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Abstract

Thermodynamic description is presented for the ternary Cu—Mn-Zn system in its copper-rich corner. The thermodynamic parameters of
the binary sub-systems, Cu—Mnd&Cu—Zn, are taken from the earlier SGTE-based assessments, and those of the Mn—-Zn and Cu-Mn-Zn
systems are optimized in this study using tkpeximental phase equilibriumnd thermodynamic data. The present ternary description is
valid for mangaese contents up to 30 wt% and zinc contents up to 60 wt%.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction The phase equilibria of the Mn-Zn and Cu-Mn-Zn
systems haw been reviewed by1[8] and [14], respectively.

In the present study, thermodynamic description is In the present Mn—Zn and Cu-Mn-Zn descriptions, the
presented for the Cu—Mn—Zn system in its copper-rich following phases are considered: liquid, fcc, bcc, gamma
corner. Thermodynamic data are optimized for the system (), hcp, cbeadaMn), cub(Mn), MnZng (§) and CuMnzn
using the edier assessed data of binaries Cu—M2f|[ (7). The disordered solution phases, i.e., liquid, fcc, bcc,
and GQ-Zn [20], and app|y|ng the experimenta| phase th, cbcc and cub, are described with the substitutional
equilibrium data of the literature. The work includes a new Ssdution model, the near-stoichiometric compoundsand
optimization for the earlier assessed Mn-Zn Systé‘ﬂ]][ T, are teated as stoichiometric phases, and the ordered
The study continues the recently started work for the gammaphase is described with the substitutional solution
development of a thermodynamic database for technically model 22]. Worth noting is that an ordered bcc phase

important copper alloysTable J). has been proposed to exist in systems Mn-Bh gnd
Cu-Mn-Zn [LQ]. However, as the quantitative experimental

data for the phase is insufficient (no data are available from
2. Phases and models the Mn—Zn system athonly one study]0] shows sme data
for the ternary system), the ordering of bcc is not considered
Fig. 1 shows calculated phase diagrams for binaries in the presat study. o _
Cu-Mn [25] and Cu-Zn R0]. They agree \ll with the By applying the substitutional solution model to. the
expeaimental phase equilibrium data as presented in these Solution phases ohe Cu-Mn-Zn system, the molar Gibbs
studies. The Mn—Zn system was recently assesse®tly [ €nergy of these phases becomes
i i i ¢ ¢ ¢ ¢ ¢
butonly tentatively. Hence, the_ system was reassg;sed inthisG?, = x&, °GL,, + Xyn °GY,, + X5, °GE, + RT (x&, Inxg,
study. The calculated phase diagram is presentédgn2 ¢ & ¢ ¢ 6 b b
+ Xy I Xyn + %20 N Xz0) + Xc Xin L cumn
¢ PP O PP
S — + XCuXZnLCu,Zn + XMnXZnLMn,Zn
* Tel.: +35 897 735 148; fax: +35 897 735 148. b b b b
E-mail address: jyrki.miettinen@hutfi. + XE X unXznL Gumn.zn + MOGE, 1
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Table 1
Ternary systems Cu—X-Y of the copper alloys database
X Y
Fe Mn Ni Si Sn Zn P
Al [24) [25] F F [22] [23]
Fe 26 [17  [30]
Mn [27] [3] [32] This sudy
Ni F [29 [28]
Si E
Sn [23 [29

Earlier assessed systeim® indicated by a reference code and those to be
assessed within the next few yeare adicated by F (future work).
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Fig. 1. Calculated phase diagramsbafaries Cu—Mn (a) and Cu-Zn (b).
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where the ontribution to the Gibbs energy due to the
magnetic orderingE"OGﬁ], is expressed as

MoG¢ = RTIn(B% + 1) - f (). 2)
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Fig. 2. Calculated Mn—Zn phase diagratogether with experimental data
points B].

In Eq. (1), Ris the gas constar8.3145 JK mol), T is the
absolute temperatursg, is the mole fraction of componerit

°Gi¢ is the Gibbs energy of pure componentin phase

¢ expressed relative to the enthalpy of the component
in its stable phase at 298.15 K19, Lﬁj is a binary
parameter describing the interaction between components
i andj in phaseg, and Lgu’Mn)Zn is a ternary interaction
parameter of phase. For these prameters,oG? is a
function of temperature, anti{’fj and L‘éu)Mn’Zn can be

functions of temperature and composition. In E2), 3¢

is a conposition-dependent parameter related to the total
magnetic entropy and is defined as = T/T¢ whereT¢

is the critical temperature of agnetic ordering. For the bcc,
fcc and hcp phases, the functidiit) takes the polynomial
form proposed by13. For otrer phaes,™G¢ = 0.

The MnZry phase of the binary Mn—Zn system and the
CuMnZn (z) phase of the Cu—Mn—-Zn system are treated as
stoichiometric phases. The Il6kis energies of formation of
thephases are expressed as

b hep Z
°Gnzn, = 0-1°Gipe®+ 0.9°GHP-"+ A+ BT (3)
°GL,vinzn = 0.334°GIEC 4 0.3330G¢bee
+0.333°GHP2" + A+ BT (4)

where OG?’ is the Gbbs energy of pure componenin its
stable phase at 298.15 K §].

3. Experimental data

Okamoto ad Tanner 18], and Chang et al.14] have
reviewed the earlier experimental studies on the Mn—Zn
and Cu-Mn-Zn systemdable 2 shows the rperimental
information selected in the present optimization. For the
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50 1 | 1 | | | | | 1
Table2 B _ O [12] 1573K
Experimental information applied in the optimization process 45 L
System Experimental information type Ref. 40 B
Mn—Zn Phase equilibria g 2, 354 |
Activity of Zn in liquid alloys, at [7,1215 ~
1573, 1523 and 1073 K c 30+ S L
Chemical potential of Zn in hcp [11] N>‘ ng
alloys, at 693 K £ 254 L
Cu-Mn-Zn Primary surfaces of fcc and bcc phase 1] [ g 204 '\g_’)\r{& »
Eight isotherms, at 815, 760, 704, [3-9 o
672, 648, 593, 532 and 48 15 4 O =
Seven isopleths, at 2.24, 5.78, 10, [1,2,10 o
15, 20, 25, 30 Wi% Mn 10 B
5 L
0 T

ternary system, no experimental thermodynamic data were
found from the literature.

The phase equilibrium data of the Mn-Zn system are
from [8]. These data were recommended Hg|[in the Fig. 3. Calculated activity of zinc in liquid Mn-Zn alloys at 1573 K,
composition range of 0 to 60 at% Mn and at temperatures together with experimental data points2]. The rekrence state for zinc
above 400°C. At higher zinc contents, three different is pureliquid Zn.
modifications of thes phase (hcp) have been proposed to

T T T T T T T T
5 10 15 20 25 30 35 40 45 50
Mole Fraction Zn 103

P>

exig, as stated byJ[g], but in the present study, these are 104 ) P ' :

treated as one lpcphase only §]. Also the lcc phase is 0.9 m [711073K L

treated as one phasg][in spte of the fact that the phase

may become ordered at lower temperaturgls This is e i

because of the lack of accuratgerimental information for 0.7 - -

the disorder-order transition of the phase. c 064 i
In the case of the Cu—Mn—Zn system, there is a noticeable N N

disagreement between the results 1] [and those of other *E‘ 0.5 Ry 1073K u

studies [l-4. First, the liquid phase of1[] is less stable ? 044 1523K

than that of 1] (in the wpper-rich corner) and the fcc

phase of 10] is more stale than that in the other studies. 0.3 B

Next, the ordering of the bcc phase has been observed 0.2- L

by [10] only. Numerous reaction equilibria including the

ordered bcc phase were reported, but at high temperatures 0.1 i

(above 500°C), only few measurements directly revealed 0 . . : .

the existence of the phase. Due to these differences, it was 0 0.2 0.4 06 0.8 1.0

reasonable to put most weight on the data of the other Mole Fraction Zn

sudies, especially as these are quite consistent with eaChFig. 4. Calculated activity of zinc in liquid Mn—Zn alloys at 1523 and

other. The only data adopted from(] are theliquidus 1073 K, together with experimental data poirifsip]. The rekrence state
temperature data (no secondary arrest data were adoptegbr zinc is pure liquid Zn.

due to the disagreement in the secondary phase) and the

temperature of formation ofie CuMnZn phase fromthe bcc  thermodynamic data for the pure components are given
phase (no data were available from other studies). by [19] except for the gamma phase, and the cbcc and
cub phases for copper and zinc (Sedle 3. The magnetic
ordering parameters for the fcc, bcc and hcp phases are
given asp® = —1.86xun, BP¢ = —0.27xmn, AP =
—1.86Xmn, T = —1620wn, TE = —580kwmn and

T2 = —16200un [19]. The presented ternary description
is valid up to 30 w¥% Mn and60 wt% Zn.

4. Thermodynamic data

The thermodynamic description of the Cu—Mn-Zn
systems is presented ifable 3 The parameters marked
with a reference code were adopted from the earlier
SGTE assessments and those marked w@hor *E were
optimized or estimated ithe presenstudy. By *O, the 5. Results
parameter was optimized using the experimental data of
literature {Table 9 andby *E, it was estimated arbitrarily, In the fdlowing, calculated results are compared with the
by applying no experimental data (since not available). The original experimental data iemonstrate the successfulness
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Table 3
Thermodynamic data for the Cu—Mn—Zn system obtdifiem the literature (referece code) and optimizedO) or estimated*E) in this study

liquid (1 sublattice, sites: 1, constituents: Cu, Mn, Zn)
L& yn = (1800 2.28T) + (—6500— 2.91T ) (Xcy — Xwn)

Lgm = (—40696+ 12.653T) + (4403— 6.554T ) (Xcy — Xzn) + (7818— 3.254T) (Xcy — Xzn)2
Lin.zn = (—4800 + (10000~ 6T)(Xmn — Xzn)

LEumn.zn = (—15000xcy + (~33000xun + (~33000xzn

fce (1 sublattice, sites: 1, constituents: Cu, Mn, Zn)

LIC |y = (11820— 2.3T) 4 (~10600+ 3T) (Xcy — Xun) + (0)(Xcu — Xnn)? + (—4850+ 35T) (xcu — Xwn)®
Lfccﬁ,Zn = (—42804+ 10.023T) + (2936— 3.053T) (Xcy — Xzn) + (9034— 5.393T ) (Xcy — Xzn)?
LIS 7, =—9170

'-fCCS,Mn,Zn = (=5000x%cy + (—2000Xmn + (—7000x%zn

bce (1 sublattice, sites: 1, constituents: Cu, Mn, Zn)

LBy = (11190 6T) + (—9869 (Xcy — Xwn)

L?:leZn = (—51596+ 13.064T) + (7562— 6.454T ) (Xcy — Xzn) + (30 744— 29.915T ) (Xcy — Xzn)2
Lpee /= —8860

L&C\ . zn = (—37 000+ 30T)xcy + (~5000Xun + (—20000Xzn

gamma (y) (1 sublattice, sites: 1, constituents: Cu, Mn, Zn)

f
%6 =10+ % ¢
Cu Cu
o_y o _chcc
G =10+ G
Mn Mn
hcp_Z|
°G" =104 %G "
Zn Zn
Y —
LCu,Mn = 50000

L(”:u_’Zn = (—39470+ 9.436T) + (36 675— 5.196T ) (Xcy — Xzn) + (90 163— 32.62T) (Xcy — Xzn)?
L,’\’/“LZn = 50000 (gamma not stable in binary Mn—Zn)

L (0)xcy + (—310 000X\ + (—410 000Xz

Y —
CuMn,zZn¥ —

hcp (1 sublattice, sites: 1, constituents: Cu, Mn, Zn)

L?:Z’?Mn = 50000 (hcp not stable in binary Cu-Mn)

Lgfon = (—36475+ 4.896T) + (24 790— 10.135T ) (Xcy — Xzn)

Ly = (~15000+ 3.9T) + (21000~ 9T) (Xyin — Xzn)

hcp
LCu,Mn.Zn = —75000

cbee (1 sublattice, sites: 1, constituents: Cu, Mn, Zn)

o_chcc o _fcc
G p—

= G _ + 3556

Cu Cu

o_chcc o _hcp Zn
G = G + 2000

Zn Zn
Lgbee | = 35000
LEbeC = 50000 (chee not stable in binary Cu-zn)
Lgbee — 5000

Mn,Zn
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Table 3 ¢ontinued)

cub (1 sublattice, sites: 1, constituents: Cu, Mn, Zn)
o cub_ o _fcc

G, = G, +2092 o
hep Z
chub: ogher ”+ 2000 2
Zn Zn
L%uuan = 35000 o
L(c:uu?Zn = 50000 (cub not stable in binary Cu-Zn) c
L§P 2 = (=5200 -+ (—3000 (Xmn — Xzn) °

MnZng (8) (2 sublattices, sites: 0.1:0.9, constituents: Mn:Zn)

o_é o_.chcc o_hcp Zn *
GMn:Zn =01 GMn + 0.9 GZn + (2700 (0]

CuMnZn (7) (3 sublattices, sites: 0.334:0.333:0.333, constituents: Cu:Mn:Zn)

ot o_fcc o_ chcc o_hcp Zn *
CuMnzn = 0.334 GCU+ 0.333 GMn +0.333 GZn + (—10480 (0]

All parameter values are irythd. The thermodynamic data of the pure components are taken ft8hufiless a parameter expression is shown in the table.

of the optimization. The results are presented for the 0 o (1] ([593K l ' I
binary Mn—Zn system and the ternary Cu—-Mn-Zn system. 2 ’ i
All calculations were cared out with the ThermocCalc S
softwae [16]. £ -4 L
2
c -6+ -
Table 4 N
Asseasal (experimental) and calculated invariant phase equilibria of the O -84 o
Mn—Zn system 3
S -10 -
$1-¢2-03 TC xr  x82 X33 Ref. g 4o i
bce—hep-lig 815 0.500 0.530 0.660 Ex@}| g 14 B
815 0.467 0.544 0.658 Cal. This study o
fec—bee—hep 620 0.340 0.375 0.420 ExX.|[ O _164 L
619 0.345 0.369 0.478 Cal. This study
cub—fce-hep 530 0.240 0.310 0.460 BExX.|[ 18 : : : .
531 0.253 0.322 0.470 Cal. This study 0 0.2 04 0.6 0.8 1.0
hcp-lig-MnZry 462 0.880 0.960 0.900 Expg] A

463 0.827 0.964 0.900 Cal. This study Mole Fraction Zn

lig-MnZng—hcp_Zn 416 0.985 0.900 0.995 Exf]]

. Fig. 5. Calculatedhemical potential of zinc in solid Mn—-Zn alloys at 693 K,
414 0.989 0.900 1 Cal. This study

together with experimental data pointkl]. The refrence state for zinc is
pure liquid Zn.

the Mnrich part of the system are quite thin. Numerous
5.1 SystemMn—-Zn trials with binary parameter optimizations were made to
get them wider (agreeing better with observations) but no
The Mn-Zn system was recently assessed by theclear improvement was achieved. Indeed, the disagreement
author R1] but only very tentdéively in the Mn-rich part of  probably originates in the Gibbs energy data for pure Mn.
the system. In the psent stidy, this description is extended  Finally, Figs. 3and 4 show calculated activities of zinc in
to cover thewhole system above 40TC, by including the liquid alloys andFig. 5showscalculated chemical potential
phase equilibria with the hcp and Mngn(8) phass. In of zinc in solid alloys. These data agree reasonably well with
the zinc-rich part of the syste, there are also other phases the experimental measurements gfif,12,15].
present (three modifications of the hcp phase and some
low-temperaturephases) but these were excluded for the 5.2. System Cu—Mn-Zn
sake of simplicity. With the new data, reasonable agreement

is obtained between the calated andexperimental §] Cdculated liquidus surfacem the copper-rich part of
phase equilibria, as shown by the Mn—Zn phase diagram of the system are presentedkig. 6. The calculated lines of
Fig. 2 and the invariant phase equilibria d&ble 4 Worth the liquidus isotherms agree well with the experimental

noting is that the calculated two-solid-phase regions in data of [l]. Shown also,with the dashed line, is the
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Fig. 6. Calculated liquidus surfaceim the copper-rich part of the Fig. 8. Calculated isothermal d&m in the copper-rich part of the
Cu—Mn-Zn system, together with experimental data po@jtéor Cu—Mn Cu-Mn—Zn system at 704C, together with experimental data poings-f.
alloys and 1] for the ather alloys. Shown also is the calculated (dashed line) The measurements of] in region Oto 6% Mn and 30 to 45% Zn were made

and the experimental] monovariant curve of primary solidification. at 700°C.
60
60
50
50
404
C
40 N
N 5
© 2 304
% 30+ £
< o
% = 20 -
< 204 O
o D"C a
o 00 O | 593 m] L
10 - 815°C - ™ B 10 O 1-phase o fco+
O 1-phase o O m2-phase O o o cbce
m2phase O 0O Qg o O * 3-phase
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Fig. 9. Calculated isothermal d&m in the copper-rich part of the

Fig. 7. Calculated isothermal g@m in the copper-rich part of the
Cu-Mn-Zn system at 815C, together with experimental data points
[34].

Cu—-Mn—Zn system at 593C, together with experimental data poings-f.
The measurements of] in region 0to 6% Mn and 30 to 45% Zn were made
at 600°C.

calculated monovariant curve of primary solidification. This 482 °C. The ageement with the experimental dat2—{]
curve agrees well with the suggested curdgé &t low is quite good. InFig. 7, some &perimental bcc points are
manganese contents but nongier at higher manganese equipped with a plus sign to indicate an evidence of melting
contents. Anyway, in both cases, manganese stabilizes thdor these alloys. These observations, however, are only
bce phase quite effectively. This tendency was not supportedtentative. Slight disagreement can be seerfigs. 8 and
by [10] showing no clear effect of manganese, but the studies 9, in the fcc+ bcc regions at high manganese contents. A
dealing with the solid state equilibrie84] unquestionably  trial was made to make the calculated fecbcc regions
indicate that manganese must have that bcc stabilizing“more curved” as indicated by the experimental data but this
effect. resulted in poorer agreement at lower manganese contents.
Figs. 7 through 10 show fur calculated isothermal Fig.10 shows eperimental points associated with fee
sections of the system, at temperatures of 815, 704, 593 andX region, where X does not refer to the cbcc phase but



J. Miettinen / Computer Coupling of Phase Diagrams and Thermochemistry 28 (2004) 313-320 319

60 1050 L - . ! !
10%Mn o Liquidus [10]
s
| idu
50 950 L +Fc 4 |
* 2-phase [4]
a o x Bcc [4]
c 407 3 9007 o vGam [
N ©
B O 850 L
9—7 304 f_'% + + +
£ 5 800 il
0 o + + + -
= 20 g £ 750+ fco ‘9-53[_
o o T 7004 + + 4 Cbeesy
10 482°C fcc * o "
| oFcc 0O o fcc+chee 6504 + + + yHhep
m Fcc+Bec O o
0 .F?C+X'?| T T T T T 600 y y ; ' y
A, 0 5 10 15 20 25 30 35 40 A ° 10 20 30 40 50 60
Weight Pct Mn Weight Pct Zn

Fig. 12. Calculated isopleth at 10 wt% Mn in the Cu-rich part of the
Cu-Mn-Zn system, together with experimental data poitit4,10] (the
data of [l] were read from the assessed liquidus and solidus contours).

Fig. 10. Calculated isothermal g@m in the copper-rich part of the
Cu-Mn—Zn system at 482C, together with experimental data poing. [

1050 ' ' '
5.78%Mn o Fcc start 1050 ' ' ! L :
1000 - O Bcc start L 15%Mn O Liquidus [10]
+ Fcc 1000 - < Liquidus [1] -
950 - L * Fcc+Bce B & Solidus [1]
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25 30 35 40 45 50 600 . . . . .
A Weight Pct Zn @ 0 10 20 30 40 50 60

Weight Pct Zn

Fig. 11. Calculated isopleth at 5.78 wt% Mn in the Cu-rich part of the
Cu—-Mn—Zn system, together with experimental data poy&10]. Fig. 13. Calculated isopleth at 15 wt% Mn in the Cu-rich part of the

Cu-Mn-Zn system, together with experimental data poitit4,10] (the

data of [l] were read from the assessed liquidus and solidus contours).
an unidentified phase with a fcc structur@.[However,
as its constitution was not reported, the phase could not
be included in the optimizationFig. 10 also shows the calculated stability region of the hcp phase in the Mn-Zn
presence of the CuMnZrir) phase. No measurements system at about 600C (seeFig. 2).
were available from3,4] to confirm its calclated phase Finally, Figs.11 through 15 show five calculated
equilibria in Fig. 10 but [10] reported the value 502C isopleths, at constant manganese contents of 5.78, 10, 15,
for the temperature of formation af from the bcc phase. 20 and % wt% Mn. Woith noting are the relatively high
This single measurement was used to fix the value of the liquidus temperature values df(] at low zinc contents but
Gibbs energy ofr formation. It is worth remembering that on the whole, the calculated results agree reasonably well
this value is completely reladl to the present Gibbs energy with the experimatal data of 1,2,4,10.
description of the bcc phase, i.e., the value must be corrected Calculatons were also carried out for the isotherms of
if the bcc phase description is changed. There is still one 760, 672, 648 and 53ZC, and for tte isopleths of 2.24 and
disagreement worth mentioning, i.e., in the bdacp region 30 wt% Mn. In each case, good agreement was obtained with
in Fig. 9. This disageement originates in the narrower the experimental datal-510].
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Fig. 14. Calculated isopleth at 20 wt% Mn in the Cu-rich part of the
Cu-Mn-Zn system, together with experimental data poitt4,10] (the
data of [l] were read from the assessed liquidus and solidus contours).

1050 | | | | |
25%Mn o Liquidus [10]
1000 < Liquidus [1] L
& Solidus [1]
N + Fcc [4] |
950 * 2-phase [4]
900 - L x Bcc [4] B

Temperature Celsius

-hcp
@ 0 10 20 30 40 50 60
Weight Pct Zn

Fig. 15. Calculated isopleth at 284 Mn in the Cu-rich part of the
Cu-Mn-Zn system, together with experimental data poitt4,10] (the
data of [l] were read from the assessed liquidus and solidus contours).

6. Summary

A thermodynamic description was optimized for the bi-

observed in one studyl] was not considered due to the
lack of accurate experimental data and the inconsistencies
between that study and the other studies. In the optimiza-
tion, the unary and binary thermodynamic data of the sys-
tems were taken from the recently assessed SGTE descrip-
tions. Good or at least reasonable correlation was obtained
between the calculated and the experimental thermodynamic
and phase equilibrium data.
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