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a b s t r a c t

The phase relationships in the Al–Zr–La ternary system at 773 K have been investigated for the first time
mainly by means of X-ray powder diffraction (XRD) and scanning electron microscopy (SEM) equipped
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with energy dispersive analysis (EDX). The existence of the Al4La5 and AlLa2 binary compounds has
been confirmed in this ternary system. The isothermal section consists of 18 single-phase regions, 33
two-phase regions and 16 three-phase regions. No ternary compound was observed in this work.

© 2010 Elsevier B.V. All rights reserved.
-ray diffraction
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. Introduction

Aluminum alloys are widely used in aerospace and automobile
ndustries due to their low density, good mechanical properties,
igh corrosion and wear resistance, and lower thermal coefficient
f expansion [1–3]. Zirconium based alloys are used extensively in
he nuclear industry. They have distinct advantages of low neu-
ron absorption cross-section coupled with required mechanical
roperties and good corrosion resistance, which makes them indis-
ensable as structural materials in thermal reactors. Formation of
l3Zr precipitates in aluminum alloys has been used for a long time,
specially in alloys for aerospace applications (such as AA7000
eries) [4]. The stronger covalence Al–Zr bond in Al3Zr is not eas-
ly to be broken down by dislocation cutting and thus can hinder
islocation moving. In other words, the strong Al–Zr covalent bond
etwork can greatly strengthen the matrix of Al alloys [5].

Al–R (rare-earth) alloys have been investigated for a long time
ue to their interesting physical properties and possibility of com-
ercial application. As the solubility of R in aluminum is very low,

he mixture of Al with Al3R (Al11R3) is always important for the
esign of new materials [6]. These intermetallic compounds show
ather outstanding electrical and magnetic properties. For exam-
le, Al3Ce and Al2Ce are considered to be model systems in the
nvestigations of “heavy fermions”. Kondo effect and peculiarities
n phase transitions of the second order were found for these and
imilar Al–R compounds at low temperatures [7–9]. It is a com-
on place for many works that rare-earth elements exist in the
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R3+ or R2+ states in Al-based alloys [10]. It means that the magnetic
moment per R-atom in the alloys is the same as that for pure R and
4f-electrons which are not involved into chemical bonds formation.
However, this idea has to be checked experimentally, especially for
high temperatures.

In order to discover further application characteristics of the
aluminum and zirconium alloys, it is necessary to investigate the
phase relationships in the Al–Zr–RE ternary systems. However, up
to now very few information can be found on the ternary system of
the Al–Zr–La. This work was undertaken to experimentally inves-
tigate on the phase diagram of this ternary system and shed light
on the phase equilibrium information.

In Refs. [11–13], the binary phase diagrams of Al–Zr, Al–La and
Zr–La systems have been reported. Eight binary compounds, i.e.
Al3Zr, Al2Zr, Al3Zr2, AlZr, Al3Zr4, Al2Zr3, AlZr2 and AlZr3 are shown
in the Al–Zr binary phase diagram at 773 K. For the Al–La binary sys-
tem, five intermediate phases namely AlLa3, AlLa, AlLa2, Al3La and
Al11La3 have been reported in the previous binary phase diagram
at 773 K. In addition the existence of Al4La5 [14], a new compound
AlLa2 has been reported in the previous literature [15]. There is no
binary compound reported in the Zr–La system. Structural data for
the intermetallic compounds in the three binary systems are given
in Table 1.

2. Experimental procedure

Each sample was prepared with a total weight of 1.5 g by weighing appropriate

of the pure components (Al 99.9 wt.%, Zr 99.99 wt.% and La 99.99 wt.%). Sixty-one
alloy buttons were made in an electric arc furnace under an argon atmosphere and
a water-cooled copper crucible. Titanium was used as an oxygen getter during the
melting process. The alloys were re-melted four times in order to achieve complete
fusion and homogeneous composition. For most alloys, the weight loss is less than
1% after melting.

dx.doi.org/10.1016/j.jallcom.2010.07.133
http://www.sciencedirect.com/science/journal/09258388
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Table 1
Crystallographic data of the binary phases in the ternary Al–Zr–La system.

Compound Conditions (◦C) Space group Lattice parameters (nm) Reference

a b c

Al3Zr <980 I4/mmm 0.4005 – 1.7285 [16]
0.400967 1.729368 This work

Al2Zr <1250 P63/mmc 0.52824 (5) – 0.87482 (5) [16]
0.528334 0.874973 This work

Al3Zr2 <1480 Fdd2 0.9601 (2) 1.3906 (2) 0.5574 (2) [16]
0.95831 1.386968 0.556662 This work

AlZr <1275 Cmcm 0.3353 1.0866 0.4266 [16]
0.33516 1.08361 0.426421 This work

Al3Zr4 <1030 P6 0.5433 (2) – −0.5390 (2) [16]
0.542897 0.534973 This work

Al2Zr3 <1275 P42/mnm 0.7630 (1) – 0.6998 (1) [16]
0.763362 0.703534 This work

AlZr2 <1595 P63/mmc 0.4894 – 0.5928 [16]
0.485921 0.593844 This work

AlZr3 <1490 Pm3m 0.43917 (1) – – [16]
0.438000 This work

Al11La3 <915 Immm 0.4431 1.3142 1.0132 [17]
0.443219 1.31573 1.013753 This work

Al3La <1170 P63/mmc 0.6667 – 0.4616 [18]
0.666098 0.462609 This work

Al2La <1405 Fd3m 0.81489 – – [19]
0.814267 This work

AlLa <873 Cmem 0.9531 (6) 0.7734 (6) 0.5809 (5) [20]
9163
70942
5093
51001
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Al55Zr40La5 and Al62Zr20La18, i.e. Al3Zr2, AlZr and Al2La. Another
two equilibrated alloys of Al54Zr22La24 and Al57Zr15La28 consist
of the patterns of three phases, i.e. AlZr, AlLa and Al2La, as shown
in Fig. 6.
Al4La5 – P62m 0.
AlLa2 – Tetragonal 1.
AlLa3 520–400 Pm3m 0.

0.

The melted alloys were sealed in an evacuated quartz tube containing titanium
hips as an oxygen getter. The tube was placed in a resistance furnace for homog-
nization treatment and then annealed at different temperatures in order to attain
ood homogenization. The heat treatment temperature of the alloys was determined
y differential thermal analysis (DTA) results of some typical ternary alloys or based
n previous works of the three binary phase diagrams. The alloys at the Al-rich cor-
er or those contained AlLa3 phase were homogenized at 873 K for 960 h, and the
est alloys were homogenized at 1173 K for 360 h. Then all of them were cooled
own to 773 K at a rate of 9 K/h and maintained for more than 240 h. Finally, all
hese annealed alloys were quenched in liquid nitrogen.

Finally, the equilibrated samples in the Al–Zr–La system were determined from
-ray powder diffraction (XRD) and scanning electron microscopy (SEM) with
nergy dispersive analysis (EDX). Samples for XRD analyses were firstly powdered
nd then analyzed on a Rigaku D/Max-2500 V diffractometer with CuK� radiation
nd graphite monochromator operated at 40 kV, 200 mA. The Materials Data Inc.
oftware Jade 5.0 and Powder Diffraction File (PDF release 2004) were used for phase
dentification. Some typical alloys were analyzed by optical microscopy (OM) and
EM.

. Results and discussion

.1. Phase analysis and solid solubility

In this work, the binary systems Al–Zr, Al–La and Zr–La at 773 K
ave been studied to identify the binary compounds before the
nalysis of the ternary system.

Eight binary compounds, i.e. Al3Zr, Al2Zr, Al3Zr2, AlZr, Al3Zr4,
l2Zr3, AlZr2 and AlZr3, have been confirmed in the Al–Zr binary
ystem at 773 K, which agrees well with the other works [11,22].

In the present work, seven binary compounds, i.e. AlLa3, AlLa2,
l4La5, AlLa3, AlLa, AlLa2, Al3La and Al11La3, have been confirmed
t 773 K in the Al–La system which agrees well with the previ-
us works [12,14,15]. To our knowledge, two binary compounds
i.e. AlLa2 and Al4La5) and their crystal structural data have been
eported [14,15]. The XRD pattern of the equilibrated sample which

ontains 33.5 at.% Al and 66.5 at.% La clearly indicates the existence
f the AlLa2 phase. It is noted that there are some minor unknown
eaks (which has been labeled in the figure) exist, as illustrated

n Fig. 1. This unknown crystal structure needs additional study.
he existence of the Al4La5 compound was also confirmed in this
– 1.1231 [14]
(1) – 0.53790 (3) [15]

– – [21]
4 This work

work. As an example, the XRD pattern of the equilibrated alloy with
atomic proportion of 43 at.% Al, 23 at.% Zr and 34 at.% La shows the
existence of the Al4La5 phase, as shown in Fig. 2. This result is in
accordance with that reported in Refs. [14,15].

In the Zr–La system, it is confirmed here that no binary com-
pounds exists. This result is in good agreement with that reported
in Ref. [13]. Moreover, in the present work, no ternary compounds
have been found in the Al–Zr–La ternary system at 773 K.

Fig. 3 illustrates the XRD patterns of the equilibrated
Al86Zr10La4 alloy and Al85Zr5La10 alloy. The results indicate the
existence of three phases, i.e. Al11La3, Al3Zr and Al. It is clear from
Fig. 4 that the equilibrated alloys Al72Zr16La12 and Al70Zr5La25
consist of three phases, i.e. Al2La, Al3Zr and Al3La. From Fig. 5, it can
be observed that, at 773 K, there are three phases in the alloys of
Fig. 1. The XRD patterns of the equilibrated sample with atomic proportion of
33.5 at.% Al and 66.5 at.% La showing the existence of AlLa2 single phase.
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Fig. 2. The XRD pattern of the equilibrated sample prepared with atomic proportion
of 43 at.% Al, 23 at.% Zr and 34 at.% La.
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Fig. 5. The XRD patterns of two equilibrated Al–Zr–La ternary samples with com-
positions of (a) 55 at.% Al, 40 at.% Zr and 5 at.% La, and (b) 62 at.% Al, 20 at.% Zr and
18 at.% La.
ig. 3. The XRD patterns of two equilibrated Al–Zr–La ternary samples with compo-
itions of (a) 86 at.% Al, 10 at.% Zr and 4 at.% La, and (b) 85 at.% Al, 5 at.% Zr and10 at.%
a.

It is clear from Fig. 7 that the equilibrated alloy with composition
f 68 at.% Al, 22 at.% Zr and 10 at.% La consists of three phases, i.e.
l3Zr, Al2Zr and Al2La. SEM result also clearly shows the existence
f these three phases (Fig. 8). EDX result indicates that the pale
hase is Al2La, the gray one is Al2Zr, and the rest is Al2Zr (which is
urrounded by the Al3Zr phase).
The solid solubility ranges of all of the single phases were deter-
ined using the phase-disappearing method and by comparing the

hift of the XRD patterns of the samples near to the compositions
f the binary phases have been employed to determine [23]. The
esults showed that the diffraction patterns did not shift and the

ig. 4. The XRD patterns of two equilibrated Al–Zr–La ternary samples with com-
ositions of (a) 72 at.% Al, 10 at.% Zr and 18 at.% La, and (b) 70 at.% Al, 5 at.% Zr and
5 at.% La.
Fig. 6. The XRD patterns of two equilibrated Al–Zr–La ternary samples with com-
positions of (a) 54 at.% Al, 22 at.% Zr and 24 at.% La, and (b) 57 at.% Al, 15 at.% Zr and
28 at.% La.

diffraction patterns of the second phase could easily be detected
when the composition of the alloys deviated from its single-phases
region by 1.0 at.%. Therefore, none of these phases in this system
revealed a remarkable homogeneity range at 773 K.

3.2. Isothermal section
The isothermal section of the ternary Al–Zr–La system at
773 K was determined by XRD, SEM and optical microscopy.
Fig. 9 indicates a part of the investigated compositions
within the Al–Zr–La system in this work. The isothermal sec-

Fig. 7. The XRD pattern of the equilibrated sample prepared with atomic proportion
of 68 at.% Al, 22 at.% Zr and 10 at.% La.
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Fig. 8. The SEM micrograph of the equilibrated alloy containing 68 at.% Al, 22 at.%
Zr and 10 at.% La.
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Fig. 10. The 773 K isothermal section of the Al–Zr–La ternary system.

Table 2
Details of the three-phase regions and compositions of the typical alloys in the
Al–Zr–La system at 773 K.

Phase region Typical alloy composition (at.%) Phase composition

Al Zr La

1 86 10 4 Al + Al11La3 + Al3Zr
2 75 5 20 Al3La + Al11La3 + Al3Zr
3 70 5 25 Al3La + Al2La + Al3Zr
4 70 25 5 Al2La + Al2Zr + Al3Zr
5 65 30 5 Al2La + Al2Zr + Al3Zr2

6 62 20 18 Al2La + Al3Zr2 + AlZr
7 54 22 24 AlLa + Al2La + AlZr
8 48 40 12 AlLa + AlZr + Al3Zr4

9 46 16 38 AlLa + Al4La5 + Al3Zr4

10 43 23 34 Al4La5 + Al2Zr3 + Al3Zr4

11 39 17 44 Al4La5 + AlLa2 + Al2Zr3

12 36 47 17 AlLa2 + AlZr2 + Al2Zr3

13 30 30 40 AlZr2 + AlLa3 + AlLa2
ig. 9. The compositions of the typical ternary Al–Zr–La samples annealed at 773 K.

ion, shown in Fig. 10, consists of 18 single-phase regions,
3 binary-phase regions and 16 ternary-phase regions. The
ollowing three-phase equilibria namely Al + Al11La3 + Al3Zr,
l3La + Al11La3 + Al3Zr, Al3La + Al2La + Al3Zr, Al2La + Al2Zr + Al3Zr,
l2La + Al2Zr + Al3Zr2, Al2La + Al3Zr2 + AlZr, AlLa + Al2La + AlZr,
lLa + AlZr + Al3Zr4, AlLa + Al4La5 + Al3Zr4, Al4La5 + Al2Zr3 + Al3Zr4,
l4La5 + AlLa2 + Al2Zr3, AlLa2 + AlZr2+ Al2Zr3, AlZr2 + AlLa3 + AlLa2,
lZr2 + AlLa3 + La, AlZr3 + AlZr2 + La and AlZr3 + La + Zr, have been
etermined at 773 K. Details of the three-phase regions and
ompositions of the typical alloys are given in Table 2. No ternary
ompounds were found in this system.

. Conclusions

In this work, 15 binary compounds, i.e. Al3Zr, Al2Zr, Al3Zr2, AlZr,

l3Zr4, Al2Zr3, AlZr2, AlZr3, AlLa3, AlLa, AlLa2, Al3La, Al11La3, Al4La5
nd AlLa2, were confirmed. The phase equilibria of the ternary
l–Zr–La system at 773 K have been determined. The existence of

he two binary compounds Al4La5 and AlLa2 was confirmed in the
sothermal section. No ternary compound is found in the ternary [
14 15 20 65 AlZr2 + AlLa3 + La
15 22 56 22 AlZr3 + AlZr2 + La
16 12 55 33 AlZr3 + La + Zr

system. The isothermal section consists of 18 single-phase regions,
33 two-phase regions and 16 three-phase regions. Remarkable
homogeneity range for all phases was not observed.
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