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Thermodynamic assessment of the Cu-Fe-Cr system wamdertaken within the framework of the
CALPHAD method. A set of self-consistent thermodynaic parameters was obtained taking into account
new experimental data on the mixing enthalpy of ligid ternary alloys and literature information on the
phase transitions. Isothermal sections, isoplethprojections of the liquidus and solidus surfaces ahcupola of
stable and metastable immiscibility of liquid alloys were calculated. The magnitudes of supercoolingquired

for metastable immiscibility of liquid phases weresstimated.

Phase diagram / Immiscible liquid alloys / Metastale phase transformations

1. Introduction
The Cu-Fe-Cr system is of interest for the
development of casting compositefl,2] and
powder materials [3] with core-type structure,
as well as dispersion-hardened alloys with a
droplet-like structure [4]. Alloys with these
types of macro- and microstructure combine
high thermal and electrical conductivity of copper
with  the high strength of chromium steel
and chromium and have good prospects for
practical use (primarily as electric contacts and
antifriction materials).

Design and production of new materials
need clear understanding of the stable equilibria
and metastable transformations in the system.

Such information can be obtained as a result
of thermodynamic calculations performed
within the framework of the thermodynamic

assessment of experimental data. The Cu-Fe-Cr
system was thermodynamically assesséd,6]

in the spirit of the CALPHAD method.

The parameters describing the ternary interaction
of the components in the liquid phase were
taken equal to zero in both works owing to lack of
experimental information. Therefore, a new

thermodynamic assessment of the Cu—Fe—Cr system crucible was 1.7-2.4 g.

taking into account recent experimental dafaon the
mixing enthalpies of liquid alloys was the aim bét
present work.
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2. Experimental information for the ternary system

The phase diagrams of the constituent binary Cu-Fe
and Cu-Cr systems have flat parts of the liquidus
lines. Metastable liquid-phase separation has been
established for these systems. The mutual solyluifit

the components in the solid terminal solutigfSu),
a(Cr), 8(Fe),y(Fe), anda(Fe) is limited, especially in
the Cu—Cr system. In the Fe—Cr system complete
solubility of components is observed in the liqaid

bcec a(Fe,Cr) phase. Formation of the intermetallic
o-phase has been established experimentally for this
system.

The mixing enthalpies of ternary Cu—Fe—Cr liquid
alloys were studied using a high-temperature
isoperibolic calorimeter along the sections with
XedXee = 3, 1, 1/3 ake, = 0-0.45 and 1873 K7]. The
device, the measurement procedure, and the
processing of the experimental results have been
described in our earlier worK8]. The starting
materials used were electrolytic copper and nickel
(99.99 wt.%), A-2 carbonyl iron (99.95 wt.%), and
A-2 tungsten (99.96 wt.%). The experiments were
carried out in stabilized zirconia crucibles under
spectrally pure argon (99.997 vol.%) atmospher@ Th
initial weight of the metallic solvent placed ineth
In the course of the
measurements, 70 metallic samples were added to the
crucible; their interaction with the melt was
accompanied by thermal effects recorded in the form
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Table 1 Partial mixing enthalpy of chromium and
(kJ/mol).

integralximg enthalpy of liquid Cu—-Fe—Cr alloys

Xcr AH. %26 AH * 26 AH. %2 AH *+ 26 AH. %2 AH * 26
SectionXcy/Xge = 3 Sectionkcy/Xee =1 Sectionkey/Xee = 1/3
0 145+4.0 9.2+04 -35+4.2 10.9+0.6 4465 7.5+0.5
0.1 146+ 3.6 9.7+0.7 49+39 100+1.2 133 6.6 +0.8
0.2 13.8+2.2 10.2+0.8 10.0 £ 3.5 9.7+1.4 P26 6.1+1.0
0.3 12.3+2.0 106+1.1 124+ 2.6 99+1.6 DAR1 56+1.3
0.4 10.3+2.1 10.7+1.6 125+2.5 10.3+2.1 8414 47+1.3
0.5 8.1+2.0 10.4+23 11.1+2.4 10.6 £ 2.8 -815 34+1.8
0.6 57+1.6 9.7+27 8.6+2.0 10.4+3.4 409 1.8+3.0
AAST, kI/mol AH, kJ/mol
Cu—Cr [27]
40
. \ 10 - Cu-Cr [27]
A= = O
X /X =3 = ¥
e 1mP&AAA%HFF$_—-\“\\iEf?:i
1 0L ps
X/ Xpe=1

X/ Xp=1/3
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Fig. 1 Mixing enthalpies of liquid Cu-Fe—Cr alloys at B3K: (a) partial mixing enthalpy of chromium
AHcr along the investigated sections and in binaryidicailoys; (b) integral mixing enthalpy along the

investigated sections and in binary liquid alloys.

of heat-exchange curves by a differential therneopil
To determine the calorimeter constant and its
dependence on the alloy weight, the device was
calibrated at the beginning and the end of the
experiment. The partial mixing enthalpy of chromium
AH cr was calculated using the areander the heat-
exchange curve

o K
AHcr =-AHL,c———S ()
Cr
where A HZT%’Cr is the high-temperature component of

the enthalpy of liquid chromiunupon heating from
the thermostat temperature (298 K) to the
measurement temperature (1873 (9], K is the
calorimeter constant, amik, is the number of moles
of chromium.

For the sections the integral mixing enthalpyhsf t
ternary liquid alloys was calculated by integratthg
Gibbs-Duhem equation:
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« AﬁCr

0 (l_ XCr)2 <

AH = (1-%,) (2)

E%AH se=0 t

Here AH is the integral mixing enthalpy along the
section with constant molar ratio of copper andjro

AHcr is the partial mixing enthalpy of chromium;
AH x, =0 is the integral mixing enthalpy in the Cu-Fe

Xcul Xre

system at a given ratiq. /e The values ofAH x_ =0

were accepted according to the thermodynamic
assessment ifl0]. Experimental points of partial
mixing enthalpy of liquid chromium supercooled to

the temperature of the experimeniHcr and
calculated values of molar integral mixing enthalpy
AH are shown irfig. 1 and presented imablel. The
integral function has positive values in the
investigated composition range and exhibit positive
deviations from the ideal curve. These charactesist
indicate repulsive interaction of particles in thguid
phase.
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The phase relations in the Cu—Fe—Cr system were variation of the Gibbs energy for the phases of the

investigated in[1,5,6,11-14] Isothermal sections in
the temperature range 1073-1573 K were studied in
[5,6,13,14] Partial vertical sections for composition
range with less than 40 wt.% Cr and 40 wt.% Cu were
constructed in [11,12] The invariant reaction

L +y(Fe) = a(Fe,Cr) +y(Cu) involving the liquid
phase was established at 1358 Klii]. According to

system was described by the following equation:
G? (Xe Xcus Xper T) = Z X ((GY(T)-H>)+

i= CrCuFe
RT ' XIN(¢) +AG?™ (Xg . Xe Xee T+ (3)

i= CrCuFe

AG¢ mag(XCr’ XCu ' XFe*T)

[5,6,11'14] the CU—Fe—Cr System |S CharaCterlZEd by Where °GI¢ (T) — Hiser |S the Glbbs energy Of the pure

the absence of ternary compounds and presence of

narrow composition ranges of the be¢~e,Cr), fcc
v(Cu), andy(Fe) phases.

Equilibrium phase separation is observed for tiqui
alloys in the ranges Gil-4s6€s6.4-48140-72 and
CUs0.0-65.8-€27.8~34.816.0-7.2 (Wt.%0) [1]. The macro- and
microstructures of alloys obtained by mold casting
were investigated ifil] and the formation of a core-
type structure was established.

The existence of a liquid-phase separation was
confirmed experimentally in the present work, where
the microstructure, composition and crystal strrectu
of the phases were investigated for as-cast alloys
obtained after the calorimetric investigation. No
chemical analysis was conducted since the weiglst lo
during the calorimetric measurement was less than

0.2wt.%. The cooling rate of the alloys was
approximately 30 K/min. After standard
metallographic preparation, the samples were

examined by scanning electron microscopy and
electron probe microanalysis (JOEL Superprobe
8200), and also by the XRD technique (DRON-
3.0M). The XRD measurements were performed using
CuK, radiation. The microstructure of the
CusgFesoCryg (at.%) alloy clearly demonstrated liquid-
phase separation. The matrix of the fcc Cu-richspha
has composition Ggde ,Crio (at.%) and contains
dendrites of a bcc (Fe,Cr)-rich phase of compasitio
Cup oFey0 Crs76 (at.%) Eig. 28). The composition of
the matrix of the bcc (Fe,Cr)-rich phase is
CupFe;3Crss7 (at.%), and it contains isolated
particles of a Cu-rich phase of composition
CugdeCroz (at.%). Similar compositions of the
phases were found in the iron-rich part of the
Cl1 F654.4Cr13 6 alloy, Cuy 1Ferg Crig 4 for the (Cr,Fe)
matrix and CugsFe3Crps for (Cu) inclusions
(Fig. 2b). Meanwhile, the microstructure of the
Cuz F 639 Cr46.9 (at.%) alloy obtained under the same
conditions does not show any signs of liquid-phase
separation.

3. Thermodynamic modeling

metali (i = Cr, Cu, Fe) of structur@ with respect to
the reference stateRT inln(xi) is the mixing
i=Cr,CuFe
Gibbs energy of an ideal solution;
AG?#(Xe,, Xoys X T) IS the excess term of the Gibbs
function of the solution phase ¢;
AG? ™9(X.,, Xo X T) IS the  magnetic  term
considered for crystal phases.

The excess term was described by Redlich-Kister-
Muggianu equationd 5]

AG‘ﬁ’EX(XCr’XCu’XFe’T) =
XCuXFeZ iL‘??u—Fe(XCu - XF(—))i +
i=0
n

XCrXCuZ iL?:r—Cu(XCr - XCu)i +

(4)
n
iye _ i

XCrXFeZ LCr—Fe(XCr XFe) +

i=0

oy ¢
XCrXCuXFe(XCr LCr—Cu—Fe+
1 ¢ 2 ¢
XCu LCr—Cu—Fe+XFe LCr—Cu—Fe)
where 'L ., 'L&_.,, ‘.. are model

parameters for the binary phasess the power of the

; H ; .0 1
Redlich-Kister polynomials; Lgr_Cu_Fe, Lgr_(;u_pe.
2L? _.r. are model parameters for the ternary

phases.
The magnetic term was described according to the
method proposed Hy.6]

AG(I”mag(XCr Xeu Xre ’T) =

RT(INB? (Xc Xcu Xre) +1)%

F(T/TE (Xer Xeu Xee)) (5)
where Tgr(&r,xCu Xge) IS the Curie temperature of

the solid solution in K; B (X Xcy Xee) IS the

average magnetic moment per atom.
The intermetallic phase was treated as a binary

Thermodynamic assessment of the Cu—Fe—Cr system phase without any homogeneity range in the ternary

was undertaken within the framework of the
CALPHAD method. The temperature-composition

" Performed at the Technical Center of the National
Academy of Sciences of Ukraine by the engineer
V.B. Sobolev.
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system. A three-sublattice model, which is desctibe
in detail in[17], was adopted for this phase. The
expression for the Gibbs energy of one mole of
formula unit is:
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Fig. 2 Microstructure of as-cast samples (SEM, back-soadt electron images): (a) copper-rich part of
CusgFe3Cryg, dendrites of (Cr,Fe) phase ({HeyCrs79 embedded in a (Cu) matrix (Gure, Crig);
(b) iron-rich part of Cpy g=654.£Cr3.6 (Cr,Fe) matrix (CuiFe,9Crig 4 With (Cu) inclusions (C4.1Fe;:Cro).

G (X Xour Xear T) = Ve, °Glicrcr + S\/}gsrtfm reported ifil0] was accepted in the present
3 o0 .
Yre Crecre(T) + (6) Thermodynamic descriptions of the Cu—Cr system
18RT(yg InyS, + YeIny2,) + Ve, Vel Fecrcrre have been reported if24-27]. The thermodynamic
evaluations of the systefi4-26] do not consider the
e =8 Gngc +4° Ggfc +18 Gggc +AG e (7) whole spectrum of thermodynamic data and the r_sesult
o g GRC 4 02 I 4 AGE. 8 of studies of the phase equilibria. In order tadrefit
GFecrer = Fe Cr FeCrCr (®) the experimental results and take into consideratlb

. ) ] ) experimental data available at that moment a new
Here y., is the site fraction of the component in the  thermodynamic assessmégf7] was carried out and

third sublattice; G/, °GE®, ‘G is the Gibbs ~ Was accepted in the present work.
- Coefficients for the models of the binary Fe-Cr
energy of the pure componentAGeec,. and phases were taken from the thermodynamic

AGY%c.., are two Gibbs energy of formation assessments [i7].
. Model parameters for the ternary phases were
parameters.

. — optimized using the Academic version of the Thermo-
We;ﬂi‘gﬁ?ggﬂ% gzs.?gpé:tgig}; the pure metals Calc AB software. We used data frdm5,6,11-14]
For the binary Cu—Fe system several assessmentsOn the phase equilibria aid] for the mixing enthalpy

are availabl¢10,18-23] As remarked by Chen and Jin g;r allﬂltjelt?ar Sfer;?)rnyg 3\'/:3? sba;ﬁeté?ssu;g?gthsetbinc;:ry
[23], the agreement between the assessnjgfta?2] .

) . systems, is presentedimble?2.
and the experimental phase diagram of the systesn wa
not satisfactory in the high-temperature range.
Moreover, a combination of these assessments with
other binary systems assessed recently for
extrapolation to higher order systems is impossible
because the unary data and thermodynamic models As expected, the obtained thermodynamic description
employed are different from what is generally reproduces in a satisfactory way the experimerstd d
accepted at present. A better agreement with of [7] on the mixing enthalpies=(g.1). It was also
experimental data was obtained in the assessmentused for the calculation of the phase equilibridhe
[23]. But[23], like [18-22], has not taken into account ~Cu-Fe-Cr system above 1073 K. The calculated
the temperature dependence of the enthalpy of mixin isothermal  sections and isopleths, including
of liquid Cu-Fe alloys. However, the experimental experimental points of various works, are shown in
data [10] show that the enthalpy of mixing of the Figs. 3and4. The boundaries of the phase fields are in
liquid alloys change with temperature. The satisfactory agreement with the experimental result
thermodynamic assessment[ird] was carried out to Increasing of the copper content in the alloys detad
fit these variations of the mixing enthalpies andkt expansion of the homogeneity range of t{€e)-
into account experimental data on phase equiliboria phase in the ternary systenfid.3), which is
obtained after 1995. For these reasons the consistent with the experimental dgfa6]. The value
thermodynamic evaluation of the binary Cu—Fe obtained from our calculations for the temperatoire

4. Results of calculations and discussion

Chem. Met. Alloy8 (2010) 135
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Table 2 Model parameters for the Gibbs function (J/mol)tleé phases of the Cu—-Fe—Cr system and the

boundary Cu—Fe, Cu-Cr and Fe—Cr systems.

Phase Parameter Reference
Ol e =73316.72 — 142.79+ 15.82T-InT [10]
N e re = 9100.15 — 5.9%- [10]
2Ll pe = 2428.96 [10]
3L e =—233.62 [10]
L oL ¢ =83730.00 — 105.12+ 10.00T-InT [18]
L(Fe,Cr) N ey =-1371.45 [18]
L(Cu) 2L o =-1271,47 [18]
OL . re = —14550.00 + 6.6%- [27]
L% cupe =—115799 + 61.673- Present work
I cure =—89317 +55.01T Present work
21 cu-re = 116631 — 57.980 Present work
OLY. _ro = 48885.74 — 11.5T- [10]
Y. re = 12687.16 — 8.0T- [10]
2LY. ke = 4054.11 [10]
y(Fe) oy - _
“(Cu) LY, =67800.00 + 6.00 [18]
LY., re = 10833 — 7.47T- [27]
WY erre = 1410 [27]
2LY. cu-re = —29976 + 24.987. Present work
0% . re = 40146.22 — 4.9T [10]
T, = —41.4 [10]
3(Fe) 0L o = 75275.26 — 21.00- [18]
o(Fe) o) a - _ -
o(C) L% re = 20500 — 9.68 [27]
a(Fe,Cr) Tocr.,,. = 1650; Ty, =550 [27]
B .. =—0.85 [27]
LY cure = LY cure = 28629 — 41.557. Present work
AGFecrcr = 117300 — 95.98: [27]
o
AGYecrer = 92300 — 95.98- [27]

the reaction of transition-type ,lJ1362 K Figs. 4a
and5), corresponds well to the value reportedlif],
1358 K.

The liquidus projection calculated in the present
work is shown inFig.5. The broad region of liquid-
phase separation l— L(Cu) + L(Fe,Cr) with the
critical pointc, at 1855 K is presented there. It may be
noted that small additions of chromium to the Cu—Fe
alloys, as well as small additions of iron to the-Cr
alloys, lead to a stabilization of the liquid-phase
separation in comparison with the corresponding
binary systems. A four-phase invariant reaction of
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transition-type U, L(Fe,Cr) + y(Fe) « L(Cu) +
a(Fe,Cr), takes place at 1686 K in the ternary syste
as a result of the liquid-phase separation. The two
critical points ¢ and g are maxima on the lines
corresponding to the monovariant reactions L(Fe,Cr)
< L(Cu) + a(Fe,Cr) and L(Fe,Cr) ¥(Fe) < L(Cu).
The critical tie-line €,—€'; in the ruled surface
L(Cu) + L(Fe,Cr) is also shown iRig.5. It can be
noted that the phase region of liquid-phase seiparat
calculated in the present work is higher in tempeea
and wider in composition in comparison with those
calculated irf6].
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Cr a—a[5],L+v(Fe)
o—o[5], L + ou(Fe,Cr)

1373K

0.2 0

-8 o(Fe,Cr)

XFe Xpe

Fig. 3 Calculated isothermal sections of the Cu—Fe—Ciesys(a) at 1373 K; (b) at 1173 K.

LK | [11]: T,K L(Fe,Cr)+L(Cu)+a(Fe,Cr)
oT" L
2000 | & 7NV 2000
e L(Fe,Cr)+L(Cu)+a(Fe,Cr)

2

a(Fe,Cr)

% Ty, [11]

1800

L(Fe,Cr)+L(Cu)
1600 L(Cu)+y(Fe)+a(Fe,Cr) 1600
L(Cu)+a(Fe,Cr)+y(Cu
1400_( o )Hy(Cu) 1400
1200 |- 2
o(Fe,Cr)+y(Fe)+y(Cu)
I I I i A A
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Cug g5Crg 15 Xpe Fey 4sCry s Cug o4Fe).06 Xer Cuy 4Cry o
a b

Fig. 4 Calculated vertical sections of the Cu—Fe—Cr sysie(a)Xc, = 0.15 and (b, = 0.04.

The obtained thermodynamic model of the liquid of liquid phase is metastable and certain supeimgol
phase was used to calculate the cupola of staldle an of the melt is necessary for alloys with a dropiled-
metastable separation of the melt. A projectionthef structure to form. The information iRig.6 can be
cupola is shown inFig.6a where the solid lines used to select the composition, magnitude of
correspond to the stable separation and the dashedsupercooling and technique that meet the conditions
lines represent its metastable continuation for required to produce alloys with specific micro- and
supercooled liquid alloys. The magnitude of macrostructures.
supercooling required for metastable separatiothef
liquid phase can be calculated as the difference
between the temperatures of equilibrium liquidus Acknowledgements
(T") and metastable separatioh°{). The projection
of the T"—T**® surface is shown iftig. 6h Inside the The authors are deeply grateful to V.B. Sobolev,
composition range limited iffig. 6b by T"-TsP=0 L.A. Duma, O.S. Fomichov, and A.M. Storchak-
and marked as the area of stable liquid-phase Fediuk for technical assistance. This work was
separation, formation of alloys with a core-type supported by the Ministry of Education and Scieote
structure is possible. Outside this area the sépara Ukraine under the grant 0109U002665.
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Binary systems:
p,: 1760 K

Cr p,: 1368 K

e, 1350 K
2073K  Ternary system:
c,: 185K
c,: 1826 K
¢y 1710 K
U,: 1686 K
€, min: 1654 K
U,: 1362 K

L(Fe,Cr)+L(Cu)

Fe

stable liquid phase
separation

Cu 0.2 04 0.6 0.8 Fe Cu 0.2 0.4 0.6 0.8 Fe
XF

a b

S

Fig. 6 (a) Calculated projection of the cupola of liquid-phaseparation and (b) estimated projection of
supercooling for metastable liquid-phase separatidthe Cu—Fe—Cr system.
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