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In the present reevaluation of the Cu-Zn system, the ordering in the B phase is described using a two
sublattice model, whereas four sublattices are used to model the y phase. A self-consistent set of coef-
ficients has been obtained, allowing both the equilibrium phase diagram and the thermodynamic
properties to be calculated in close agreement with experimental observations.

1. Introduction

Because of their major technological importance, Cu-Zn al-
loys have been widely investigated. The Cu-Zn phase diagram
is generally well established [44Ray, S8Han, 86Mas], and only
small uncertainties concerning the phase boundaries at lower
temperatures remain. A large number of thermodynamic in-
vestigations of solid and liquid alloys also have been made.
There is qualitative agreement between the different results,
but the scatter is significant in some of the experimental data,
particularly for liquid, B, and yphase alloys.

In his book Metallurgical Thermochemistry, Kubaschewski
[55Kub] already in 1955 presented evaluated data for the Cu-
Zn system and used plots of the different thermodynamic prop-
erties to discuss the characteristic features of partial and
integral thermodynamic functions in homogeneous and het-
erogeneous ranges of an alloy system, as well as the behavior
of the functions at phase boundaries. This work represents one
of the earliest detailed thermodynamic assessments in which

consistency between measured thermodynamic values and
phase boundaries of an alloy system is taken into account fully.
As such, it constitutes part of Kubaschewski’s pioneering
work in the area of thermodynamic evaluation of phase dia-
grams, a field which, due to the availability of the computer,
now contributes significantly to the large-scale efforts devoted
to constitution studies in complex systems of all types.

The present evaluation of the Cu-Zn system also makes use of
computer methods to assist the reliable selection of thermody-
namically self-consistent values from all available experimen-
tal data. An earlier study [86Spe], which used the simple
substitutional model for all the solution phases, produced sat-
isfactory agreement between experimental and calculated
phase boundaries and thermodynamic properties. However,
the thermodynamic data for pure Cu and Zn used in that work
have subsequently been amended as part of a general revision
of Gibbs energy values for the pure elements carried out by
Dinsdale [89Din] at the instigation of the Scientific Group
Thermodata Europe (SGTE). This necessitates up-dating of

Table1 Experimental [86Mas] and Calculated Invariant Equilibria

Temperature, K Composition, at. % Zn
Equilibrium Experimental Calculated Phase Experimental Calculated
Peritectic
(Cu) + L B oo cen e 1176 1176 (Cw 0.319 0.319
B 0.361 0.353
L 0.368 0.373
B AL €3 Yoo cens s e srms e st crrseene e 1108 1108 B 0.558 0.558
Y 0.591 0.586
L 0.591 0.592
FHL 38 oo et s e rene e eenrens 973 973 Y 0.692 0.678
8 0.724 0.719
L 0.800 0.802
B4 L 4 € ettt e 871 873 & 0.760 0.773
€ 0.781 0.792
L 0.880 0.882
EF+L 63 (Z0) ot e 697 695 € 0.872 0.875
(Zn) 0.972 0.981
L 0.983 0.983
Eutectoid
O Y H e et e e o 831 832 Y 0.700 0.693
) 0.740 0.749
€ 0.780 0.777
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the previous evaluation, which at the same time provides an
opportunity to use a physically more realistic model for the de-
scription of the structures of the different phases. Additional
experimental information also has been incorporated in the
present assessment.

Optimization of the excess Gibbs energy coefficients for the
different solution phases was carried out using the program
due to Lukas [77Luk], whereas the ordering parameter in the B
phase was optimized using the program Thermo-Calc
[85Sun]. The latter software also was used to produce the fig-
ures illustrating the results of the present assessment.

2. Experimental Phase Diagram
Information

Figure 1 presents the experimental phase diagram used as a ba-
sis for this assessment. It is essentially that proposed by
Raynor [44Ray] from a review of the earlier experimental in-
vestigations and reproduced with minor modifications by
Hansen [58Han] and later by Massalski [86Mas]. The tem-
peratures and compositions of coexisting phases at invariant
equilibria as reported by Massalski [86Mas] are presented in
Table 1.

3. Experimental Thermodynamic
Information

3.1 Liquid Alloys

The relative chemical potential of Zn in liquid Cu-Zn alloys
(Fig. 2) has been determined by Schneider and Schmid
[42Sch] (923 to 1123 K), Everett et al. [S7TEve] (1069 to 1303
K), Downie [64Dow] (1200 K), Azakami and Yazawa {68Aza]
(1073 t0 1473 K), Solovev et al. [79S0l] (1373 K), and Sugino
and Hagiwara [86Sug] (1323 to 1423 K) using a variety of va-
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por pressure techniques; by Leitgebel [311Lei] (1188 to 1773
K) and by Baker [70Bak] (1373 to 1473 K) using the boiling
point method; and by Kleppa and Thalmayer [S9Kle] (900 K)
and Gerling and Predel [80Ger] (1073 to 1174 K) fromemf in-
vestigations. There is a good general agreement between the
different experimental values.

Enthalpies of mixing for the liquid phase (Fig. 3) have been de-
termined calorimetrically by von Samson-Himmelstjerna
[36Sam] (1273 K) and by Parameswaran and Healy [78Par]
(1400 K). However, apart from values for copper-rich alloys,
the results from the two investigations show large differences.

3.2 Solid Alloys

Most experimental investigations of solid Cu-Zn alloys (Fig.
4) have been confined to the fcc phase. Hargreaves [39Har]
(800 to 1283 K), Seith and Krauss [38Sei] (1073 to 1123 K),
Argent and Wakeman [58Arg] (1000 K), and Masson and Sheu
[70Mas] (1063 K) all used vapor pressure methods in obtain-
ing values of the chemical potential of Zn for fcc alloys. The
fce phase also has been investigated by Pemsler and Rapper-
port [69Pem] (523 to 823 K) using an atomic absorption
method.

The investigations by Hargreaves [39Har] and Seith and
Krauss [38Sei] included measurements for the P phase,
whereas Olander [330la], using an emf method, obtained data
for B, ¥, §, and € phase alloys (685 to 899 K).

The results for the fcc (Cu) phase are rather scattered, the scat-
ter between the different investigations increasing with in-
creasing Zn concentration. For the P phase, chemical
potentials of Zn determined by Olander [330la] lie between
the values obtained by Seith and Krauss [38Sei] and by Har-
greaves [39Har], which show large differences (ignoring the
temperature dependence of the data).
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Fig. 1 Experimental Cu-Zn phase diagram reported by Massalski
[86Mas] compared with the phase diagram calculated using evalu-

ated data from this assessment.
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Fig. 2 Comparison between the calculated chemical potential of Zn
in liquid Cu-Zn alloys and selected experimental results.
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The only available results for y, 3, and € phase alloys are those
obtained by Olander [330la].

Enthalpies of formation of fcc alloys (Fig. 5) have been deter-
mined from calorimetric measurements made by von Samson-
Himmelstjerna [36Sam] (293 K), Korber and Oelsen [37Kor]
(298 K), Weibke [37Wei] (363 K), Kleppa and King {62Kle]
(298 K), Orr and Argent [650rr] (573 K), and Blair and
Downie [79Bla] (573 to 673 K). Several of these authors also
have made measurements for the B, v, and € phases of the sys-
tem. Since it is difficult to establish equilibrium in the alloy
specimens used for calorimetric measurements near room
temperature, there must be some doubt as to whether the ex-
perimental values for ordered B and 7y phase alloys are associ-
ated with homogeneous, single-phase specimens. This applies
particularly to the investigations made by [36Sam], [37Korl,
and [37Wei].

4. Method of Evaluation

This reevaluation of the Cu-Zn system was mainly carried out
using the optimization program written by Lukas et al.
[77Luk]. The excess coefficients (Redlich-Kister description)
reported by Spencer [86Spe] were used as starting values, and
the experimental data files used in conjunction with the earlier
evaluation were supplemented by additional measurements
[79S0l, 86Sug].

In the present work, the substitutional solution model has been
applied to the liquid, (Cu), B (also 8), €, and (Zn) phases. In
contrast to the earlier assessment [86Spe], modelling based on
the Wagner-Schottky theory [30Wag] has been used in de-
scribing the thermodynamic properties of the y phase. An ex-
plicit description of the ordering in the B phase was achieved
using the Thermo-Calc program {85Sun], whereby the only
experimental information used was the temperature of the or-
der-disorder transformation at the stoichiometric composition.
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Fig. 5 Comparison between the calculated enthalpy of mixing of

solid Cu-Zn alloys and experimental calorimetric results.

The assessed coefficient sets for the f§ and y phases have been
represented in equivalent sublattice form.

Gibbs energy values for pure Cu and Zn in all phases, ex-
pressed in conventional SGTE form, have been taken from the
recent compilation due to Dinsdale [89Din].

5. Results and Discussion

All parameters assessed in this work are collected with the data
for the pure elements in Table 2 (expressed in the form of a
Thermo-Calc file).

Figures 1 to 6 and the comparison of temperatures and compo-
sitions of invariant equilibria presented in Table 1 summarize
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Table2 Assessed Parameters for the Cu-Zn System
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Liquid

(Cu,Zn),

OGR4 - SR = 12964.84 - 9.510243 x T—-5.839 x 102/ x T’ + G
for298.14 < T < 1358.01

13 495.4 — 9.920463 x T — 3.646 x 10% x T + GHER
for 1358.01 < T < 2000.00

OGhaid _ BSER — 7157.27 — 10.292343 X T— 3.5865 x 107 x T’ + GHy"
for 298.14 < T < 692.73
7450.123 - 10.736234 X T —4.7066 x 10°° x T~ + GHyo"
for 692.73 < T < 2000.00

%gg;;f ~40 695.54 + 12.65269 x T
LE3Y = 440272 - 6.55425 X T
LEde =7818.10 - 3.25416 X T
fee-(Cu)
(Cu,Zn),
68 - K = T
OGSs - Ha' =2969.82 — 1.56968 x T+ GHye:
OLE: ;. =—42803.75 + 10.02258 x T
L& 7, =2936.39 ~ 3.05323 x T
L& 7, =9034.20 - 539314 X T

bee-B, B, &

(CuyZn);(Cu,Zn),

*Gocu = Heo =Gy

0G5 — HyR = Gor

06, — 0.5 X HibR— 0.5 x Hye® = 0.25 X Ly + 0.5 X G + 05 X G’ — P
0GEE S~ 0.5 HSER— 0.5 X HEER = 0.25 X Ly + 0.5 X Gow + 05 x Gpr =P

0y be _ 0y be bec bec
L znice= Lonzazn = Lincuza™ Lomcaa= 025 X Ly+ 0375 XL,
+0.1875 xL, +P

Be

LCu.ZnCu Lo z0zn = Loncuza= Lamcuga=0125 XL, +0.25 XL,
bec

L 2nce = Louzaza = e zn= Limcuza=00625 XL,

0
LCuZn:Cu.Zn =-15xL,

Note: InJ/mol.

Y-phase

(Cu, Zn)s(Cu,Zn),;Cunan4

OGY., curcuza 053847 x Hok — 0.46154 x HyeX = K, +0.15385 x K
+0.53846 x Gyg‘j +0.46154 X GHEX

G} cucuza 0.38462 X Hoot —0.61539 X Hyo® = K, + 0.15385 x K
+0.15385 *K6 +0.38462 X GHeL® +0.61538 X G.

OGY . 2n-Curza— 0-38462 X HEo® — 0.61539 x Haoh = K, + 0.38462
X GHER +0.61538 X GHoX

G}, 7ocaza — 0-23077 X HER —0.76924 X HyeX = K, +0.15385 x Ky
+023077 X GHEX +0.76924 x GHYER

e-phase

(Cu,Zn),

0 ER ER

Géu - ng =1+GHg,

0G5, - HoX = 2969.82 — 1.56968 X T+ GHye®

0
Leyza="354333 +524516 x T

'LE, 70 = 25 276.81 - 9.96989 x T

(Zn)
(Cu,Zn),

- HER = 600 - 0.2 X T+ GHoX
0 chh _ HSER = GHSER

h
oL, =-14432.17 - 107814 X T

Functions
GHER = 7770458 + 130.485403 X T~ 24.112392 x T x InT

—0.00265684 x T2 +1.29223 x 1077 x T° + 52478/
for298.14 < T < 1358.01
~13542.33 + 183.804197 x T—3138 x T

x InT + 364643 x 102 x T°°
for 1358.01 < T < 2000.00

GHER = ~7285.787 + 118.469269 T — 23.701314 x Tx InT(T)
-0.001712034 x T° - 1.264963 x 10 x T°

for298.14 < T <692.73
-11070.597 + 172.344911 x T - 3138 x TxInT

+4.70657 x 106 x T°
for 692.73 < T < 2000.00

G = GHER + 4017 - 1.255 X T
L,=-51595.87 + 13.06392 x T
L, =7562.13 - 645432 X T

L,=30743.74 -29.91503 x T
P=3085

GoF = GHAER 4 2886.96 —2.5104 X T
K,=-1155271 - 1.67824 x T
Ky =1573230 - 1026575 x T
Kg=37289.20 - 13.05259 x T

and illustrate the results obtained from the present assessment.
There is excellent agreement between calculated and experi-
mental values across the entire system. In particular, by appli-

cation of physically more realistic modeling to the 8 and y
phases as compared to the previous evaluation [86Spe], a
much improved description of phase boundaries and thermo-
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dynamic properties at lower temperatures as well as in Zn-
rich alloys has been achieved. Because various models have
been used in conjunction with the different phases, the par-
ticular problems associated with each are discussed sepa-
rately below.

5.1 Liquid Alloys

Liquid Cv-Zn alloys are described using the substitutional so-
lution model. Excellent agreement with the experimental
liquidus boundary is obtained across the entire system (Fig. 1).
Calculated values of the relative chemical potential of Zn (Fig.
2) also reproduce the experimental results very well. Calcu-
lated enthalpies of mixing of liquid alloys (Fig. 3) are similar
to those presented earlier [86Spe] and tend to support the cal-
orimetric results obtained by Parameswaran and Healy
[78Par]. The coefficients describing the excess properties of
the liquid phase differ only slightly from the previous values
[86Spe].

5.2 Solid Alloys

5.2.1 fecc Phase (Cu)

The copper-based fcc phase is also described using the substi-
tutional solution model. Again, good agreement with experi-
mental chemical potential and enthalpy measurements (Fig. 4
and 5), as well as good reproduction of phase boundaries in-
volving the fcc phase (Fig. 1), has been achieved.

5.2.2 bcc Phases (B, 8)

The two bee phases, B and §, are both of the same W structure-
type. (All structural information used in this evaluation is
taken from Massalski [86Mas] and Villars and Calvert
[85Vil]). As in the earlier assessment of the system [86Spe],
the phases are described with the same coefficient set using the
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Fig. 6 The calculated enthalpy of formation of the B phase in the vi-
cinity of the order-disorder transformation as compared with experi-
mental results reported by Blair and Downie [79Bla] and data
recommended by Hultgren etal. [73Hul].

substitutional solution model. The evaluated coefficients en-
able phase boundaries involving the B phase to be reproduced
to within ~1.5 mol% and the & phase to within ~2 mol% (Fig.
1). The calculated chemical potential of Zn in the 3 phase (Fig.
4) is in excellent accord with the experimental data of Olander
[3301a].

5.2.3 Hexagonal Phases (t, (Zn))

Two solution phases having the cph Mg-type structure, € and
(Zn), are present in the Zn-rich region of the Cu-Zn system.
Because of the large difference in c¢/a ratio for the (Zn) and €
phases (1.856 and 1.556, respectively) and the rather small
change in c/a across the homogeneity range of €, the two
phases have been treated separately. If a single treatment of €
and (Zn) is used, with solid immiscibility between the two, ap-
plication of higher order interaction terms is found to be neces-
sary. These lead to rather unrealistic numerical values of the
interaction coefficients. Similar difficulties still arise when the
phases are treated as two different cph phases, i.e. with two dif-
ferent sets of interaction coefficients. Consequently, because
the value of the c/aratio for the € phase lies closer to the c/ara-
tio of the ideal closest packed structure (1.633), the well-estab-
lished value of the lattice stability for pure Zn in the fcc
structure was used in the thermodynamic description of €.

5.2.4 y-Phase

The 7y phase, with the CusZng prototype structure, is stable
over arelatively wide composition range. The elementary cell
contains 52 atoms occupying four site sets denoted by 8c, 12e,
8c, and 24g (Wyckoff notation). The distribution of the Cu and
Zn atoms over all sites was investigated by von Heidenstam et
al. [68Hei] using neutron diffraction. The three possible distri-
bution models proposed lead to a four-lattice model and are
shown in Table 3. Mixing on all four sublattices gives rather
poor agreement with diffraction data and therefore has been
eliminated [68Hei].

The first manner of distribution (A) can be applied only for
strict stoichiometric phases and has been rejected in this as-
sessment. Two further possible site occupations (B,C) also
have been verified. The distribution denoted B, i.e. mixing of
Cu and Zn sites 8c, has been accepted in this work as leading to
greater defect density (site fraction of Zn on sublattice I and
vice versa) at the stoichiometric composition than the distribu-
tion C.

Table3 Atomic Distribution Models for the
Stoichiometric yPhase According to [68Hei]

Site/sublattice occupation

Model 8c/1 So/11 12¢/110 24g/1V
Cu Zn Cu Zn
Cu,Zn Cu,Zn Cu Zn

Cu Zn Cu,Zn CuZn

Note: The symbol Cu,Zn denotes a random distribution over all sites so desig-
nated.
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The agreement between calculated and experimental thermo-
dynamic values for yphase alloys is very good, as illustrated in
Fig. 4 and 5.

5.2.5 B’ Phase

The bee 7 phase is an ordered modification of the 3 phase with
the CsCl structure. The ordering is composition dependent and
occurs in the temperature range from 730 to 740 K. A two
sublattice model proposed by Saunders [§9Sau] has been used
to describe the order-disorder transformation. This description
is based on an assessment of ordering in the Al-Li-Zr system.

The  phase contains two atoms (sublattices) in the elementary
cell. In the disordered state, the site fractions of the same ele-
ment on the two sublattices are identical and equal to the phase
composition. The energy terms in the two sublattice model for
the disordered bce phase have been derived from the excess
terms of the substitutional solution model for this phase. Con-
sequently, the calculated excess Gibbs energy is identical in
the two cases. In order to stimulate the distribution of Cu and
Zn between the two sublattices, a supplementary energy term
has been introduced to decrease the interaction energy be-
tween Cu and Zn atoms on different sublattices and to increase
the interactions on the same sublattice (Table 1). This term was
evaluated using Thermo-Calc [85Sun]. Because of uncertain-
ties in the phase boundary information, only the temperature of
the order-disorder transformation was used in the assessment.

The calculated boundaries of the ordered 3 phase and the ther-
modynamic properties of mixing (Fig. 6) show good agree-
ment with available experimental information. At Zn
concentrations corresponding to the homogeneity range of the
O phase (Xz, =0.75) the temperature of the order-disorder
transformation reaches ~600 K and is thus significantly lower
than the lower stability limit of the & phase.

6. Summary

A reevaluation of the Cu-Zn system has been carried out; itin-
corporates an explicit description of the ordering in the B
phase, a four sublattice model applied to the Y phase, and new
lattice stability data for the pure elements. The resulting as-
sessment provides a physically more realistic treatment of the
phases in the system and resulits in a set of coefficients that al-
low all experimental phase diagram and thermodynamic data
to be reproduced within narrow limits. A reliable basis for
evaluation of higher-order systems containing the phases of
the Cu-Zn system thus has been established.
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