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a b s t r a c t

The phase relations in the Al–Dy–Zr ternary system at 773 K have been investigated by X-ray powder
diffraction (XRD) and scanning electron microscope (SEM) with energy disperse X-ray spectroscopy (EDX)
in backscattered electron imaging (BSE) modes. The isothermal section at this temperature is featured
ccepted 17 February 2011
vailable online 23 February 2011
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with 17 single-phase regions, 32 two-phase regions and 16 three-phase regions. Besides, the ternary
compound Al30Dy7Zr3 has been confirmed to be existed. The maximum solid solubility of Zr in AlDy2,
Al2Dy3, AlDy, Al2Dy and Al3Dy at 773 K is determined to be 11.5 at.%, 7.8 at.%, 2.4 at.%, 22.5 at.% and 2.5 at.%,
respectively.

© 2011 Published by Elsevier B.V.
-ray diffraction
canning electron microscopy

. Introduction

Aluminum alloys find potential application in automobile and
erospace industries [1–3] for their high strength to weight ratio.
he microstructure and properties of them can be strongly affected
y adding small amounts of transition elements such as Zr, Mn
nd Cr, etc. [4–6]. As a very important alloying element, Zr opti-
izes various aspects of Al alloys like refining grains, inhibiting

e-crystallization and improving stress corrosion cracking resis-
ance [7,8]. Formation of Al3Zr precipitates in aluminum alloys
specially in those for aerospace applications has gotten sufficient
nvestigations [9,10]. Not easily to be broken down by dislocation
utting, the strong covalence Al–Zr bond in Al3Zr can hinder dis-
ocation moving. High strength, good corrosion resistance and low
apture cross section for thermal neutrons of AlZr3 compound indi-
ates its broad prospect in the nuclear industry [11].

Substantial interest in Al–RE (RE = rare earth) alloys has been
roused for years [12–15] due to their special physical proper-
ies and possibility of commercial application. Properties of these
lloys are strongly related with the formation of the inter-metallic

ompounds. For example, metallic compounds of Al3Sm or Al3Dy
an significantly lower the resistivity of the alloy [16] and Al3Sc
lays an important role in improving the strength of Al–Sc alloy
17]. Therefore, it is necessary to investigate the phase diagram
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of RE–Al–Zr systems to develop alloys with required properties.
Recently, RE–Al–Zr (RE = Y, La, Ce, Pr, Ho) phase diagram [18–22]
are reported. Dy is a significant magnetic element in lanthanon,
benefiting the mechanical properties of Al alloy omnifariously [23].
However, very few reports can be found on the Dy–Al–Zr ternary
system.

According to Refs. [24] and [25], there are five compounds, i.e.,
Al3Dy, Al2Dy, AlDy, Al2Dy3 and AlDy2 in the Al–Dy binary phase
diagram and eight phases, i.e., Al3Zr, Al2Zr, Al3Zr2, AlZr, Al3Zr4,
Al2Zr3, AlZr2 and AlZr3 in the Al–Zr phase diagram at 773 K, respec-
tively. No binary compound was found in the Zr–Dy phase diagram.
Tyvanchuk and Protsyk [27] determined the isothermal section of
the Al-rich corner of Al–Zr–Dy ternary system at 773 K and iden-
tified the existence of one compound Al30Dy7Zr3 [27] in 1982.
But in order to show complete phase relationship of this system,
we investigated the whole isothermal section at 773 K to provide
information for materials design and calculation of phase diagrams.
Crystallographic data of the phases in the Al–Dy–Zr system [27–29]
are given in Table 1.

2. Experimental procedures

In this work, the alloy buttons (each weight 2 gm) were prepared in an electric
arc furnace under pure argon atmosphere with a water-cooled cooper crucible. The
purity of the starting materials Al, Dy and Zr used in this work was all 99.99 wt.%.
Titanium was used as an oxygen getter during the melting process. All samples

were melted four times in order to achieve complete fusion and homogeneous
composition. The weight loss is less than 1% after melting for most of the buttons.
All the melted alloy samples were sealed in evacuated quartz tubes for homoge-
nization. The homogenization temperature was determined by differential thermal
analysis (DTA) or based on previous work of the three binary phase diagrams
[24–26]. Most samples were annealed at 873 K for 360 h and then cooled at a
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Table 1
Crystallographic data of intermediate phases in the Al–Dy–Zr system.

Compound Space group Lattice parameters (nm) Reference

a b c

�-Al3Dy P63/mmc 0.6091 – 0.9533 [28]
�-Al3Dy R−

3 m 0.6070 – 3.594 [28]
Al2Dy Fd−

3 m 0.778 – [28]
AlDy Pmma 0.5570 0.5801 1.1272 [28]
Al2Dy3 P42/mnm 0.817 – 0.754 [28]
AlDy2 Pnma 0.654 0.508 0.940 [28]
Al3Zr I4/mmm 0.4005 – 1.7285 [29]
Al2Zr p63/mmc 0.52824 – 0.87482 [29]
Al3Zr2 Fdd2 0.9601 1.3906 0.5574 [29]
AlZr Cmcm 0.3353 1.0866 0.4266 [29]
Al3Zr4 p−

6 0.5433 – 0.5390 [29]
Al Zr p4 /mmm 0.7630 – 0.6998 [29]
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Table 2
Details of the three-phase regions in the Al–Dy–Zr system at 773 K.

Alloy no. Nominal composition (at.%) Phase composition

1 Al84Dy13Zr3 Al + Al30Dy7Zr3 + Al3Dy
2 Al86Dy4Zr10 Al+ Al30Dy7Zr3 + Al3Zr
3 Al73Dy22Zr5 Al3Dy + Al2Dy+ Al30Dy7Zr3

4 Al72Dy10Zr18 Al30Dy7Zr3 + Al2Dy + Al3Zr
5 Al70Dy5Zr25 Al2Dy + Al2Zr + Al3Zr
6 Al65Dy5Zr30 Al3Zr2 + Al2Zr + Al2Dy
7 Al60Dy25Zr15 Al3Zr2 + AlDy + Al2Dy
8 Al54Dy22Zr24 Al3Zr2 + AlDy + AlZr
9 Al48Dy20Zr32 Al3Zr4 + AlZr + AlDy

10 Al43Dy10Zr47 Al2Zr3+ Al3Zr4 + AlDy
11 Al42Dy38Zr20 Al2Zr3+ AlDy+ Al2Dy3

12 Al38Dy32Zr30 AlZr2 + Al2Zr3 + Al2Dy3

13 Al37Dy45Zr18 AlZr2 + AlDy2 + Al2Dy3

2 3 2

AlZr2 p63/mmc 0.4894 – 0.5928 [29]
AlZr3 Pm−

3 m 0.43917 – – [29]
Al30Dy7Zr3 Pm−

3 m 0.42 – – [27]

ate of 3 K/h to 773 K and maintained for 720 h. Finally, they were quenched in
ater.

All the sample buttons were ground into powder for powder X-ray diffrac-
ion (XRD) analysis. The XRD analysis was performed on a Rigaku D/Max 2500 V
iffractometer with Cu radiation and graphite monochromator operated at 40 kV
nd 200 mA. The Material Data Inc. software Jade 5.0 and powder diffraction file
PDF release 2004) were used for phase identification. Scanning electron microscopy
SEM) with energy dispersive X-ray analysis (EDX) was used for microstructure and
lemental analysis. By all these means, the phase relationships in the Al–Dy–Zr
ystem at 773 K were determined.

. Results and discussion

.1. Isothermal section

Based on the XRD, SEM and EDX analysis of all the samples,
here is no new ternary compound in this system at 773 K. The
xistence of 13 binary compounds, namely Al3Zr, Al2Zr, Al3Zr2,
lZr, Al3Zr4, Al2Zr3, AlZr2, AlZr3, Al3Dy, Al2Dy, AlDy, Al2Dy3, AlDy2,
nd one ternary compound Al30Dy7Zr3, have been confirmed. The

sothermal section of the Al–Dy–Zr ternary system at 773 K is
hown in Fig. 1. It consists of 17 single-phase regions, 32 two-
hase regions and 16 three-phase regions. The 17 single-phase
egions are: A(Al30Dy7Zr3), B(Al), C(Dy), D(Zr), E(Al3Zr), F(Al2Zr),
(Al3Zr2), H(AlZr), I(Al3Zr4), J(Al2Zr3), K(AlZr2), L(AlZr3), M(Al3Dy),

Fig. 1. Isothermal section of the Al–Dy–Zr ternary system at 773 K.
14 Al30Dy35Zr35 AlDy2 + AlZr2 + Dy
15 Al20Dy30Zr50 AlZr2 + AlZr3 + Dy
16 Al10Dy20Zr70 AlZr3 + Dy + Zr

N(Al2Dy), O(AlDy), P(Al2Dy3), and Q(AlDy2), respectively. The 32
two-phase regions are: A + B, A + E, A + M, A + N, B + E, B + M, C + D,
C + K, C + L, C + Q, D + L, E + F, E + N, F + G, F + N, G + H, G + N, G + O, H + I,
H + O, I + J, I + O, J + K, J + O, J + Q, K + L, K + P, K + Q, M + N, N + O, O + P,
P + Q. The 16 three-phase regions are: A + B + E, A + B + M, A + E + N,
A + M + N, C + D + L, C + K + L, C + K + Q, E + F + N, F + G + N, G + H + O,
G + O + N, H + I + O, I + J + O, J + O + P, J + K + P, K + P + Q, respectively.
Phase constitutions of the three-phase regions and compositions
of the typical alloys are given in Table 2.

The solid solubility ranges of all the single phases have been
determined by using the phase-disappearing method and com-
paring the shift of the XRD pattern of the samples near to the
compositions of the binary phases [30] together with scanning
electron microscopy with energy dispersive X-ray analysis. The
maximum solid solubility of Zr in AlDy2, Al2Dy3, AlDy, Al2Dy and
Al3Dy is found to be 11.5 at.%, 7.8 at.%, 2.4 at.%, 22.5 at.% and 2.5 at.%,
respectively, at 773 K. The single phase extends parallel to the
Dy–Zr line, which means that a certain amount of Dy atoms are
replaced by Zr in these compounds. However, other intermediate
compounds in this system do not have a remarkable solid solution
at 773 K.

3.2. Phase analysis and solid solubility

In the Al–Dy–Zr ternary system, 13 binary compounds including
Al3Zr, Al2Zr, Al3Zr2, AlZr, Al3Zr4, Al2Zr3, AlZr2, AlZr3, Al3Dy, Al2Dy,
AlDy, Al2Dy3, AlDy2 [24,25], and one ternary compound Al30Dy7Zr3
[27] were reported. As there aren’t any reported JCPDS PDF cards of
intermediate compounds AlDy2 and Al30Dy7Zr3, we couldn’t affirm
the existence of AlDy2 and Al30Dy7Zr3 by directly comparing our
experimental XRD patterns with the respective JCPDS PDF cards
just as what we did in the identification of the other compounds.
With the crystallographic data of AlDy2 taken from Ref. [31] and
that of Al30Dy7Zr3 taken from Ref. [27], the XRD patterns of the
compound AlDy2 and Al30Dy7Zr3 were calculated using the CaRIne
program [32]. The results of XRD analysis of alloy samples are con-
sistent with the respective JCPDS PDF cards and the calculated XRD
pattern of AlDy2 and Al30Dy7Zr3.

As is shown in Fig. 2, the comparison of the experimental XRD
pattern of 28# sample (75 at.% Al, 17.5 at.% Dy, 7.5 at.% Zr) and the
calculated XRD pattern from [27] indicates the existence of phase
Al30Dy7Zr3. The XRD pattern of 42# sample (70 at.% Al, 22 at.% Dy,
8 at.% Zr) consists of two phases, i.e. Al Dy and Al Dy Zr , which
2 30 7 3
means the existence of phases Al2Dy and Al30Dy7Zr3, and proves
the presence of the two-phase region Al2Dy + Al30Dy7Zr3 as well
(Fig. 3). The XRD pattern of 36# sample (35 at.% Al, 62 at.% Dy,
3 at.% Zr) indicates that the sample contains the phases of AlDy2
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Fig. 2. Comparisons of experimental XRD pattern of 28# sample (75 at.% Al, 17.5 at.% Dy, 7.5 at.% Zr) and calculatde XRD pattern of Al30Dy7Zr3 from [27].

Fig. 3. XRD pattern of 42# sample (70 at.% Al, 22 at.% Dy, 8 at.% Zr) indicating the phase equilibrium of Al2Dy and Al30Dy7Zr3.

Fig. 4. XRD pattern of 36# sample (35 at.% Al, 62 at.% Dy, 3 at.% Zr) indicating the phase equilibrium of AlDy2 and Al2Dy3.



X. Yuan et al. / Journal of Alloys and Compounds 509 (2011) 6190–6195 6193

F e pha
p

a
r

b
P
a
w
Q

ig. 5. (a) XRD pattern of #1 sample (84 at.% Al, 13 at.% Dy, 3 at.% Zr) indicating th
hase), Al3Dy (light phase) and Al30Dy7Zr3 (gray phase).

nd Al2Dy3, which also confirms the existence of the two-phase
egion AlDy2 + Al2Dy3 (Fig. 4).

In the Al-Dy system, Pop et al. [33] reported a hexagonal

inary compound Al17Dy2 with the Ni17Th2 structure (space group
63mmc, a = 1.1788 nm, c = 1.1322 nm). In Zhou et al.’s work [34],
series of alloy samples in the Al-rich region of Al–Dy–Ti system
ere prepared, but they did not find the compound Al17Dy2, and
in et al. [35] also got the same conclusion in their study of isother-

Fig. 6. XRD pattern of #10 sample (43 at.% Al, 10 at.% Dy, 47 at.% Zr)
se equilibrium of Al, Al3Dy and Al30Dy7Zr3; (b) BSE image of #1 sample: Al (dark

mal section of the Al–Dy–Ge ternary system at 673 K. In the present
work, the equilibrated alloy #1(84 at.% Al, 13 at.% Dy and 3 at.% Zr)
consists of three phases, i.e. Al, Al3Dy and Al30Dy7Zr3, as is shown

in Fig. 5(a). The SEM result also shows the existence of three phases
(Fig. 5(b)). From the EDX result, it can be seen that the light phase is
Al3Dy, the gray one Al30Dy7Zr3, and the dark one Al. No evidence is
found to confirm the existence of Al17Dy2, which is in accordance
with the result of Zhou et al. [34] and Qin et al. [35].

indicating the phase equilibrium of Al2Zr3, Al3Zr4 and AlDy.
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Fig. 7. XRD pattern of #9 sample (48 at.% Al, 20 at.% Dy, 32 at.% Zr) indicating the phase equilibrium of AlZr, Al3Zr4 and AlDy.

70 at.% Zr) indicating the phase equilibrium of Dy, Zr and AlZr3.
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Fig. 8. XRD pattern of #16 sample (10 at.% Al, 20 at.% Dy,

In the Al–Zr binary system, it is reported that the binary phase
l3Zr5 forms through the peritectic reaction L + Al2Zr3 ↔ Al3Zr5
t 1480 ◦C[36], which is stable in the temperature range of
000–1480 ◦C but not under 1000 ◦C because of the eutectoid reac-
ion Al3Zr5 ↔ AlZr2 + Al2Zr3. In the present work, the XRD pattern
f the #10 sample (43 at.% Al, 10 at.% Dy and 47 at.% Zr) indicates
he existence of the three binary compounds i.e. Al2Zr3, Al3Zr4 and
lDy in the Al–Dy–Zr system (Fig. 6), which shows that there is
o Al3Zr5 phase. Therefore, Al3Zr5 is considered to be a high tem-
erature phase, which is in accordance with the result of Okamoto
36]. In Rigaud et al.’s work [37], the binary compound Al4Zr5 also
nderwent a high temperature transformation at about 1000 ◦C in
u et al.’s work [20], the XRD pattern of the equilibrated alloy

Al:Zr = 4:5) had been analyzed and the result showed that this
ompound did not exist at 773 K. In this work, the XRD pattern
f #9 sample (48 at.% Al, 20 at.% Dy and 32 at.% Zr) indicates the
xistence of the three binary compounds i.e. AlZr, Al3Zr4 and AlDy
n the Al–Dy–Zr system (Fig. 7), showing that the compound Al4Zr5
oes not exist at 773 K. This result is in accordance with that of
kamoto [36], Rigaud et al. [37] and Hu et al. [20].
In the Dy–Zr system, it has been confirmed that no binary com-
ound exists [26]. In this work, the XRD pattern of the #16 sample
10 at.% Al, 20 at.% Dy and 70 at.% Zr) consists of the patterns of three
hases, i.e. Dy, Zr and AlZr3 (Fig. 8), which means that there is no
inary compound at 773 K.

Fig. 9. BSE image of #14 sample (30 at.% Al, 35 at.% Dy, 35 at.% Zr) indicating the
three phase equilibrium of Dy (light phase), AlZr2 (dark phase), and AlDy2 (gray
phase).
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Fig. 10. XRD pattern of #7 sample (60 at.% Al, 25 at.% Dy, 15 a

To find possible ternary compounds in the region adjoining the
lDy2 + Dy two-phase region, we prepared a set of samples. The
RD results of these samples show the existence of a three-phase
egion of AlDy2 + AlZr2 + Dy. The SEM micrograph of the #14 sample
30 at.% Al, 35 at.% Zr, 35 at.% Dy), as shown in Fig. 9, clearly show the
hree-phase equilibrium, indicating that there are no new ternary
ompounds in this region. Similarly, the XRD patterns of the #7
ample (60 at.% Al, 25 at.% Dy, 15 at.% Zr), as shown in Fig. 10, con-
isting a three phase region of AlDy + Al2Dy + Al3Zr2, also indicate
hat there are no new ternary compounds in the region adjoining
he AlDy + Al2Dy two phase region.

. Conclusions

By comparing and analyzing the XRD patterns of all the equili-
rated samples, the phase relations of the Al–Dy–Zr ternary system
t 773 K have been determined. The 773 K isothermal section con-
ists of 17 single-phase regions, 32 two-phase regions and 16
hree-phase regions. The Al3Zr5 and Al4Zr5 compounds are not
ound, whereas the existence of the ternary compound Al30Dy7Zr3
as been confirmed.
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