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Phase equilibria of ternary Al-Cu-Dy system has been analyzed and a complete thermodynamic descrip-
tion was obtained. The thermodynamic descriptions of its three constituent binary systems were taken
from literature. Most of the binary intermetallic phases, except Al,Dy, Cu,Dy, and CuDy, were treated to
have zero solubility in ternary system. Based on experimental data, seven stable ternary intermetallic

phases were taken into consideration in this system. Among them, three were treated as semistoichio-
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metric compounds with large homogeneity ranges for Al and Cu. The rest were treated as stoichiometric
compounds. The calculated phase equilibria were in agreement with available experimental data.
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1. Introduction

Interest in aluminum alloys is increasing continuously, espe-
cially for their potential applications in automotive and aerospace
industries. Microalloying has been used to improve the high tem-
perature strength of selected age hardenable Al alloys (such as
Al-Cu-Mg-Zn and Al-Cu-Mg-Ag alloys) throughout the years
[1-3]. Rare earth elements in conventional aluminum alloys have
shown beneficial effects to casting process [4-6]. Addition of
these elements helps to reduce the content of gases and impu-
rity and the arm spaces between secondary dendrites. Utilization
of Dy as a microalloying element in Al alloys has been studied
for years. Not only the rare earth element Dy can benefit the
casting process, but also can improve the mechanical properties
of Al alloys. It has been reported that the mechanical proper-
ties, such as the incubation time and the peak hardness of Al
alloys did not change after partial replacement of expensive Sc
by Dy [7]. Lantsman et al. [8] have reported that the introduced
Dy into Al alloys could raise the recrystallization temperature,
reduce grain size, and increase the microhardness of Al-Cu-Mn
alloys.

Knowledge of the thermodynamics and phase diagram is vital in
the field of materials research and process control, which is espe-
cially important for new alloy development. The aims of present
work are then to evaluate the Al-Cu-Dy ternary system and develop
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a self-consistent thermodynamic description by means of calcula-
tion of phase diagram (CALPHAD) technique [9].

2. Experiment information
2.1. Binary phases

In addition to solution phases including Liquid, Fcc, Bcc and
Hcp, there are 21 intermetallic phases existing in the three binary
systems as shown in Figs. 1-3 [10-12]. Experimental data on the
ternary solubility for most of the binary compounds are not avail-
able. The solubility of Al and Cu in the CuDy, Cu,Dy and Al,Dy
phases will be discussed below.

2.2. Ternary phases

As summarized by Riani et al. [13], there are eight stable ternary
intermetallic compounds being reported in literature. Their struc-
tures are listed in Table 1.

Among those, the compound Al4CugDy (denoted as T1) was first
reported by Felner and Nowik [14] and confirmed later by Kuz’'ma
and Milyan [15]. 71 takes Mn,Th type structure.

Prevarskiy and Kuz'ma found a compound with Th,Zn;; type
structure and of composition Al;oCu;Dy; in Al-Cu-Dy ternary sys-
tem. However, Kuz’'ma and Milyan [15] found this compound had
a homogeneity range of Al from 35.2 to 52.6 at.% when determin-
ing the Al-Cu-Dy phase diagram. This compound was named as
(AlL,Cu)q7Dy; (72).

Takeshita et al. [16] found a CaCus type compound AlyCuDy
(T3). However, Kuz’'ma and Milyan [15] determined that this phase
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Fig. 1. The calculated Al-Cu phase diagram by Witusiewicz et al. [10].
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Fig. 2. The calculated Al-Dy phase diagram by Cacciamani et al. [11].

1800

1600

1400 -

1200

Temperature, K

400

200

A

1000

800

600

! !
Liugid B
:VN
™ —
E
5333
o SO
cc_D;
_1I
.
Fee_Cu § a é‘ Hep_Erp—
3 3 3
T T T T
0 0.2 04 0.6 0.8 1.0
X(Dy)

Fig. 3. The calculated Cu-Dy phase diagram by Zhang et al. [12].

Table 1
Crystallographic data of intermetallic phases.

Phase Lattice parameters Structure type,
Pearson symbol,
space group

a(nm) b (nm) ¢ (nm)

0 0.6067 0.4877 Al,Cu, tI12, [4/mcm

mn 1.2066 0.4105 0.6913 AlCu, mC20, C2/m

C 0.40972 0.71313 0.99793 AlgCuyy 5, 0124, Imm2

e 0.4146 0.5063 In Niy,hP6,P63/mmc

yD83 0.87023 AlyCug, cP52, P43m

v CusZng, cI52, [43m

0.2946 W, cl2, Im3m

AlsDy_L 0.6091 0.9533 NisTi, hp16, P63/mmc

Al;Dy_H 0.6070 3.594 AlsHo, hR60, R3m

Al,Dy 0.778 Cu,Mg, cF24, Fd3m

AlDy 0.5570 0.5801 1.1272 AlEr, oP16, Pmma

Al,Dy3 0.817 0.754 AlyZrs, tP20,
PA2/mnm

AlDy, 0.654 0.508 0.940 Co,Si, oP12, Pnma

CuzDy 0.4932 0.4156 CuyTb, hp8

CusDy-L 0.7025 AuBes, cFo4, F43m

CusDy_H 0.502 0.408 CaCus, hP6, P6/mmm

CugDy,

Cu7 Dy,

Cu,Dy 0.430 0.680 0.729 CeCuy, 0l12, Imma

CuDy 0.357 CICs, cP2, Pm3m

71-AlgCusDy 0.8725 0.5137 Mn,Th, tI26,
14/mmm

T2-(AL,Cu);7Dy,  0.8812 1.2844 ThyZny;, hRs;, R3m

T3-(Al, Cu)sDy 0.5064 0.4152 CaCus, hP6, P6/mmm

T4-Al;CuDy 0.4184 0.4112 0.9773 AlyBa, olyp, Immm

Ts5 -Al]] CquY4

T6-(AlCu); Dy 0.5457 2.5317 NisPu, hR36, R3m

T77-AlCuDy 0.7015 0.4024 AlNiZr, hP9, P62m

Al;Cu;Dys Mny3Ths, cF116, Pm3m

contained a large homogeneity range of Al from 15 to 45 at.%. In
this work, this phase was denoted as (Al,Cu)sDy (73), which had
the same thermodynamic model of the binary phase CusDy_H due
to the same structure.

Kuz'ma and Stel’'makhovich [17] reported a compound
Alg 4Cuy gDys of Aly;Las type structure. However, Stel’'makhovych
et al. [18] determined this to be a Al4Ba type structure compound
Al3CuDy (74).

The Al;1CusDy4 compound (75) was reported by Kuz'ma and
Milyan [15] without structure analysis.

Kuz’ma and Milyan [15] reported a compound AlgCugDys5 (Tg)
without structure, too. Later, Kuz’'ma et al. [19] found this phase
extended to Aly1CuggDy with NisPu type structure, this phase is
treated as (Al,Cu);Dy in our work.

The AICuDy compound (77) was discovered by Dwight et al. [20]
and confirmed by Oesterreicher [21].

Kuz’'ma and Stel’'makhovich [22] reported another ternary com-
pound close to the Al4CuDy (T3) phase. But the stable composition
range of this phase is not known to us and we decide not consider
it here until there should be more information became avail-
able.

2.3. Phase equilibria in the solid state

Only one set of experimental data was available for Al-Cu-Dy
ternary phase diagram at 773K reported by Kuz’'ma and Milyan
[15]. Their isothermal section is shown in Fig. 4. Riani et al. [13]
had assessed the experimental phase diagram. There were seven
ternary compounds: T{-T7, as showed in Fig. 4. Among them,
T1-AlgCuyDy, T4-Al3CuDy, T5-Al1;CuyDy,4 and T7-AlCuDy are stoi-
chiometric compounds whereas Al and Cu can partial substitute
in T2-(Al,Cu)7Dy3, T3-(Al,Cu)sDy and T¢-(Al,Cu);Dy and we call
these semi-stoichiometric phases. At 500 °C, Cu,Dy could dissolve
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Fig. 4. The measured 773 K isothermal section of Al-Cu-Dy system [15].

up to 5at.% Al, CuDy up to 25.5at.% Al, and Al,Dy up to 12 at.% Cu,
respectively [15].

Sokolovskaya et al. [23] determined the Al-rich phase relation in
Al-Cu-Dy system at the same temperature. They reported the tie
lines of Al-11, Al3Dy-1; and Al3Dy-Ts.

Up to now, there is no experimental or thermodynamic calcula-
tion of the Al-Cu-Dy system available in literature. Therefore, the
Al-Cu-Dy system has been assessed on the basis of the abovemen-
tioned ternary phase diagram information.

3. Thermodynamic model
3.1. Solution phases

The lattice stabilities for element Al, Cu and Dy are referred
to Dinsdale [24]. An ordinary substitutional solution model is
employed to describe Liquid, Fcc and Hcp terminal solution. The
mole Gibbs energy of a solution phase ® (& =Liqiud, Fcc, Hcp) can
be represented as a sum of the weighted Gibbs energy for the pure
components with the ideal entropy term describing a random mix-
ing of the components and the excess Gibbs energy describing the
degree of deviation from ideal mixing, i.e.

G? = Z X0G? +RT Z x; In(x;) + <G? (1)
i=Al,Cu,Dy i=Al,Cu,Dy

where
N N

ede) = XalXCu Z (XAI—XCU)IU)Lil'Cu—‘,-XA]XDy Z (XAI_XDy)IU)Lﬁl'Dy

j=0,1... j=0,1...
N
+XcuXDy Z (Xcu _XDyYU)L?u'Dy +XA1XCuXDyL£1‘Cu'Dy (2)

j=0,1...

where ¢ denotes the solution phases, x;(i=Al, Cu and Dy) denotes
mole fraction of component i, and OG? is the molar Gibbs energy

of pure element i in the structural state of ¢. L% _ @[? and

Al,Cu’ ‘AlL,Dy
U)L?u,Dy are taken from Refs. [10-12], respectively.

Al,Cu,D:
of ¢. Due to the lack of experiment data, they are set to be zero.

54 , is ternary interaction parameters in the structural state

3.2. Binary intermetallic phases

According to Kuz’'ma and Milyan[15], the Al, Dy, CuDy and Cu, Dy
phases have the homogeneity regions in Al-Cu-Dy ternary sys-
tem. The Gibbs energy expression of CuDy and Cu,Dy phases are
formalized as

GALCu) Dy, _ YAIGA1:Dy+YéuGCU;Dy+ﬁRT(Y}“ InY\+YL, InY.,)

+Y/I\1 YéuLAl,Cu:Dy (3 )

where x and y are the stoichiometry ratios. The superscript I denotes
the first sublattice. Y‘f\l and Yéu stand for the site fractions of Al, Cu
in the first sublattices, respectively. And the term Lajcy.py repre-
sents the interaction between the Al and Cu in the first sublattice,
expressed in Redlich-Kister polynomials. The parameter Gcy.py is
the Gibbs energy of formation of the compound CuyDyy, which can

be taken from binary system. And Ga|.py is expressed as
Y  0,Hcp

—G A+ BT 4

Xty oy +A+ (4)

which represents the Gibbs energy of the assumed Al;Dyy, com-
pound with CuyDyy structure.

A and B are the adjusted parameters to be optimized in the
present work.

The Gibbs energy expression of Al,Dy phase is formalized as

G(Al,Cu,Dy)z(Al,Cu,Dy)l

Iyl 1 1 1 1 1 1
=) ) YIYIGij + 2RT(Yy InYy, + Y, InYE, + Yh, InYp,)
i

+RT(Yq InYy + YE, InYE, + Y5 InYp)

TS S ] -
iJ ok

v=0,1...
v
Iy Iyl 1l 1l
D3P WD SERID ®
i j k v=0,1...

where i, j, k denote Al, Cu, Dy, and L;j.x stands for the interaction
between theiandjin the first sublattice while the second sublattice
is fully occupied by the element k. Gaj. 1, Gar:py» Gpy:al and Gpy:py are
taken from corresponding binary systems. Other parameters are to
be optimized in this work.

3.3. Ternary intermetallic compounds

In the ternary system, T1-AlgCuyDy, T4-Al3CuDy, T5-Al1;CuyDyy4
and 17-AlCuDy are modeled as stoichiometric phases (AlxCuyDy;),
i.e. Al, Cu, and Dy cannot substitute each other in any sublattice.
T2-(Al,Cu)17Dy3, T3-(Al, Cu)sDy and Tg-(Al, Cu)3Dy are treated as
semi-stoichiometric phases ((Al,Cu)xDyy), i.e. Al and Cu can par-
tially substitute each other in the first sublattice, but Al and Cu
cannot substitute Dy atoms in the second sublattice. The Gibbs
energy expression for each one of these stoichiometric compounds
is written as

X y 0Fcc
G — OGFCC G
AkCwDy, = 3y CAL T x Ty gz Ccu
Z  0pHep
—G A+ BT 8
TxTyrz v AT (8)

where x, y and z are the stoichiometry ratios of the sublattices. And
for each one of the semi-stoichometric compounds, it becomes

AlCu),Dy, _ vI I X I I, vyl I
GALCu)Dyy _ YA Gy Y& Geupy+ 3 RTOG) InYA-+YE, InYE,)

+Y,IA] YéuLAl,Cu:Dy (9)
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Table 2
Thermodynamic parameters of Al-Cu-Dy system.
Phase Thermodynamic parameters Ref.
Al Dy Model: (Al,Cu,Dy),(Al,Cu,Dy); GAl2DY = 15000 + 3GHSERAL [11]
GA‘2D3y/ = 15000 + 3GHSERDY [11]
GADY — 15000 + 3GHSERCU This work
G'“szy = —162000 + 40.24T + 2GHSERAL + GHSERDY [11]
GA2DY — 1192000 — 40.24T + GHSERAL + 2GHSERDY [11]
Gﬁfc?ly = +30000 + 2GHSERAL + GHSERCU This work
GA2DY = 130000 + GHSERAL + 2GHSERCU This work
G'“sz = —66000 + 4.24T + 2GHSERCU + GHSERDY This work
GALZDV = +96000 — 4.24T + GHSERCU + 2GHSERDY This work
ULQ{ZC'ﬂyDy = -55000 This work
Cu, Dy Model: (Al,Cu)oss67(DY)0.3333 Ggiay = —26409.4524 + 3.9279T + 0.6667GHSERAL + 0.3333GHSERDY This work
GEuaY = —24409.4524 + 0.9279T + 0.6667GHSERCU + 0.3333GHSERDY [12]
l3LCUzDV = —35009.4524 This work
CuDy Model: (Al,Cu)o5(Dy)os c;f““g —27500 + 0.2T + 0.5GHSERAI + 0.5GHSERDY This work
GggEf = —25910.8476 + 0.5347T + 0.5GHSERCU + 0.5GHSERDY [12]
A;lc“ by = —31000 This work
71 Model: (Al)o615385(Ct)0.307692 (DY )o.076923 Gl e = —34920 + 3.3T + 0.615385GHSERAI + 0.307692GHSERCU + 0.076923GHSERDY This work
T2 model: (AI,CLI)0'394737(Dy)0.105253 G:\% Dy = —8850 + 1.7T + 0.894737GHSERAI + 0.105263GHSERDY This work
GEZ.p, = +3350 — 1.9T + 0.894737GHSERCU + 0.105263GHSERDY This work
ULKCU:Dy = —110100 + 2T This work
CusDy_H (73) Model: (Al,Cu)o.8333(Dy)o1667 GSusDy-H = —20000.3656 + 3T + 0.8333GHSERAL + 0.1667GHSERDY This work
GEUsDY-H = —16506.3656 + 0.13T + 0.8333GHSERCU + 0.1667GHSERDY [12]
ULC“sDVJ* —70990.5756 This work
1LCuSDy " — _10000 This work
74 Model: (Al)o,6(Cu)o2(Dy)oz2 Gt cuipy = —42500 + 1T + 0.6GHSERAI + 0.2GHSERCU + 0.2GHSERER This work
75 Model: (Al)os78948(C)o.210526 (DY)o:210526 Ghcuipy = —43050 + 1.01T + 0.578948GHSERAI + 0.210526GHSERCU + 0.210526GHSERDY This work
76 Model: (AL,Cu)o75(Dy)o2s G 1, = —25850 + 1.7T + 0.75GHSERAI + 0.25GHSERDY This work
G 1y = —11350 + 1.9T + 0.75GHSERCu + 0.25GHSERDY This work
UL;?CU:Dy —75100 + 2T This work
L/T\1 oy = —50100 + 2T This work
77 Model: (Al)o.333333(CU)0.333333 (DY)0:333334 Gl oo = —41150 + 0.05T + 0.333333GHSERAI + 0.333333GHSERCU -+ 0.333334GHSERDY This work
where shown in the diagrams by Kuz’'ma and Milyan [15]. According to
C X X _ogec | y OGHCP A4 BT (10) the calculated Al-Cu binary phase diagram, as shown in Fig. 1, the
ADY = X1y X+y € phase is not stable at 773K, while it is stable in the isothermal
section reported by Kuz’'ma and Milyan [15]. Therefore, this phase
Geupy = ——CGES + Y _OGHP 4 A4 BT (1) is omitted imi
CusDy = 3 Ty + Xty +A+ is omitted in our assessment. Similarly, the AlDy3; phase suggested

where the Ly c,.py represents the interaction between Al and Cu in
the first sublattice, expressed in Redlich-Kister polynomials. A and
B are the adjusted parameters to be optimized in the present work.

4. Results and discussion

On the basis of lattice stabilities cited from Dinsdale [24], the
optimization of the Al-Cu-Dy system is carried out using the Parrot
modules in the Thermo_Calc program developed by Sundman et al.
[25]. Since we do not have thermochemical and liquid projection
information in ternary, the ternary interaction parameters of liquid
are then considered as zero. Based on the phase relations by Kuz’'ma
and Milyan [15], seven ternary compounds are assessed. Because
there are seven ternary compounds, their relative stability across
the entire temperature range is somewhat difficult to control. Care
is taken to ensure that all ternary compounds are stable to room
temperature. All the evaluated parameters are listed in Table 2. Also,
we have close checked the database with Pandat software [26], and
found that the calculation by Pandat software is in good agreement
with the result by Thermo_Calc.

The calculated 773 K isothermal section for Al-Cu-Dy system is
shown in Fig. 5. Comparing our calculated results with the exper-
imental data, it can be found that the intermetallic phases in the
calculated three boundary binary systems are not the same as those

by Kuz’ma and Milyan [15] is not a stable phase in the calculated
binary Al-Dy phase diagram [11], too. As a result, this phase is also
omitted in our calculation. Moreover, the CugDy, phase which is
not observed in the work of Kuz'ma and Milyan [15] is a stable

Fig. 5. The calculated 773 K isotherm section of Al-Cu-Dy system.
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FcchLlO‘2

Fig. 6. The calculated 773 K meta-stable isotherm section of Al-Cu-Dy system.

phase in Cu-Dy system [12]. So in our assessment, this phase is
calculated.

In Ref. [15], the T3-(Al,Cu);Dy phase was reported to contain
about 15-45at.% Al at 773K, but our calculated result showed
the composition range of Al is 1-44 at.%. Actually, in our assess-
ment, we found it was very difficult to fit the result of Kuz'ma

Fig. 8. The calculated 973 K isotherm section of Al-Cu-Dy system.

ACU 0 0. 04 06 08 10Al
X(LIQ,AL)

Fig. 9. The calculated liquidus projection of Al-Cu-Dy system.

and Milyan [15]. Moreover, comparing with the other isothermal
sections of Al-Cu-Gd, Al-Cu-Tb and Al-Cu-Yb systems [27-29]
at 773 K, we found the homogeneity range of all the 73-(Al,Cu)sRE
(RE=Gd,Th,Yb) phase are more close to our calculation result and
therefore we think our calculation is reasonable. Further experi-
mental verification is still needed.

In the work of Kuz’'ma and Milyan [15], there existed a two-
phase region (Al,Dy + 73), as shown in Fig. 4. But in our calculation
(Fig. 5), the 16 phase separates this two-phase region to be two
two-phase regions (Al,Dy +T¢ and 7¢ +73). That's because the g
phase was suggested to be a stoichiometric compound (AlgCugDys5)
by Kuz’'ma and Milyan [15] at 773 K. While a homogeneity range
(about 45-52.5 at.% Al) was reported later by Kuz’ma et al. [19]. In
order to simulate this homogeneity range, a semi-stoichiometric
phase (716-(Al,Cu)3;Dy) model is used in this work. And the cal-
culated homogeneity range is 45.2-51.5at.% Al which is good
agreement with the experimental data [19], If a stable two-phase
region (Al,Dy+T3) existed, the homogeneity range could not be

Table 3

Calculated invariant reactions and temperatures of Al-Cu-Dy ternary system.
Type Reaction T/K

Eq Liquid < CuDy +Al, Dy + Hcp Dy 1145.97
25 Liquid < CuDy + Cu; Dy + CusDy_-H 1105.38
E;3 Liquid < Cu, Dy + CugDy; + Cus Dy H 1108.96
E4 Liquid < CusDy_H +Fcc_Cu + Cu; Dy 1153.16
Es Liquid < Fcc Al+T74+AlsDy L 915.53
U; Liquid + Bcc_Dy < CuDy + Hcp_Dy 1202.52
U, Liquid + Al Dy3 < Al, Dy + CuDy 1236.42
Us Liquid + AIDy < Al;Dys + CuDy 1288.07
Us Liquid + Al, Dy < CuDy + AlDy 1382.39
Us Liquid + 16 < Al,Dy + CuDy 1611.20
Us Liquid + 76 & T4 + Al, Dy 1366.41
Uy Liquid+7, & T4+ 71 1399.27
Usg Liquid+ 76 & T4 + T2 2158.72
Ug Liquid + 16 < 77 + Cus Dy_H 1494.74
Uio Liquid + 17 & CusDy_H + CuDy 1191.62
Upy Liquid + 1, < CusDy-H +Fcc_Cu 1185.08
Uqz Liquid + 3 & 7, + Fcc.Cu 1270.07
U3 qullld +Al, Dy & Als Dy,H +T4 1348.72
Ug Liquid + AlsDy_H < 74 + AlsDy.L 1281.23
Uss Liquid + 11 < 74 +Fcc Al 924.35
Uss Liquid + CusDy_L < CuyDy + Cus Dy_H 1173.31
Uyz Liquid+7; & 1 +B 1183.89
Usg Liquid+y < B+, 1232.11
Uig Liquid+B & v+ 1291.38
Py Liquid + 76 + T2 < CusDy_H 2025.69
P Liquid + 1 + CuDy < 77 1614.38
P3 Liquid+B+7i & ¢ 1124.24
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well reproduced. Furthermore, the meta-stable isothermal section
at 773 Kis also calculated in this work; it is found that without the 7g
phase, a two-phase region (Al Dy + 73 ) existed in this temperature,
as shown in Fig. 6. This calculated meta-stable isothermal section
is in agreement with the result by Kuz’ma and Milyan [15]. Except
from the differences mentioned above, our calculated results are in
agreement with the experimental data.

Moreover, we have calculated the isothermal sections at 573 and
973 K and the results are showed in Figs. 7 and 8, respectively. The
liquidus projection is calculated and showed in Fig. 9. Note here
the invariant equilibria involving the Al-Cu binary phases are not
visible in Fig. 9 because they are very close to the Al-Cu binary
subsystem. The calculated invariant reactions and temperatures
involved liquid in the Al-Cu-Dy ternary system are summarized in
Table 3. Further experimental data are needed to verify the liquidus
projection.

5. Conclusions

The Al-Cu-Dy ternary system has been assessed thermodynam-
ically based on reported experimental data of phase diagrams and
thermodynamic properties. Reasonable agreement between calcu-
lation and experimental data has been reached and thermodynamic
parameters for various phases in this ternary system have been
obtained.
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