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The Cr-Sn-Ti system was optimized by the means of the CALPHAD (CALculation of PHAse Diagram)
technique. The solution phases (liquid, hcp, bcc and bet) were described by the substitutional-solution
model. The compounds Sn3Tiy, SnsTig and Sn3 Tis were treated as (Sn),,(Cr, Ti), by a two-sublattice model
in the Cr-Sn-Ti system. The compounds SnTi, and SnTi; were treated as (Sn, Va);(Cr, Ti, Va), and (Sn,

Va);(Cr, Ti); by a two-sublattice model in the Cr-Sn-Ti system, respectively. The Laves phases aCr,Ti,
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BCr,Ti and yCr,Ti were described as (Cr, Sn, Ti),(Cr, Sn, Ti); in the Cr-Sn-Ti system. A self-consistent
thermodynamic description of the Cr-Sn-Ti system was obtained.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Chromium by itself possesses a very unusual anti-
ferromagnetism and this property is drastically modified by
addition of other elements, for example Sn, which increases Cr
Neel temperature. Consequently Chromium-Tin alloys are used
for precision materials [1]. Recently, more and more attentions
have been paid for expanding the markets of titanium alloys in
aerospace and automotive industry, owing to both the demand
of growth of titanium alloys industry and the decrease of energy
consumption of vehicles [2,3]. It is very important to optimize
alloy compositions with the knowledge of phase equilibria. The
combination of experiments and thermodynamic calculations
is a powerful strategy when investigating phase equilibria in
multi-component systems.

This work deals with a thermodynamic assessment of the
Cr-Sn-Ti system by means of the CALPHAD (CALculation of PHAse
Diagram) technique. In this method, the thermodynamic proper-
ties of the ternary alloy systems are studied using thermodynamic
models for the Gibbs energy of the individual phases. The ther-
modynamic parameters involved in the models are optimized
according to the experimental thermodynamic and phase diagram
information in the literature.
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2. Binary sub-systems

To obtain a thermodynamic description of a ternary system, the
thermodynamic description of each involved binary sub-system is
necessary.

2.1. Cr-Sn sub-system

The Cr-Sn sub-system was first assessed by Venkatraman and
Neumann [4], while no thermodynamic parameters were given.
The thermodynamic description of the Cr-Sn sub-system was re-
optimized by Jerlerud Pérez and Sundman [1] and used in the
present work. Fig. 1 is the Cr-Sn phase diagram calculated using
the thermodynamic parameters of Jerlerud Pérez and Sundman [1].

2.2. Cr-Ti sub-system

The Cr-Ti sub-system has been assessed by Molokanov et al. [5],
Kaufman and Nesor [6], Murray [7,8], Saunders [9], Lee et al. [10],
Zhuang [11] and Ghosh [12]. Molokanov et al. [5] did not consider
the Laves phase Cr;Ti. In the works of Kaufman and Nesor [6] and
Murray [7,8], the «Cr, Ti phase was treated as a stoichiometric com-
pound, and its polymorphic transformations were neglected. Like
many other Cr-based Laves phases, Cr,Ti exhibits polytypism in
the forms of C15 (aCr;Ti), C36 (3Cr,Ti) and C14 (yCr,Ti) structures
[12]. Because Cr,Ti Laves phases are always nonstoichiometric and
Cr atoms occupy two different lattice sites [13], aCr,Ti, BCr,Ti
and yCr,Ti were treated as (Cr, Ti),(Cr, Ti) by Ghosh [12] assum-
ing antistructure atoms on both sublattics. In general, the assessed
results of Ghosh [12] comparing with the previous work [9-11]
show a good agreement with the experimental results [11,13-16].
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Fig. 1. Calculated Cr-Sn phase diagram using the thermodynamic description of
Jerlerud Perez and Sundman [1].

The thermodynamic parameters of the Cr-Ti sub-system optimized
by Ghosh [12] are adopted in this work. Fig. 2 shows the Cr-Ti phase
diagram calculated using the thermodynamic description of Ghosh
[12].

2.3. Sn-Ti sub-system

There are four solution phases liquid, bcc, bct and hcep, and five
intermetallic compounds Sn3Ti,, Sn5Tig, Sn3Tis, SnTiy and SnTis in
the Sn-Ti sub-system. The Sn-Ti sub-system was assessed by Kauf-
man and Nesor [17], Murray [18], Hayes [19], Liu et al. [20] and Yin
etal.[21]. In earlier work [17,18], the SnTi, and SnTi; phases were
treated as stoichiometric compounds. In the works of Hayes [19]
and Liu et al. [20], SnTiz was treated by a two-sublattice model
(Sm, Ti)(Sn, Ti)3 and other compounds were treated as stoichio-
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Fig. 2. Calculated Cr-Ti phase diagram using the thermodynamic description of
Ghosh [12].
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Fig. 3. Calculated Sn-Ti phase diagram using the thermodynamic description of Yin
etal. [21].

metric phases. Most recently, Yin et al. [21] reassessed the Sn-Ti
sub-system based on their experimental results in Sn-rich portion.
In the work of Yin et al. [21], the compound SnTi, with InNi;-
type structure (B8,) was treated using a two-sublattice model (Sn,
Va)(Ti, Va), to describe the homogeneity range of 32.7-35.9 at.% Sn,
where Va means vacancy; and SnTis was treated as (Sn, Va)(Ti)3
because of its homogeneity range (23-25 at.% Sn) extending only
towards the rich-Ti side, and considering the big difference of the
atom radii between Ti and Sn atoms. The thermodynamic descrip-
tion of the Sn-Ti sub-system obtained by Yin et al. [21] is adopted in
the present work. Fig. 3 shows the calculated Sn-Ti phase diagram
using the thermodynamic parameters of Yin et al. [21].

3. Experimental information on the Cr-Sn-Ti system

The information about the Cr-Sn-Ti system is very scarce.
Recently, Aricé and Gribaudo [22] presented the isothermal sec-
tion at 1173 Kand 1373 k based on the experimental and estimated
results. Two and three phase equilibria and several experimen-
tal tie lines of conjugated phases in quilibria were given for the
whole range of compositions of the ternary system. No ternary
compounds were found. There was a considerable solubility of
chromium in the Sn3Tis, SnTi, and SnTi3 compounds.

4. Thermodynamic models

4.1. Unary phases

The Gibbs energy function G?(T) = 0Gf’(T) — H3R (298.15K) for
the element i (i=Cr, Sn, Ti) in the phase ¢ (¢ =liquid, bcc, hcp or
bct) is described by an equation of the following form,

G(T)=a+bT +cTIn T +dT? +eT> + fT~' 4+ gT7 + hT° (1)

where H3ER (298.15K) is the molar enthalpy of the element i at
298.15Kinits standard element reference (SER) state, being bcc for
Cr, bct for Sn, and hcp for Ti, respectively. The Gibbs energy of the
element i, G?’(T), in its SER state, is denoted by GHSER;, i.e.,

GHSER; = OG?’(T) — HPER(298.15 K) (2)
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In the present work, the Gibbs energy functions for elements are
taken from the SGTE compilation of Dinsdale [23].

4.2. Solution phases

In the Cr-Sn-Ti system, there are four solution phases: liquid,
hcp, bct and bec, their molar Gibbs energies are described by the
following expression:

G¥ = Xe:G2 (T) + XsnGP (T) + %1 G2 (T) + RT(xcy In Xcp + Xsn In Xsp
+xqIn x;) + EGY, 3)

where R is the gas constant; xcy, Xs, and xp; are the mole frac-
tions of the pure elements Cr, Sn and Ti, respectively; EG% is the
excess Gibbs energy, expressed by the Redlich-Kister-Muggianu
polynomial [24,25],

EG% = XCrXSnZJLg‘Sn(XCr —Xsn) + XCl'XTiZJL?r,Ti(Xcr — i)

J j
+x X-ZJLIP (Xsn — X1i)Y + Xcrx xl? (4)
SnATi Sn,Ti Sn Ti CrASnATi Cr,Sn,Ti
J
Where}LCr,Sn'jLCr r and’L¢ . are the binary interaction parameters

between elements Cr and Sn, Cr and Ti, and Sn and Ti, respectively.
Its general form is

L? =a+bT +cTIn T +dT? +eT3 + fT~! (5)

but in most case only the first one or two terms are used according
to the temperature dependence of the experimental data. ngr onTi IS
the ternary interaction parameter and is expressed as:

¢ — . 079 179 219
Lecsnti = Xer Lepsnri +Xsn Lepsan + %1 Lepsnmi (6)
154 —a +bT. a . i-
WhereJLCr_SmTi = a; + b;T, a; and b; are the parameters to be opti

mized in this work.
4.3. Intermetallic compounds

The compounds Sn3Tiy, SnsTig and Sn3Tis were treated as line
compounds Sn;; Ti, by a two-sublattice model (Sn)y(Cr, Ti), in the
Cr-Sn-Ti system. The Gibbs energy per mole of formula unit Sn;; Tip,
is expressed by the following equation:

G Tin =y Vi GInmIn + ye vE, Gonre™ + nRT(yf; In yi+y¢, In y¢,)

+Vsnl VeV, Z’LES’"&‘% Ve =il (7)

where y/, and y/ are the site fractions of Cr, Sn or Ti on the first
and second sublattices, respectively; ngggg‘i% represents the jth
interaction parameter between elements Cr and Ti on the second
sublattice.

According to the crystal structure of SnTi, in the Sn-Ti sub-
system [21], the compound SnTi, in the Cr-Sn-Ti system was
treated as (Sn, Va)(Cr, Ti, Va), by a two-sublattice model. The Gibbs
energy per mole of formula unit SnTi; is given by the following
equation:

G;nTiz = y/Snygrcgngr + ySl‘lyTl GggT'll'% + y/SnyQ}a GSRT Fia yVayCrGSra:T1
+YVaY TGO + valVaGuaa + RT sy In Ysp + ¥a In 14,
+2RT(ygrln yér +yT1 In yTl +yVa In y{//a)
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Fig. 4. Calculated isothermal section at 1173 K of the Cr-Sn-Ti system using the
present thermodynamic description and comparison with the experimental data
[22].
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Table 1
Thermodynamic parameters in the Cr-Sn-Ti system?.

Phase Thermodynamic parameters Ref.
GHSER¢,= [23]
298.14-2180 —8856.94 +157.48T — 26.908TIn(T)

+0.00189435T% — 1.47721 x 10-6T3 + 139250T-!
2180-6000 —34869.344 +344.18T — 50TIn(T) — 2.88526 x 10327
GHSERg,= [23]
100-250 —7958.517 +122.765451T — 25.858TIn(T)
+5.1185 x 107472 —3.192767 x 10757 + 18440T!
250-505.08 —5855.135+65.443315T — 15.961TIn(T)
—0.0188702T2 +3.121167 x 10-°T° — 619607
505.08-800 +2524.724 +4.005269T — 8.2590486TIn(T)
—0.016814429T2 +2.623131 x 107573 — 1081244T' — 1.2307 x 10°T*
800-3000 —8256.959 +138.99688T — 28.4512TIn(T) — 1.2307 x 10%°T-°
GHSERy= [23]
298.14-900 —8059.921 +133.615208T — 23.9933TIn(T)
—0.004777975T? +1.06716 x 10~7T3 +72636T-!
900-1155 —7811.815+132.988068T — 23.9887TIn(T)
—0.0042033T? —9.0876 x 10-8T> +42680T!
1155-1941 +908.837 +66.976538T — 14.9466TIn(T)
—0.0081465T2 +2.02715 x 1077 T — 1477660T-"
1941-4000 —124526.786 +638.806871T — 87.2182461TIn(T)
+0.008204849T%—3.04747 x 10~ 7T> +36699805T !

Liquid model (Cr, Sn, Ti);

G(liquid, Cr)= [23]
298.14-2180 +15483.015 +146.059775T — 26.908TIn(T)

+0.00189435T2 — 1.47721 x 107673 + 1392507 ! +2.37615 x 102177
2180-6000 —16459.984 +335.616316T — 50TIn(T)
G(liquid, Sn)= [23]
100-250 —855.425 +108.677684T — 25.858TIn(T)

+5.1185 x 107472 —3.192767 x 10-6T° + 18440T-! +1.47031 x 101877
250-505.08 +1247.957 +51.355548T — 15.961TIn(T)

—0.0188702T% +3.121167 x 10T —61960T ' +1.47031 x 101817
505.08-800 +9496.31-9.809114T — 8.2590486TIn(T)

—0.016814429T2 +2.623131 x 10767 — 1081244T"
800-3000 —1285.372 +125.182498T — 28.4512TIn(T)
G(liquid, Ti)= [23]
298.14-900 +4134.494 +126.63427T — 23.9933TIn(T)

—0.004777975T? +1.06716 x 10~7T3 +72636T-!
900-1155 +4382.601 +126.00713T — 23.9887TIn(T)

—0.0042033T2-9.0876 x 10-3T> +42680T~!
1155-1300 +13103.253 +59.9956T — 14.9466TIn(T)

—0.0081465T? +2.02715 x 10-T? — 1477660T!
1300-1941 +369519.198 — 2554.0225T +342.059267TIn(T)

—0.163409355T2 +1.2457117 x 10->T> — 67034516T"!
1941-4000 —19887.066 +298.7367T — 46.29TIn(T)
0L = +55719.0 — 26.6540T [1]
1pliq. _
sl 0 o0 )
OLﬁ:i?"— 365 8. . [12]
1Lﬁ{i-Ti = —3036 2 [12]
215 1540,

Lt =+1549.1 [12]
0Ll =-91598.9 - 0.9416T [21]
L% = +45682.6 — 12.1045T [21]

hcp model (Cr, Sn, Ti);(Va)os
G(hcp, Cr; 0)= [23]
298.14-2180 —4418.94+157.48T — 26.908TIn(T)

+0.00189435T% — 1.47721 x 10-6T° + 139250T!
2180-6000 —30431.344 +344.18T—50TIn(T) — 2.88526 x 10°2T-°
Tc(hep,Cr:Va;0)=-1109 [23]
BMAGN(hcp,Cr:Va;0)=—-2.46 [23]
G(hcp, Sn; 0)= [23]
298.14-505.08 —1955.135+57.797315T — 15.961TIn(T)

—0.0188702T2 +3.121167 x 10-°T° — 619607
505.08-800 +6424.724 — 3.640731T — 8.2590486TIn(T)

—0.016814429T2 +2.623131 x 107573 — 1081244T~" — 1.2307 x 10*°T?
800-3000 —4356.959 +131.35088T — 28.4512TIn(T)

—1.2307 x 10°T°
G(hcp,Ti;0)= GHSERy; [23]
OLIP va = +25000.0 (1]
OLhP = 4+23900.0 [12]

Cr,Ti:Va
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Phase Thermodynamic parameters Ref.
ULQIC]”TI va = —127549.6 + 23.2049T [21]
17hep
B e b
Sn,Ti:Va .
bcc model (Cr, Sn, Ti);(Va)s
G(bcc, Cr; 0)=GHSER¢, [23]
Tc(bcce,Cr:Va;0)=-311.5 [23]
BMAGN(bcc,Cr:Va;0)=-0.008 [23]
G(bcc, Sn; 0)= [23]
100-250 —3558.517+116.765451T — 25.858TIn(T)
+5.1185 x 107472 —3.192767 x 1057 + 18440T!
250-505.08 —1455.135+59.443315T - 15.961TIn(T)
—0.0188702T2 +3.121167 x 10-°T — 619607
505.08-800 +6924.724 — 1.994731T — 8.2590486TIn(T)
—0.016814429T2 +2.623131 x 10673
—1081244T-1 —1.2307 x 10%°T°
800-3000 —3856.959 +132.99688T — 28.4512TIn(T)
—1.2307 x 10°T°
G(bcc, Ti; 0)= [23]
298.14-1155 —1272.064 +134.71418T — 25.5768TIn(T)
—6.63845 x 10-4T> — 2.78803 x 10~7T> + 7208T!
1155-1941 +6667.385 +105.366379T — 22.3771TIn(T)
+0.00121707T% — 8.4534 x 10-7T3 — 2002750T!
1941-4000 +26483.26 — 182.426471T+ 19.0900905TIn(T)
—0.02200832T2 +1.228863 x 10-5T3 + 1400501T-!
UL'SES“V = +6614.0 + 20.3770T [1]
OL'c’f.cTi;v = —2247.9 +9.1414T [12]
1L‘C];CTi:Va =198.7 [12]
UL‘s):C],CTi-v = —142089.5 + 28.1423T [21]
lLlsJﬁ,Cn = +41211.5 [21]
0L|CJCCS 5 — -289453.3 This work
1B 143044.9 This work
Cr,Sn,Ti
2L = —46850.9 This work
bct model (Sn, Ti);
G(bct, Sn; 0)= GHSERs, [23]
G(bct, Ti; 0)= [23]
298.14-900 —3457.721+133.615208T — 23.9933TIn(T)
—0.004777975T +1.06716 x 10~7T3 + 72636T-!
900-1155 —3209.615+132.988068T — 23.9887TIn(T)
—0.0042033T? —9.0876 x 10-8T> +42680T-!
1155-1941 +5511.037 +66.976538T — 14.9466TIn(T)
—0.0081465T2 +2.02715 x 10~ 7T — 1477660T"
1941-3000 —119924.586 +638.806871T — 87.2182461TIn(T)
+.008204849T%2—3.04747 x 10T + 366998057
L‘S’ﬁfTi = +50000.0 [21]
Sn3Tiy model (Sn)3(Cr, Ti),
GS;“:BCT? = 3GHSERs,, + 2GHSER¢; + 25000.0 This work
G§2§TTii2 = 3GHSERs;, + 2GHSERy; — 173931.8 + 7.8259T [21]
Sn5Tig model (Sn)s(Cr, Ti)s This work
GS"ST'G = 5GHSERs,, + 6GHSER¢; + 55000.0 This work
GS"STTl'G = 5GHSERs;, + 6GHSERy; — 468938.3 + 5.3729T [21]
ULsgscTr'en = —80007.9 + 64.9107T This work
1LS“5Tl6 +269730.8 This work
SnTis model (Sn, Va);(Cr, Ti)s
GS;]:Tg = GHSERs;, + 3GHSER¢; +20000.0 This work
Gg3 = GHSERs; + 3GHSERy; — 141133.1 4 1.1272T [21]
GS“_Tg = 3GHSER¢; + 15000.0 This work
GS“T‘3 = 3GHSERy; + 15000.0 [21]
0LS"TCl3 = +10002.3 — 15.0054T This work
SnTi, model (Sn, Va);(Cr, Ti, Va),
Ggfg = GHSERs,, + 2GHSER¢; +15000.0 This work
GS{::TT‘iZ = GHSERs,, + 2GHSERy; —122344.8 +6.0034T [21]
GSI:T\'/E‘ = GHSERs, +5000.0 [21]
Gf,’;:TéZr = 2GHSER¢; +10000.0 This work
G‘S/’;T;f = 2GHSERy; +10000.0 [21]
Gyiia = +300000.0 [21]
ULgﬁT\;g o = —34085.2 [21]
0L§§TT'2V = —49803.9+24.4710T [21]
0L§“TC‘2 1 =—30006.2+15.0571T This work
Sn;Tis model (Sn)3(Cr, Ti)s
Gé:ﬁgjs = 3GHSERs;, +5GHSER; +40000.0 This work



Y. Gao et al. / Journal of Alloys and Compounds 498 (2010) 130-138 135
Table 1 (Continued )
Phase Thermodynamic parameters Ref.
G$"3lis = 3GHSERs, +5GHSERy; — 330186.5 +5.3066T [21]
OngsCT;sT =-16050.0 — 13.0000T This work
aCr,Ti model (Cr, Sn, Ti),(Cr, Sn, Ti);
GaCr2T — 3GHSER(; +15000.0 [12]
cﬂszTl = 2GHSER(; + GHSERs;, + 15000.0 This work
cﬂcszl = 2GHSER(; + GHSERy; — 29567.6 +7.5577T [12]
cﬂszTl = 2GHSERs;, + GHSER(; + 15000.0 This work
GaCrle 3GHSERs;, +15000.0 This work
G"‘rf'TZ‘T‘ = 2GHSERs;, + GHSERy; +15000.0 This work
GAC0T = D GHSERy; +GHSERc, +29567.6 — 7.5577T [12]
Gt — 2GHSERy; + GHSERs,, — 122344.8 +6.0034T [21]
caf;z“ 3GHSERy; +15000.0 [12]
O[T — 0LaCrTl — 121340.6 + 13.5420T [12]
OLaca T — 01aCel — £50000.0 [12]
ngnchleclr OerCrle = —60000.0 This work
OLgrcgﬁTTll OL%CEZ? = —55000.0 This work
BCr,Ti model (Cr, Sn, Ti),(Cr, Sn, Ti);
GEC2Ti — 3GHSER, +15000.0 [12]
G ngT' = 2GHSER, + GHSERs;, + 15000.0 This work
GECR2Ti = 2GHSER(, + GHSERy; — 28472.8 +6.5185T [12]
GECR2T = 2GHSERs;, + GHSER(, +15000.0 This work
GEC2Ti — 3GHSERS; +15000.0 This work
GECR2T = 2GHSERSs, + GHSERy; +15000.0 This work
GBszT' = 2GHSERy;+GHSER(; +28472.8 — 6.5185T [12]
GBszT' = 2GHSERy; + GHSERs;, — 122344.8 +6.0034T [21]
GBszT' 3GHSERYy; + 15000.0 [12]
oLt = oLt = 4500000 [12]
LERT = OLECRT — 160000.0 [12]
0BT _ 0BCLT — _60000.0 This work
07BCryTi _ O BCrpyTi _ 7
L2 = "Ly, = —55000.0 This work
YCr, Ti model (Cr, Sn, Ti),(Cr, Sn, Ti);
GYC2™ = 3GHSER(; +15000.0 [12]
GEC2™ = 2GHSERcr + GHSERsy +15000.0 This work
GCi2T! = 2GHSERc, + GHSERy; — 26611.8+5.3142T [12]
chsz' 2GHSERs;, + GHSER; +15000.0 This work
GVC‘ZT' = 3GHSERs;, + 15000.0 This work
Ggrf'Tle' 2GHSERs;, + GHSERy; +15000.0 This work
G2t = 2GHSERy; +GHSERc, +26611.8 —5.3142T [12]
GYCR2T' = 2GHSERy; + GHSERs, — 122344.8 +6.0034T [21]
GYSr2T = 3GHSERy; + 15000.0 [12]
OLgf;gg O[T = +50000.0 [12]
ULyCrerll UL‘yCrle = +60000.0 [12]
ULyCrle ULyCrz'g_ll = +60000.0 [12]

Cr:Cr,Ti Ti:Cr,

2 In J/mol of the formula units.

+ VsnWalVE Z’LEL‘TV% Vsn = Y0

SnTi / /N /" SnTiy
+yleJLSE,\}§:Ti(ySn _yVa)] +yVaZ]LSE\}a Va(ySn yVa)]]

energy per mole of formula unit SnTis is expressed by the following

equation:

SnTis

SnTiz _ .,/ ., ~SnTi SnT1
G ® = YsnY&:Gsn:d +¥sn¥1iGsn:t + WaV&rGua:ct

SnTiz
+ yVayTl GVa :Ti

+RT(ySn ll‘IySn'i'yVa In yVa)+3RT(ygrln yCr+yT1 In yzlli)

(8)
The compound SnTi; was treated as the formula (Sn, Va);(Cr, \j 1 SnTis /oy
. p . 3 . . ( )l( +ySnyVa[y LSnVa Cr(ySn yVa)l
Ti); by a two-sublattice model in the Cr-Sn-Ti system. The Gibbs
Table 2
Calculated invariant reactions in the Cr-Sn-Ti system.
Reaction Type T (K) Liquid compositions
x(Cr) x(Sn) X(Ti)
liq + bee(Ti) + bee(Cr) € 1790 0.5535 0.1044 0.3421
liq + bee(Ti) — bee(Cr) +SnTis U; 1779 0.3016 0.2301 0.4683
liq + Sn3Tis — SnsTig + SnTiy Uy 1744 0.0679 0.3968 0.5352
liq + SnTiz — bce(Cr) + SnTi, Us 1728 0.1745 0.3274 0.4981
liq + SnTiz — SnsTig + bee(Cr) Ug 1714 0.1617 0.3593 0.4790
lig+ bet — SnsTig + bee(Cr) Us 505 0.0000? 0.9999 0.0001
liq + SnsTig — Sn3Tiy +bct Us 505 0.0000° 0.9999 0.0001

29.8x10°8.
b 8.6x1078.
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Fig.6. (a)Calculated projection of the liquidus surfaces in the Cr-Sn-Ti system using
the present thermodynamic description. (b) Enlarged section of (a).

+ ¥4y ZfLéﬁT&z:Ti(ygn ~ )]

SnTi "
+y/c/l‘yT1[ySnZ]LSE ane —yn)

j7SnTis
+yVa § a: CrT1

=] 9)

The compounds aCr,Ti, BCr,Ti and yCr, Ti were described as a
two-sublattice model (Cr, Sn, Ti),(Cr, Sn, Ti); in the Cr-Sn-Ti sys-
tem. The Gibbs energy per mole of formula unit Cr,Ti is given by
the following equation:

CroTi _ CryTi CryTi CryTi / CryTi
Gm - yCryCrGCr Cr + ySnyCrGSn :Cr + yleCl'GTl :Cr + yCrySnGCr Sn

/ CrTi / CryTi CrTi CrpTi
+Y50YsnGsnisn + Y1i¥enCrizen +YerdTiGerni +YsnYTiGsnri

+YrYHGHAT + 2RT(Ve, Inye, + s, Inys, + v Inyg)

+RT(y/Cr lnyCr +ySn lrlySn +yT1 lny:lci)

+YeYsalye Z]LCr e = Vsn)
+3’SnZ]ngsTni:Sn(J/Cr Vsu) + ¥ Z]ngsTni:Ti(y/Cr*y/Sn)i]
+ Ve nlVe ZJLEHT‘Q Ver Vi)
+y5nZ’LE?TT.‘5n Ve — Vil + V4 Z’LE?TT‘TI Wer =¥
+ VenV Ve ZJLSH‘G Von = Yr)

CryTi CryT /N
+ySnZ]LSrrl Tirsn(Ysn — yTl)] +V1 Z]Ls;raznln Ysn =1V

CryTi CryTi
+ygry5n [yCl Z]LCr :Cr,Sn yCrySn)l + ySn Z]LSn :Cr, Sn éry/S/n)l

CryTi CryTi ' '
+yTIZ]LT1rCrlSn YCrJ’Sn)l]JFYCryTl[J’CrZ]Lc;CrlTl & -y

CrpTi /" CrpTi
+ySnZ]LSn2CrT1 -yiY +ylejLT1 Ty = Vi)l

/" CryTi T}

+YsnYTilVer E ]LCr Zsnil Venri)
cry CrpTi

+ySn§ ]Ls;sTlqul SnyTl)l+yT1§ / il:ZS]l:llTl SnyTl)l] (10)

Because the values of solubility of Sn in the Laves phases aCr,Ti
and BCr,Ti is small (~1.2 at.% at 1373 K) [22], in the present work,
the ternary interaction parameterstCrzTg 7 and’ LglsTn‘T were not
optimized and listed in the Eq. (10).

5. Assessment procedure

A careful examination of existing thermodynamic descriptions
of the Cr-Sn [1], Cr-Ti [12] and Sn-Ti [21] sub-systems is made.

A general rule for selection of the adjustable parameters is that
only those coefficients related to the experimental results should
be adjusted [26]. The optimization is carried out by means of
the optimization module PARROT of the thermodynamic software
Thermo-Calc[27,28], which can handle various kinds of experimen-
tal data.

The thermodynamic parameters for the Cr-Sn-Ti system are
optimized on the basis of the experimental information available
in the literature [22].

For the liquid, bct, bcc and hcp solution phases, the parame-

orlig.  1yliq.  27lig.  0oybcc  1ybcc 0y bct _
ters "Leysny Lepsne “Lepsne - Lersne  Lersn and PLefs, in the Cr-Sn

sub-system [1], LV9:  17lid: opbec ipbec apq 0Lth in the Cr-Ti

Cr,Ti’ ~Cr,Ti> ~Cr,Ti’ ~CrTi
" orlig. 17lig. Oybcc 1ybcc 0 hCP 1 hep  27hep
sub system [12]’ LSn,Tl' LSn Ti’ LSn Ti’ LSn Ti’ LSn Ti’ LSn Ti’ LSn Ti’

OLls’ﬁfTi in the Sn-Ti sub-system [21] are used, and only three ternary
interaction parameters OLEfSnTl, 1LEECS“T1 and LIC)fCSnTl in the bcc
solution were optimized in this work based on the experimental
data [22]. The experimental information about the liquidus and
other thermodynamic properties in liquid mixture is very scarce, so
the ternary interaction parameters of liquid phase in the Cr-Sn-Ti
system were not optimized.
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For the compounds Sn3Tiy, SnsTig and Sn3Tis in the Cr-Sn-Ti
system, the parameters Ggn3Ti2, G3nstis, GSn3Tis are fixed to a posi-
tive value +5000 J/mol of atoms relative to the mechanical mixture
of the two nearest-neighboring stable structures in a correspond-
ing proportion according to the estimation of Fernandez Guillermet
and Huang [29] for high melting bcc metals V, Nb and Ta. The
parameters Ggnaliz, GSnsTis, GSn3lis are taken from the description
of the corresponding binary Sn-Ti sub-system [21]. Because stable
Sn3Ti cannot be found at 1173 and 1373 K in the Cr-Sn-Ti system

[22], the parameters /L3732 - are not optimized in this work. The

Sn:Cr,Ti
07SnsTig  17SnsTig 07 Sn3Tis s :
parameters “Lgioc 6, " L3loc 6, and L are optimized according

to the experimental data [22].

For the SnTi, compound, the parameter G2 and GyiTi2 are
fixed to a positive value +5000]/mol of atoms relative to the
mechanical mixture of the pure elements in a corresponding pro-
portion. The parameters G2, Gl Gt | GSnTla | Ong}g:ﬁ and
OngTTifVa are taken from the existing thermodynamic description of
the Sn-Ti system [21]. In the present work, °L§"T2_. is optimized
according to the experimental data [22]. '

For the SnTiz compound, the parameters G3"1i2 and G153 are
fixed to a positive value +5000]/mol of atoms relative to the
mechanical mixture of the two nearest-neighboring stable struc-
tures in a corresponding proportion. The parameters GEE_TT? and

G\S/TT? are taken from the thermodynamic description of the Sn-Ti

sub-system [21]. The interaction parameter °L"Tis .
according to the experimental data [22]. '
For the compounds aCr,Ti, BCr,Ti and yCr,Ti, the parame-
ters G2l GER2Ti, GST2Ti and GET211 are fixed to a positive value
+5000J/mol of atoms relative to the mechanical mixture of the pure
elements in a corresponding proportion according to the estima-
tion of Fernandez Guillermet and Huang [29] for high melting bcc
metals V, Nb and Ta. The parameters G&2Ti, GCr2Ti GCraTi  GCroTi

01 CroTi 07CraTi 01 CroTi 01 CroTi CrC:Cr{_' Cr:Ti’ ~Ti:Cr’ ~Ti:Ti ’
r2 1 r2 1 r2 1 r2 1 l'z 1
Letiicr Lerrime  Lererme  Lriderm and G, are taken from the

thermodynamic description of the corresponding binary Cr-Ti [12]

_Ti _ 0jaCr,Ti  0yaCr,Ti
and Sn-Ti [21] sub-systems. The parameters Lgtcr Lendim

OLES%:T&. OLEEEZHT% are optimized to be —60,000 J/mol of the formula

units according to experimental data [22]. The parameters °L3Cf2T1.,

OyaCryTi 07 BCryTi O BCryTi imi
LT OLBC T 01BCTi are optimized to be —55,000J/mol of the

formula units according to experimental data [22].

is optimized

6. Results and calculations

The thermodynamic descriptions of the Cr-Sn-Ti system
obtained in the present work are shown in Table 1.

Figs. 1-3 present the calculated Cr-Sn, Cr-Ti and Sn-Ti phase
diagrams using the thermodynamic description of Jerlerud Pérez
and Sundman [1], Ghosh [12] and Yin et al. [21], respectively.

Sn-Ti

Cr-Sn-Ti

Cr-Sn Cr-Ti

’1847[ lig.— bcc(Ti)+Ti3Sr‘ ey }7

C ‘——_’{ 1685{ lig.— bee(Ti)+bec(Cr)

I 1790 Iliq.a bee(Tiy+ bee(Cr)
!

1779 lig.+bee(Ti)—> bee(Cr)+Ti Sn| U,

Ti;Sntbee(Cr)+bee(Ti)  TiSntbee(Cr)tig.
’1821‘ lig.+Ti; Sn— TiZSn‘ P }—; l

1728 | liq.+TisSn— bee(Cr)+TihSn Uy

‘1786 ’ liq-+TiySn — TisSny| p|
J

/

€

’1760 ‘]iq.—) TisSnyTigSns

liq.+bcc((ir)+TiZSn Ti,Sn+TiSn+bee(Cr)

1744

liq.+TisSn3—> TigSns+Ti,Sn | U,

TisSn; +TigSns+ThSn  lig.+ TigSns+Ti,Sn

1714| lig+Ti,Sn—> TigSns+bee(Cr) | U,

liq.+bee(Cr)+TigSns Ti,Sn

+bee(Cr)+TigSng
l_‘sos’ lig—> bct+bcc(Cr)’e3 ‘

505 lig.+bet— TigSns+bee(Cr) [Us

‘ 1024’ lig. — ThSny+TicSns

i

bet+TigSns+bee(Cr)  lig+bet+TigSns

505 | liq+TigSns—> +bet+TiSn, | U

‘505 ’ lig. —> TiySns +bet F4

TigSnstbet+Ti,Sny

Fig. 7. Predicted reaction scheme related to liquid of the Cr-Sn-Ti system.
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Figs. 4 and 5 show the calculated isothermal section at 1173
and 1373K, respectively, in the Cr-Sn-Ti system by the present
thermodynamic description, and comparison with the experimen-
tal data determined by Aricé and Gribaudo [22]. The calculated
results are similar to the experiments [22]. There are several differ-
ences between the calculated results and experimental data [22].
Firstly, the three-phase region bcc (Cr)+aCryTi (BCr,Ti?)+SnTis
was replaced by two three-phase fields of aCr,Ti+ [3Cr,Ti+ SnTis
and bcc (Cr)+3Cr,Ti+SnTis, because aCr,Ti and BCr,Ti are sta-
ble at 1173 and 1373K in the Sn-Ti binary sub-system [21].
Secondly, although Aricé and Gribaudo [22] identified only two-
phase assemblages SnTi, and SnTis, SnsTig and bee(Cr), and aCr, Ti
and SnTis in the specimens 7-9 (5.1%Cr-30.1% Sn-64.9% Ti, 5.0%
Cr-40.0% Sn-55.0% Ti and 49.9% Cr-10.0% Sn-40.1% Ti) at 1173K,
respectively, using the optical microscopy, SEM and XRD, these
alloys were located in three-phase regions SnTisz + SnTi, + bcc(Cr),
Sn;3Tis +SnsTig + bec(Cr) and bec(Cr)+ oCryTi+SnTis in the con-
structed isothermal section, which is agreement with the
present work. Thirdly, in order to reproduce the relation-
ship of two three-phase regions Sns3Tis+SnsTig+bcc(Cr) and
Sn3Tis +SnTiy + bec(Cr), Sn3Tis is optimized to have a consid-
erable solubility of chromium in the present work. Otherwise,
three-phase region Sn3Tis + SnTi, + Sn5Tig will appear. Finally, The
calculated composition of the liquid phase in three-phase region
liquid + SnsTig + bcc(Cr) is different to the tie-triangle predicted by
Aricé and Gribaudo [22].

Fig. 6 is the predicted projection of the liquidus surfaces of the
Cr-Sn-Ti system according to the present thermodynamic descrip-
tion. There is a big liquids valley in the projection section, which
is adjusted and effected strongly by the interaction parameter of
liquid, OLE?'SH ;- Further experimental work, such as the liquidus or
vertical sections in this composition range, need to be done. The
calculated invariant reactions in the Cr-Sn-Ti system are listed in
Table 2.

Fig. 7 shows the predicted reaction scheme related to liquid in
the Cr-Sn-Ti system on the basis of the calculated results using the
present thermodynamic description.

7. Summary

The phase relations and thermodynamic descriptions in the
Cr-Sn-Ti system are critically evaluated from the experimental
information available in the literatures. A set of self-consistent
thermodynamic parameters describing the Gibbs energy of each

individual phase as a function of composition and temperature was
derived. The projection of the liquidus surfaces and the reaction
scheme related to liquid of the Cr-Sn-Ti system have been estab-
lished. With the thermodynamic description available, one can now
make various thermodynamic calculations of practical interest in
the Cr-Sn-Ti ternary alloy system.
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