
are listed in Table 2. Among these alloys, seven samples were sealed in quartz tubes
and isothermally annealed at temperature of 673 K for 40 days, then subsequently
quenched in water.

Microstructures of the alloy samples were characterized using scanning electron

microscopy (SEM) and energy dispersive spectrometry (EDS). SEM was performed
with a FEI Sirion200 instrument operating in a backscattered electron (BSE) mode.
And simultaneous EDS characterization was performed with an IXRF Systems instru-
ment and software. Besides SEM–EDS, powder X-ray diffraction (XRD) data were
collected with the Cu-K� radiation on a Rigaku D/max 2550X X-ray diffractometer
to identify specific phases in the produced alloys.

dx.doi.org/10.1016/j.jallcom.2010.12.029
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Crystallographic data of intermetallic phases for Al-rich region of Al–Cu–Er system.

Phase Lattice parametersa Structure type, Pearson
symbol, space group

a (nm) b (nm) c (nm)

� 0.6067 0.4877 CuAl2, tI12, I4/mcm
� 1.2066 0.4105 0.6913 CuAl, mC20, C2/m
L12(Al3Er) 0.4214 AuCu3, cP4, Pm3̄m
�1-Al8Cu4Er 0.8712 0.5130 Mn12Th, tI26, I4/mmm

a The detection limit of the data for lattice parameter is within 0.0001 nm.

Table 2
Constituent phases and compositions of alloys.

Alloys Nominal composition (at.%) Heat-treatment Phase identified

Al Cu Er

1# 95 3.3 1.7 673 K, 960 h Fcc(Al) + �1-Al8Cu4Er + Al3Er
2# 88 10.4 1.6 673 K, 960 h Fcc(Al) + �1-Al8Cu4Er + �
3# 81.8 16.7 1.5 673 K, 960 h Fcc(Al) + �1-Al8Cu4Er + �
4# 81.6 17.4 1 673 K, 960 h Fcc(Al) + �1-Al8Cu4Er + �
5# 76 22.7 1.3 673 K, 960 h Fcc(Al) + �1-Al8Cu4Er + �
6# 66 32.7 1.2 673 K, 960 h �1-Al8Cu4Er + �
7# 58 41 1
8# 98.8 1 0.2
9# 98 1 1
10# 97.5 1 1.5
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culated ones are the phase regions of Al3Er and �1-Al8Cu4Er, as
ig. 1. Experimental isothermal section at 673 K in the Al–Cu–Er system (present
ork).

. Results and discussion

.1. The isothermal section at 673 K

The experimental investigation of the isothermal section at
73 K mainly focuses on the Al-rich region. Fig. 1 presents the phase
elations determined after annealing the Al–Cu–Er alloys for up
o 40 days. The solid lines are acquired according to the present

easurement. The experimental information gained on the phase
quilibra at 673 K is summarized in Table 3.

The ternary phase �1-Al8Cu4Er is proved to be stable at 673 K.

ccording to the EDS results of alloys 1–7, the composition of �1-
l8Cu4Er is 59.4–60.4 at.% Al, 32.2–33.8 at.% Cu, and 6.4–7.7 Er. The
easured composition is very close to the stoichiometric compo-

ition of Al8Cu4Er as it was reported previously [26–29].
673 K, 960 h �1-Al8Cu4Er + �+�
As-cast Fcc(Al) + �1-Al8Cu4Er + �
As-cast Fcc(Al) + �1-Al8Cu4Er + Al3Er
As-cast Fcc(Al) + �1-Al8Cu4Er + Al3Er

In a good agreement with earlier studies [26], the solubility of
Er in the binary � and � phases was found to be very low. From
Table 3, it is readily discernible that the Al3Er phase dissolves up
to 3.51 at.% Cu. It seems that Cu substitutes Al atoms on the Al
sublattices of the Al3Er phase since the measured Er composition
does not change noticeably along the ternary extension of the Al3Er
phase.

Within the investigated composition ranges, 3 three-phase
regions (Fcc(Al) + �1-Al8Cu4Er + Al3Er, Fcc(Al) + �1-Al8Cu4Er + �, �1-
Al8Cu4Er + � + �) and 1 two-phase region (�1-Al8Cu4Er + �) are
determined at 673 K in this work. The SEM micrographs and XRD
patterns of alloy 1 annealed at 673 K for 40 days are shown in
Fig. 2(a and b). As is shown in Fig. 2(a), the alloy (1#) consists
of Fcc(Al), �1-Al8Cu4Er and Al3Er phases, which is confirmed by
its SEM micrograph (Fig. 2(b)) exhibiting a three-phases region
(Fcc(Al) (dark) + �1-Al8Cu4Er (grey) + Al3Er (white)). Meanwhile,
the EDS results (as listed in Table 3) demonstrate that Al3Er phase
can dissolve up to 3.51 at.% Cu.

According to the SEM and XRD analyses, alloys 2–5 are located
in the three-phases region (Fcc(Al) + �1-Al8Cu4Er + �). Fig. 3(a)
presents the XRD results of alloy 2, and its SEM micrograph is shown
in Fig. 3(b), where the phases Fcc(Al) (dark), �1-Al8Cu4Er (white) + �
(grey) coexist in the microstructure.

Experimental results from XRD and SEM/EDS measurements
carried out on alloy 6 are presented in Fig. 4(a and b). Based on these
results, a two-phase region can be identified (�1-Al8Cu4Er + �).
In the alloy 7, a three-phase region (�1-Al8Cu4Er + � + �) can be
observed and has been already displayed in Fig. 5(a and b).

The determined phase relationships of Al-rich the region in
Al–Cu–Er system are consistent with previous calculated results
[28], as shown in Fig. 6 and Table 3. And the experimental and cal-
culated phases and phase boundaries are compared in the Fig. 7,
where the red lines indicate the experimental phase boundaries
which are good agreement with the calculated ones (the black
lines). The minor differences between experimental results and cal-
is shown in Fig. 7, however, considering the experimental errors
and the narrow ranges of solubility of these two phases, the
deviations between calculated results and experiments are accept-
able.
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Table 3
Measured equilibrium alloy compositions and phases at 673 K for 40 daysa.

Alloys Nominal composition (at. %) Phase composition (at. %, EDX) Phase identified Phase field

Al Cu Er Al Cu Er

1# 95 3.3 1.7 98.49 1.02 0.50 Fcc(Al) Fcc(Al) + �1-Al8Cu4Er + Al3Er
61.09 32.56 6.35 �1-Al8Cu4Er
73.18 3.51 23.31 Al3Er

2# 88 10.4 1.6 97.99 1.52 0.49 Fcc(Al) Fcc(Al) + �1-Al8Cu4Er + �
60.39 33.07 6.54 �1-Al8Cu4Er
66.37 33.63 0.00 �

3# 81.8 16.7 1.5 98.66 1.34 0.00 Fcc(Al) Fcc(Al) + �1-Al8Cu4Er + �
59.76 33.78 7.56 �1-Al8Cu4Er
68.92 31.08 0.00 �

4# 81.6 17.4 1 98.36 1.52 0.12 Fcc(Al) Fcc(Al) + �1-Al8Cu4Er + �
59.86 32.78 7.36 �1-Al8Cu4Er
66.83 32.30 0.87 �

5# 76 22.7 1.3 97.78 1.82 0.40 Fcc(Al) Fcc(Al) + �1-Al8Cu4Er + �
60.17 32.16 7.67 �1-Al8Cu4Er
67.10 32.39 0.60 �

6# 66 32.7 1.2 60.39 33.07 6.54 �1-Al8Cu4Er �1-Al8Cu4Er + �
66.37 33.63 0.00 �

7# 58 31 1 59.43 33.13 7.44 �1-Al8Cu4Er �1-Al8Cu4Er + � + �
66.01 33.11 0.88 �
48.11 51.08 0.81 �

a The detection limit of the data for alloy composition is within 0.5 at.%

Fig. 2. Alloy 1 annealed at 673 K for 40 days. (a) XRD patterns of alloy 1; (b) micrograph of alloy 1 showing the co-existence of Fcc(Al) (black) + �1-Al8Cu4Er (grey) + Al3Er(white).
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.2. Microstructure of as-cast alloys

The as-cast alloy compositions are shown on the calculated
l-rich liquidus projection of Al–Cu–Er ternary system in Fig. 8.
olidification microstructures of these alloys are calculated based
n thermodynamic database [28], as listed in Table 4.

Experimental results from XRD and SEM/EDS measurements on
lloy 8 are presented in Fig. 9(a and b). Three phases (Fcc(Al) + �1-

l8Cu4Er + �) are determined in this alloy, as is shown in Fig. 9(b).
cc(Al) phase (dark one) corresponds to the primary crystal phase
n this alloy. To confirm it, thermodynamic solidification simula-
ions of alloy 8 under equilibrium and Scheil conditions [30] are

able 4
icrostructures of as-cast alloys comparing with calculated results.

Alloys Nominal composition (at.%) Condition

Al Cu Er

8#s 98.8 1 0.2 Equilibrium
Scheil

9# 98 1 1 Equilibrium
Scheil

10# 97.5 1 1.5 Equilibrium
Scheil
f alloy 2 showing the co-existence of Fcc(Al) (black), �1-Al8Cu4Er (white) + � (grey).

conducted based on the results of Zhang et al. [28] with Pandat soft-
ware [31], and the calculated results are shown in Figs. 10 and 11.
Under both equilibrium and Scheil conditions, the Fcc(Al) phase
is first formed from liquid (from point A8 to B8 in Fig. 10),
subsequently an eutectic reaction (Liquid → Fcc(Al) + �1-Al8Cu4Er)
occurs (point B8). In equilibrium condition, the solidification
of alloy 8 should ends at such eutectic reaction. While under
Scheil’s condition, excess liquid react with �1-Al8Cu4Er phase

after the eutectic reaction, following a peri-eutectic reaction
(liquid + �1-Al8Cu4Er → Fcc(Al) + �). The peri-eutectic reaction (liq-
uid + �1-Al8Cu4Er → Fcc(Al) + �) fails to happen completely due
to the high cooling rate and the remaining liquid phase solid-

Calculated results [21] Phase identified

Fcc(Al) + �1-Al8Cu4Er Fcc(Al) + �1-Al8Cu4Er + �
Fcc(Al) + �1-Al8Cu4Er + �
Fcc(Al) + Al3Er + �1-Al8Cu4Er Fcc(Al) + Al3Er + �1-Al8Cu4Er
Fcc(Al) + Al3Er + �1-Al8Cu4Er
Fcc(Al) + Al3Er + �1-Al8Cu4Er Fcc(Al) + Al3Er + �1-Al8Cu4Er
Fcc(Al) + Al3Er + �1-Al8Cu4Er
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Fig. 4. Alloy 6 annealed at 673 K for 40 days. (a) XRD patterns of alloy 6; (b)

fy after the eutectic reaction (liquid → Fcc(Al) + �). Finally, the
xcess liquid react completely during this eutectic reaction (liq-
id → Fcc(Al) + �) under this non-equilibrium condition (Scheil).
rom above discussion, we can draw a conclusion that the solid-
fication simulation under Scheil condition is more consistent with
xperimental results, as we can find Fcc(Al) + � eutectic structure
n Fig. 9.

Experimental results from XRD and SEM/EDS measurements
n the alloys 9 and 10 are presented in Figs. 12 and 14, respec-
ively. Three phases (Fcc(Al) + �1-Al8Cu4Er + Al3Er) are determined
n these alloys, as is shown in Figs. 12(a) and 14(a). Based
n thermodynamic calculations using the database of Al–Cu–Er
ernary system [16], solidification paths of alloys 9 and 10
nder equilibrium and Scheil conditions are calculated. In the
orming process of these alloys Fcc(Al) phase first precipitates
rom the liquid alloy, and it is followed by the eutectic reac-
ion (liquid → Fcc(Al) + �1-Al8Cu4Er) with temperature decreasing,
nding up with a ternary eutectic reaction (liquid → Fcc(Al) + �1-
l8Cu4Er + Al3Er) under equilibrium and scheil conditions, as is
hown in Figs. 13 and 15. The experimental microstructures
ternary eutectic microstructure in Figs. 12(b) and 14(b)) of
lloys 9–10 are in good agreement with the calculated solidifi-

ation paths, as shown in Figs. 13 and 15. Moreover, comparing
igs. 12(b) with 14(b), it can be found that the amounts of ternary
utectic microstructures in the alloy 10 are more than that in the
lloy 9. The reason is that the alloy composition of the alloy 10
s more close to the ternary eutectic point compared with that of
graph of alloy 6 showing the co-existence of �1-Al8Cu4Er (white) + � (grey).

the alloy 9, which is shown in the calculated liquidus projection
(Fig. 8).

Based on the above information, the observed microstructures
vary significantly with the alloy compositions and solidification
conditions. These differences can be explained by thermody-
namic calculation using the CALPHAD method. The thermodynamic
database can therefore be considered to be a solid working basis for
designing Al alloys.

4. Summary

The phase relationships for the Al-rich region of Al–Cu–Er
ternary system at 673 K were determined by X-ray diffraction,
scanning electron microscopy with energy dispersive X-ray spec-
troscopy. Three three-phase regions (Fcc(Al) + �1-Al8Cu4Er + Al3Er,
Fcc(Al) + �1-Al8Cu4Er + �, �1-Al8Cu4Er + � + �) and one two-phase
region (�1-Al8Cu4Er + �) were confirmed at 673 K in this work. The
measured phase relationships of the Al–Cu–Er system at 673 K
are consistent with thermodynamic calculations using the CAL-
PHAD method. Experimental microstructures of Al-rich as-cast
alloys were also investigated, and are consistent with thermody-

namic solidification prediction based on the CALPHAD method. And
the resulting thermodynamic database was applied to case stud-
ies of as-cast alloys, showing that the literature thermodynamic
description of the Al–Cu–Er system is reliable as a working basis
for computer-assisted alloy design.
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Fig. 5. Alloy 7 annealed at 673 K for 40 days. (a) XRD patterns of alloy 7; (b) micrograph of alloy 7 showing the co-existence of �1-Al8Cu4Er (white) + � (black) + � (grey).

Fig. 6. The calculated isotherm section of Al–Cu–Er system at 673 K [21] with exper-
imental alloys.

Fig. 7. The calculated isotherm section of Al–Cu–Er system at 673 K compared
with experimental information. Note red lines indicate the measured phases rela-
tionships including terminal compositions; black lines are the calculated phase
equilibria; green lines are the calculated tie-lines. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of the
article.)
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Fig. 8. The calculated liquidus projection of Al-rich side with alloy compositions.

Fig. 10. Calculated solid phase fraction for alloy 8 under the equilibrium and Scheil
conditions with temperature change.

Fig. 9. Microstructure of as-cast alloy 8. (a) XRD patterns of alloy 8; (b) micrograph of alloy 8, phases �1-Al8Cu4Er (white), � (grey), and Fcc(Al) (black).



L. Zhang et al. / Journal of Alloys and Compounds 509 (2011) 3822–3831 3829

Fig. 11. The calculated solidification path of alloy 8 under Scheil condition.

Fig. 13. Calculated solid phase fraction for alloy 9 under the equilibrium and Scheil
conditions with temperature change.

Fig. 12. Microstructure of as-cast alloy 9. (a) XRD patterns of alloy 9; (b) micrograph of alloy 9, phases �1-Al8Cu4Er (white) and Fcc(Al) (black).



3830 L. Zhang et al. / Journal of Alloys and Compounds 509 (2011) 3822–3831

Fig. 14. Microstructure of as-cast alloy 10. (a) XRD patterns of alloy 10; (b) m
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