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The Al-Cr-Si system was critically assessed using the CALPHAD technique. The solution phases
(liquid, bcc, fcc, and diamond) were described by a substitutional solution model. The com-
pounds CrSi,, Cr;Si, AICr,, aAlgCrs, BAlgCrs, Al4Cr, and Al;;Cr, in the Al-Cr-Si system were
treated with sublattice models (Cr, Si)(Al, Cr, Si),, (Cr, Si);(Al, Cr, Si), (Al, Cr, Si)(Al, Cr),, a(Al,
Cr, Si)g(Al, Cr, Si)s, B(Al, Cr, Si)g(Al, Cr, Si)s, (Al, Si)4(Al, Cr), and (Al, Si){;(Al, Cr),, respec-
tively. The ternary intermetallic compounds t,, 7, and t; were treated as the formulae
Aly3Cr4Siy, AloCrsSi, and (ALSi);;Cry, respectively. A set of self-consistent thermodynamic

description of the Al-Cr-Si system was obtained.

Keywords metals and alloys, phase diagram, CALPHAD tech-
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1. Introduction

Al-Cr-Si alloys show good oxidation resistance with no
mass loss after oxidation in air during the melting process.."!
They might be used as promising coating materials for
carbon/carbon composites for application at high tempera-
tures.!”) Knowledge of phase equilibria is significant for the
optimization of alloy compositions and heat-treatment
conditions. The CALPHAD technique®®’ was used to
analyze the thermodynamic properties of the system in this
study.

Robinson'**! determined the crystal structure of the T,
phase in the Al-Cr-Si system, which is a ternary compound
u(AlCrS? in the early studies carried out by Pratt and
Raynor.!”! Subsequently, Esslinger et al.”®! investigated the
phase equilibria in the Al-rich corner of the Al-Cr-Si system
and confirmed that the composition of the t; phase is
Aly3Cr4Si4. Another ternary compound B(AICrSi) reported
by Pratt and Raynor'® and Mondolfo! turned out to be a
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solid solution of Al in the binary compound CrSi,.°! The
investigation of Brukl et al.'® also indicated that P(AICrSi)
was the binary intermetallic CrSi, with extended solubility
of Al up to 25 at.% Al with Al replacing Si in the sublattice
of the intermetallic compound. The AICr, phase was
reported to have a solubility of 3 at.% Si at with Si
replacing AL!"") The Cr;Si phase was reported to have a
solid solubility of ~12.5 at.% Al in the Al-Cr-Si system.[”!
The intermetallic compounds AlgCrs, Al4Cr, and Al;;Cr, all
had Si solubilities in the AI-Cr-Si system.!!

A series of isothermal sections at 1073, 1173, 1273, and
1373 K over the entire composition range in the Al-Cr-Si
system were presented by Gupta.!'* The ternary compound
T, was reported to exist only below 983 K.

Subsequently, Weitzer et al.l'¥ reported a new ternarsy
phase 13—(A1,Si?11Cr4 which is isostructural to MnyAl,,.["*!
Chen et al.l'®! reinvestigated the isothermal section at
1073 K in the AI-Cr-Si system. Three ternary compounds
71-Al;3Cr4Si4, 1,-AlgCrs3Si, and t3-(ALSi);;Cry were con-
firmed to be stable at 1073 K. The observation of the 1,
phase at 1073 K is inconsistent with the experimental
results of Esslinger et al.®® and Gupta.!'*! Since Esslinger
et al.’®! determined the stability limit for t, from cooling
curves, the occurrence of metastable solidification may be
the cause for this discrepancy.l'® Chen et al.'®! observed
maximum Al solubility in Cr;Si of 4.1 at.% Al, maximum
Si solubility in AlCr, of 1.7 at.% Si, AlgCrs with 5.6 at.%
Si, and Al,Cr with 10.4 at.% Si in the AI-Cr-Si system.
Meanwhile, Chen"'”! has also reported a ternary compound
T4, which exists in the temperature range from 1381 to
1278 K and predicted the reaction scheme in the Al-Cr-Si
system.

2. Thermodynamic Models

In order to obtain the thermodynamic description of the
Al-Cr-Si system, the thermodynamic parameters of three
binary Al-Cr, Al-Si and Cr-Si systems are necessary. The
thermodynamic descriptions of the Al-Si system assessed by
Grébner et al.['™ are adopted in this study. Coughanowr and
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Ansara"®! carried out a thermodynamic evaluation of the

Cr-Si system. Recently, a new description based on latest
experimental investigation was carried out by Chen et al.*"!
The AI-Cr system was first optlmlzed by Saunders,*" and
later reoptimized by Liang et al.®?! according to the
experimental results reported by Mahdouk and Gachon!**!
and Grushko et al.** The thermodynamic parameters of the
Cr-Si system were reported by Chen et al.l*” and for the
Al-Cr system reported by Liang et al.!*?! and these are
adopted in this study. The models employed to describe the
ternary phases are presented in Table 1.

2.1 Solution Phases

There are four solution phases: liquid, fcc (Al), bec (Cr),
and diamond (Si) in the AI-Cr-Si system. Their Gibbs
energies are described by the following expression:

G(T) = xaGR(T) + xe:GE(T) + xiGE(T)
+ RT(XAl Inxa; + xcr Inxcr + X555 1nxs1) + EGi)l
(Eq 1)

where x4, Xcp, and xg; are mole fraction of the pure elements
Al, Cr, and Sl respectively; the Gibbs energy function
GH(T) =G (T ) — HS™® (29815 K) for the clement i
(i=Al, Cr, Sl) in the solution phase ¢ (¢ = liquid, fec
(Al), bece (Cr), and diamond (Si)) is described by an
equation of the following form:

G?(T) =a+bT+cTInT +dT? + eT? +fT“ +gT7

where H7™® (298.15 K) is the molar enthalpy of the element
i at 298.15 K in its standard element reference (SER) state,
fec for Al, bee for Cr, and diamond for Si. The Gibbs energy
of the element i, sz( T), in its SER state, is denoted by
GHSER,, i.e.,

GHSER; = °GS*R(T) — HP™R (298.15 K)

(Eq 3)

In this study, the Gibbs energy functions for the element i
(i=Al, Cr, Si) are taken from the SGTE compilation of
Dinsdale.”

EG‘i) is the excess GlbbS energy, expressed by the
Redllch Kister polynomial,”

E
Gd) = XAlXCr § LA] Cr xAl xCr)
+ XceXsi § LCr Si xCr xSl)/
. L _ )1 . L‘b
+ XA1Xsi Al‘Si(xAl Xsi) + XaxsiXcrlo cr si

(Eq 4)
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where /L% ALCH Lgr si» and ir? AlLsi are the interaction parame-
ters between elements Al and Cr, Cr and Si, and Al and Si,
respectively. L® AlCrsi 18 @ ternary interaction parameter.

2.2 Intermetallic Compounds

2.2.1 Intermetallic Compounds CrSi, and Cr;Si. The
line compound CrSi, was reported to have a solubility
extending up to 20 at.% Al at 1073 K, 22.80 at.% Al at
1173 K, and 19.27 at.% Al at 1273 K!"3! in the Al-Cr-Si
system. A maximum of 25 at.% Al solubility with Al
replacm% Si in CrSi, at 1073 K is observed by Chen
et al.'" The compound Cr;Si was r rEorted to have a
solubility of approximately 12.5 at.% AIP! and 4.1 at.% Al
at 1073 KI'% in the Al-Cr-Si system. These two compounds
are treated using two-sublattice models?”?! (Cr, Si)(Al, Cr,
Si), and (Cr, Si)3(Al Cr, Si), respectively. The Gibbs energy
per mole of formula unit Cr,Si, (CrSi, and CrsSi) is
expressed as follows:

GCr,,,S1,, GCrm51,, /" GCrmSl,7 11 GCr,,,Sl,,

J/CrJ’Cr Cr:Cr +yCry Cr:Si +yCry Cr:Al

Cr,, Si,, 1 ~Cr,Si, / Cr,,Si,
+ Vs Gsitn” + VsivsiGsigi " + VsVmGsial

+ nRT (y¢, Iny¢, + v Inyg + 5 Inyy))
+ mRT(J/Cr Inye, + v an’si)

e pleals YL 0 =34 |
+ Vi |:yCrySI ZngmsSllgl Ver — ygi)]}
+ W |:yCrySI Z]Lgmssnlfxl Ver — y/si)j}
M Y ILES 0t 3
Ve |+ VN ZILE:MCS;"AI Ver — J’Xl)j
+y,S,1 xl Zngmssnlyxl ySl Al)j
o S nSSs 0 - %) ]

"on J 7 CruSi, 7\
L | TYedm E Liite e =)
+ Vs ;
/i j Cr,,,Sl,, "
+ VsiVal Leia (Vsi — Yar)

AN/ J 7 CrnSi,
| TVesivan § : L& gian

" (Eq'5)

2.2.2 Intermetallic Compound AlICr,. The compound
AlCr, was reported to have a solublht?/ of 3 at.% Si for Al at
973 K" and 1.7 at.% Si at 1073 K. It was treated with
a two-sublattice model (Al, Cr, Si)(Al, Cr),.
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Table 1 Thermodynamic parameters of the Al-Cr-Si system(a)

Phase Thermodynamic parameters Reference
Pure elements GHSER,, = (23]
298.1-700.0 K: —7976.15 + 137.093038T — 24.3671976TIn(T) — 0.0018846627> — 8.77664x 10~ "T° + 740927
700.0-933.5 K: —11276.24 + 223.048446T — 38.5844296TIn(T) + 0.0185319827% — 5.764227x10~°T° + 740927
700.0-2900.0 K: —11278.378 + 188.684153T — 31.748192TIn(T) — 1.230524x 10*87°
GHSERg, = (23]
298.1-2180.0 K: —8856.94 + 157.48T — 26.908TIn(T) + 0.001894357% — 1.47721x107°T + 1392507
2180.0-6000.0 K: —34869.344 + 344.187T — 50TIn(7T) — 2.88526x 10°T°
GHSERg; = (23]
298.1-1687.0 K: —8162.609 + 137.236859T — 22.8317533TIn(T) — 0.0019129047% — 3.552x10~°T° + 1766677
1687.0-3600.0 K: —9457.642 + 167.281367T — 27.196TIn(T) — 4.20369x 10°°T°
Liquid Model (Al, Cr, Si),
G(liq., Al) = (23]
298.1-700.0 K: +3028.879 + 125.251171T — 24.3671976TIn(T) — 0.0018846627> — 8.77664x107'T°
+ 740927 + 7.9337x 10 2°T7
700.0-933.5 K: —271.21 + 211.206579T — 38.5844296TIn(T) + 0.0185319827° — 5.764227x 10 °T° + 740927
+7.9337x1072°17
933.5-2900.0 K: —795.996 + 177.430178T — 31.7481927In(T)
G(lig., Cr) = (23]
298.1-2180.0 K: +15483.015 + 146.059775T — 26.908TIn(T) + 0.00189437> — 1.47721x107°T° + 1392507
+237615x1072'77
2180.0-6000.0 K: —16459.984 + 335.616316T — 507In(T)
G(liq., Si) = (251
298.1-1687.0 K : +42533.751 + 107.13742T — 22.8317533TIn(T) — 0.0019129047% — 3.552x10~°T° + 1766677
+2.09307x1072177
1687.0—3600.0 K: +40370.523 + 137.722298T — 27.196TIn(T)
0L = —11340.1 — 1.23394T (el
LN = —3530.93 + 1.35993T (8l
e — 1226539 (s
0L = —128000.0 + 21.23883T 201
LT = —50016.61 + 14.31913T (20]
0LR = —37139.1 +2.0110T 22)
LM = —15698.7 4 7.4555T (21
0L i = —73008.0 + 47.5147T This work
LA = +12338.1 This work
Fec ' Model (Al Cr, Si),
G(fee, Al) = +GHSER 4, (251
G(fee, Cr) = (23]
298.1-2180.0 K: —1572.94 + 157.643T — 26.9087In(T) + 0.001894357% — 1.47721x107°T° + 1392507 "
2180.0-6000.0 K —27585.344 + 344.343T — 50TIn(T) — 2.88526x 10°2T°
Te(fee, Cr) = —1109
B(fee, Cr) = —2.46
G(fee, Si) = (251
298.1-1687.0 K: +42837.391 + 115.436859T — 22.83175337In(T) — 0.0019129047% — 3.552x107°T + 1766677
1687.0-3600.0 K: +41542.358 + 145.481367T — 27.196 TIn(T) — 4.20369x 103°7°
Opfe . = —3143.78 +0.39297T (el
Opfee . = —~30946.0 +8.3017T (21
”LKﬁCr‘Si = +680751.6 This work
Bee Model (Al, Cr, Si),
G(bee, Al) = (23]
298.1-700.0 K: +2106.85 + 132.2800387 — 24.3671976TIn(T) — 0.0018846627> — 8.77664x107"T° + 740927 "
700.0-933.5 K: —1193.24 + 218.235446T — 38.5844296TIn(T) + 0.0185319827% — 5.764227x 107 °T° + 740927
933.5-2900.0 K: —1195.378 + 183.8711537 — 31.7481927In(T) — 1.230524x 1037
G(bee, Cr) = +GHSER, (23]
Te(bee, Cr) = —311.5
B(bce, Cr) = —0.008
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Table 1 continued
Phase Thermodynamic parameters Reference
G(bee, Si) = [25]
298.1-1687.0 K: +38837.391 + 114.736859T — 22.8317533TIn(7) — 0.0019129047% — 3.552x107°T> + 176667T""
1687-3600.0 K: +37542.358 + 144.781367T — 27.196 TIn(T) — 4.20369% 10°°T°
0rbee. = —58257.5 + 8.4407T [22]
Opbee = —77309.9324 — 2.3832T (20]
1L, = —53247.5616 + 13.58981T (20]
OLszcfc:.Si = +630000.0 This work
17k = +127000.0 + 21.0000T This work
diamond Model (Al, Cr, Si);
G(diamond, Al) = [25]
298.1-700.0 K: —7976.15 + 167.093038T — 24.3671976TIn(T) — 0.0018846627> — 8.77664x 10~ T + 740927
700.0-933.5 K: —11276.24 + 253.048446T — 38.5844296TIn(T) + 0.0185319827% — 5.764227x 10 °T + 740927
933.5-2900.0 K: —11278.378 + 218.684153T — 31.7481927In(T) — 1.230524x 10%87°
G(diamond, Si) = +GHSERg; (5]
G(diamond, Cr) = +GHSER¢, + 5000.0 This work
Opdiamond — 1 113246.16 — 47.5551T (18]
CrSi, ' Model (Cr, Si)(Cr, Si, Al),
GE:SX] = éG%\]erc B4 %GQ}ACC: +30000.0 This work
G — 1 3GHSER(, + 10000.0 — 1.00007 (201
GESe = —100597.117 + 336.62707T — 57.86T In(T) — 0.01323T% — 0.0000004327° (201
GSSh = + GHSERg; + 2GHSER; + 15000.0 This work
G$%2 = L GHSERs; + 2GHSER, + 224822.024 — 27.60473T 201
G$Sk — 1 3GHSERg; + 84524.9887 — 26.27506T [20]
*Lersier = “Lersisi = 115354469 o)
0LEsh = —80594.2 4+ 31.1515T This work
LSSk = 4+107670.6 — 33.3699T This work
aCrsSi; ' Model CrsSis
GXCSh — _329102.726 + 1077.75585T — 182.578184T In(T) — 0.02391968872 — 0.00000231728T3 201
BCrsSis Model Crs(Cr, Si)s
GRS — L 8GHSER(, + 40000 [20]
GPCsSs — _277240.64 + 1048.67176T — 182.578184T In(T) — 0.02391968872 — 0.000002317287" (0]
0[RS — —4697.84363 [20]
CrSi Model (Cr)y(Al, Si),
GESL = —83545.088 4 315.0993T — 51.62865T In(T) — 0.00447355T7 + 3913307 [20]
GSSi, = GHSER(; + GHSER; This work
0LGS] 6 = —43606.3 This work
Cr3Si Model (Cr, Si);(Cr, Si, Al)
ng:]n = +GHSERc, + Gﬁi;ccrrz +6623.6 This work
GEBST — L4GHSER, 4 20000.0 + 10.00007 [20]
GBSt — 4 3GHSER(, + GHSER; — 125904.402 4 5.14171T [20]
GOS8 = +-3GHSERs; + GHSER 4 4 20000.0 This work
G$ST — 1 3GHSER; + GHSER(, + 561830.369 — 61.07749T 201
GSES = 1 4GHSERg; + 415925.967 — 65.93576T 201
OLS:?SSii:Cr = OLg:?SSii:Si = —391881.445 [20]
aAlgCrs Model (Al, Cr, Si)s(Al, Cr, Si)s
GAAKCTs — | 13GHSERy; + 40000.0 (22]
GoACrs — L RGHSER | 4+ SGHSER, — 252507.8 + 10.3963T (22]
GAARE™ = +8GHSERy + SGHSERs; + 65000.0 This work
GXAKCrs _ | §GHSER(, + SGHSER 4 + 332507.8 — 10.39637 2]
GEMErs — 1 13GHSER(;, + 40000.0 (2]
G = 18GHSER(;, + SGHSERg; + 65000.0 This work
G2ACrs — | QGHSERg; + SGHSER A 4 150134.2 This work
GUAKCTs — | 8GHSERs; + 5GHSER(, This work
G2ABC™ — L 13GHSERg; + 65000.0 This work
LR = CLAesG, = +140019.3 +2.7138T 22]
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Table 1 continued

Phase Thermodynamic parameters Reference
ILReCs = 1Less, = —298819.0 + 92.8656T 22]
OLGIR s = 0L = —302291.9 + 156.9409T (2]
L = = —sassa s
OLi?gzi'::cri = —241956.1 This work
ILZ/Egi‘::(:i = —95286.9 This work
BAIsCrs Model (Al, Cr, Si)g(Al, Cr, Si)s
GRACrs — 1 13GHSERy; + 40000.0 (22)
GWMSCrs — L 8GHSER 5| + SGHSER(, — 238114.8 (2]
G — 1 8GHSER; 4+ 5SGHSERg; + 65000.0 This work
GPACrs — | RGHSER(, + SGHSER | + 318114.8 (22)
GPMSCrs — L 13GHSER, + 40000.0 22]
GPAC — 1 8GHSER(, 4+ SGHSERg; + 65000.0 This work
GIACrs — | 8GHSERg; + SGHSER ) + 112155.5 This work
GBASCrs — L 8GHSERg; + SGHSER(, This work
GIASCrs — L 13GHSERg; + 65000.0 This work
OLhRCR = CLATCE, = +194038.6 — 57.0982T 22]
IL’EE\\’?’EX' = IL’B%ZC = +16289.5 — 99.3751T (22]
TLE\/&& Q = OLgfgfigf = +198488.0 — 236.4091T [Z]
Livarce = 'Loparc, = —254728.3 + 98.3046T (22]
0LPMeCEs = —218309.8 — 29.8816T This work
]Lg/i]sxi?cr; = —74357.3 This work
Al;,Cr Model Al,(Al Cr)
GACT — {7GHSER 5 + GHSER, — 100970 + 23.5612T 2]
GAICT — L 8GHSER | + 24074.5 [22]
0L o = —21094.1 + 12.6986T 2]
ALCr Model (Al, Si)4(Al, Cr)
GAlCT — L SGHSERy, + 25868.2 22]
GAlCr — LAGHSERy, 4+ GHSER(, — 79750.0 + 9.8532T [22]
GAC" = +4GHSERg; + GHSER 4 + 50000.0 This work
Gé\il:“cgr = +4GHSERg; + GHSER¢, This work
OpARST. = —76324.1 + 6.0128T This work
ARG 15308 — 1017027 This work
LA = —71625.0 + 53.00307 22]
Al Cr, Model (Al Si);(Al Cr),
GAIS™ = +13GHSER | + 30000.0 2]
GAMER — L 11GHSER A + 2GHSER, — 145700.9 [22]
ACt — 4 1 IGHSERg; + 2GHSER 4 + 90985.5 This work
GAlICt — | 11GHSERg; 4+ 2GHSER, + 65000.0 This work
OpANCE — _67755.9 4 180.7592T This work
TLANSE = —55861.3 +203.3824T This work
LA — 1199602.3 — 186.4713T 22]
AlCr, Model (Al, Cr, Si)(Al, Cr),
GAS = +3GHSERy + 15000 (22)
GAE = +GHSERy; 4 2GHSER(, — 45279.2 22]
G — | GHSER(, + 2GHSER | 4 75279.2 (2]
GA — {3GHSER¢; + 15000.0 (221
GAIS = +GHSERg; 4+ 2GHSER 4 + 15000.0 This work
GAI: — L GHSERg; + 2GHSER(; + 15000.0 This work
OLAR o = OLoa o = —31502.4 + 5.7033T (22]
O =L, = —11282.4 — 637007 221
0L = —109098.9 + 5.5894T This work
7 Model Al;;Cr,Siy
Giicrsi = +4GHSERG, + 13GHSER,, + 4GHSERg; — 437554.6 + 69.7236T This work
T Model AlyCr;Si
G crsi = +3GHSER¢, + 9GHSER 5| + GHSERg; — 258834.9 + 25.6494T This work
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Phase Thermodynamic parameters Reference
T3 Model (AL,Si);Cry

G = SGAET™ + BGAICT + 184707 This work

G¢,.si = H4GHSER(, + 11GHSERg; — 20732.1 This work

OLE aisi = —473921.1 + 230.4174T This work

LG5t = —559720.9 4 90.6686T This work
T4 Model AlsgCrs;Siy;

G.crsi = T58GHSER,| + 31GHSER(, + 11GHSERg; — 1560841.1 — 388.26317T This work
(a) In J/mol of the formula units
Table 2 Calculated invariant reactions in the AI-Cr-Si system

Present work Experimental data

Reactions Type T,K Ref 8 Ref 17
lig. + BCrsSi; — Cr3Si + aCrsSis Ul 1774
lig. + CrSi — CrSi, + aCrsSi; U2 1633 1633
lig. + bcc — Cr3Si + BAIgCrs U3 1538 1571
lig. + Cr3Si — aCrsSiz + BAlgCrs U4 1467 1462
lig. + aCrsSi; — CrSi, + BAIgCrs Us 1381
lig. + CrSip + BAlCrs — 14 P1 1380 1381
BAICrs + 14, = aAlgCrs + lig. 18[) 1356
lig. + aAlgCrs + 14 — T3 P2 1331 1320
lig. + 14 = 13 + CrSi, u7 1326 1314
lig. + aAlsCrs — AlCr + 15 Us 1308 1309
lig. + 13 > ALCr + CrSi, U9 1264 1256
lig. + AlCr + CrSi, — 14(a) P3 1081 >1073(b) 1079
lig. + Al,Cr — Al Cr, + 14(a) Ul10 988 953-983(a) 1058
lig. + Al;;Cr, —» AlCr+ 14 Ull 966 953 1045
lig. + Al,Cr — 1, + fec u12 908 898 907
lig. + CrSi, — diamond + T, Ul13 881 863 847-868
lig. — diamond + fcc + 1 El 850 848 847
bee + BAIgCrs — aAlgCrs + Cr3Si ul4 1412
BAIgCrs + Cr3Si — aAlgCrs + aCrsSis Ul5s 1386
aCrsSiz + BAlgCrs — CrSi, + 0AlgCrs ule6 1363
BAIlgCrs + CrSi, — aAlgCrs + 14 ul17 1362
T, — 13 + CrSi, + aAlgCrs E2 1278 1278
AlCr+ 13 = CrSip + 15 Ul18 1230 1230
bee + Cr3Si — aAlgCrs + AlCr, ul19 1185 1158
0AlgCrs + CrSi, — 13 + aCrsSis U20 1074
CrSi, + ALCr — 1, + 15 U21 1012
Al4Cr + 13 = oAlCrs + 1, U22 1006
Al Cr, —» ALCr + 1 + ALLCr E3 961
T+ AlCr+ — 1, + AlLCr U23 821

(a) Reported by Guptal'* and (b) Reported by Chen et al.['®!

2.2.3 Intermetallic Compounds Al,Cr, Al;;Cr,, aAlgCrs,
and PAIgCrs. The compound Al,Cr has an extended
solubility of ~10.4 at.% Si,''%! and Al;;Cr, also has an
appreciable Si solubility..'¥ They are treated using

two-sublattice models (Al, Si)4(Al, Cr) and (Al, Si);
(Al, Cr),. The Gibbs energy per mole of formula
unit Al,Cr, (Al4Cr and Al;;Cr;) is expressed as
follows:
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¥ [ DA O — o4 |

+ e [yAlysl ZJLQ}'E?& Val— y,Si)]} (Eq 6)

The compounds atAlgCrs and BAIgCrs have solubility of
~5.6 at.% Si,"® and are treated as a two-sublattice model
(Al, Cr, Si)g(Al, Cr, Si)s.

2.2.4 Intermetallic Compounds t;, 15, T3, and t4. The
Gibbs energy per mole of formula unit AlCr,,Si, for the
intermetallic compounds 7;-Al;3Cr4Siy, T,-AlgCrsSi, and
14-AlsgCr31Siy; is expressed as follows:

GAlCnSh — IGHSER 5 + mGHSERc;, + nGHSERGg;

+ AG?IICrmSin (Eq 7)

where AG?I’Cr'"Si” is the Gibbs energy of formation per mole

of formula unit AlCr,,Si,. Due to lack of experimental
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measurements, and it is assumed that the Neumann-Kopp
rule %pphes to the heat capacity, i.e. ACpr = 0. Thus,
GAI’ ™Sl can be given by the following expression:

(Eq 8)

where the parameters a and b were evaluated in this study.

In the Al-Cr-Si system, the intermetallic compound T3,
which varies in composition ranges from AlgsCry;Sig
(coexisting with AlgCrs and Cr5813) to A160Cr275113
(coexisting with CrsSi; and CrSi,),!'® was treated using
a two-sublattice model (Al,Si);Crs with Al and Si on the
first sublattice, and Cr on the second one. The Gibbs
energy per mole of formula unit (Al,Si);;Cr, is expressed
as follows:

AGH S = g 4 T

G(Al,Si)“Cm _ G(Al ,Si);,Cry +y G (AL,Si);,Cry4
m

Al:Cr Si:Cr
+ 11RT (yar Inya; + ysi Inys;)

(AL,Si),,Cr.
+yA]ySIZ LAISlCIrl f(var — ySI)I (Eq 9)

3. Assessment Procedure

The thermodynamic parameters of the Al-Cr-Si system
were optimized on the basis of the experimental information
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available in the literature.®'*'%'71 A" general rule for
selection of the adjustable parameters is that only those
coefficients that can be determined by the experimental
values should be adjusted.*” The optimization was carried
out by means of the optimization module PARROT of the
software Thermo-Calc.*"! The program works by minimiz-
ing a squared error sum where each of the selected values is
given a certain weight. The weight is chosen by our personal
judgment and changed by trial and error during the study
until most of the selected experimental information is
reproduced within the expected uncertainty limits.

The thermodynamic descriptions of the liquid, fcc, bece,
and diamond phases were obtained by combination of the
corresponding Gibbs energy functions from the assessments
of binary systems!'®**%*?! using Muggianu interpolation of
birll_ary excess terms.??! In this study, the coefficients
OLalcesi and °Li ¢, g were optimized based on the exper-
imental data reported by Esslinger et al.™® and Gupta.'!
The diamond structure for pure element Cr is not stable;
however, its lattice stability is required for the optimization.
According to the estimation of Guillermet and Huang"**! for

high melting bce metals V, Nb, and Ta, the following lattice
stability was estimated,

G(diamond, Cr) = GHSER(, + 5000.0 (Eq 10)

The thermodynamic parameters of compounds in the
Al-Cr-Si system were optimized on the basis of experimen-
tal data and thermodynamic parameters of compounds in the
binary systems.

For the compounds CrSi, and Cr3Si, the parameters
CrSiy  ~CrSiy ~CrSiy  ~CrSiy 07 CrSix 07 CrSiy .
Gercr Ocrsis Osicrs Osisi o Lersicer and Lé, sisi of CrSip

CrSi ACnSi ~CnSi ~CnSi 07CnSi 07CrsSi
and Geiers Gorsis Gsicer Gsisio Lorsion Lersisio
Orenst ., and °LSES . of CrsSi in Eq 5 were derived from

Cr:Cr,Si? :
the binary Cr-Si system optimized by Chen et al.>! G52

and Ggii are the Gibbs energy of the hypothetic com-

pounds CrAl, and Cr;Al in the Al-Cr system, respectively,
and calculated by the following equation:

. 1 1
66 = L+ Janier o (Bq 11
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Gensi

oS — LGHSERG, + GAe? + v (Eq 12)

where G/O_c\/tlcer s, G:}‘:‘grr , and Gﬁ{:ccrf are the Gibbs energies of
the stable compounds in the Al-Cr system. In order to keep
CrAl, and Cr;Al unstable in the Al-Cr system, u and v must
always be positive.

GSB2 and G5 describe the Gibbs energies of meta-
stable compounds SiAl, and Si;Al in the Al-Si system,
respectively. According to the estimation of Guillermet and
Huang,*! the following lattice stability is estimated:

GES: — { GHSERs; + 2GHSERy, + 15000.0  (Eq 13)
GEnSi = {3GHSERs; + GHSER,, + 200000 (Eq 14)
In this study, the parameters Gg:SAizl, Gg?:;, OLS;%LSU and

1 Crsi2 . . . .
Leasi are optimized according to the experimental data

measured by Guptal'* and Chen et al.l'®!

AICt,  ~AICty ~AICt; ~AICH
For AlCr,, the parameters G.a7, Garcr> Gerals Gorers

07AIC, 07 AIC, 07 AICKH 07 AICT ;
Layaico  Leraicr  Lavcrars and "Ly cre, were derived
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from the binary AI-Cr system optimized by Liang et al.[??!
The following assumptions are made:

GAIS — | GHSERg; + 2GHSER 4, + 150000  (Eq 15)

Ggic' = +GHSERs; + 2GHSER¢, + 15000.0

Only one parameter LA .. is optimized in this study.

For Al4Cr and Al;,Cr,, the parameters G::‘:‘g , GQ:‘:‘CC: ,

07 AlCr Al Crp Al Crp 07 Al Cr,
and Liyncr of AlsCrand Gyia 2, Gy s and Lyy:aiéy of
Aly;Cr, in Eq 6 were derived from Liang et al.”? Géil:grcrz is

expressed by the following assumption:

(Eq 16)

G‘S"i{gfrz = +11GHSERg; + 2GHSER¢;, + 65000.0

(Eq 17)
The parameters GgiA(', Gsial ™ /L'sicr: and /Ly'§e, are
optimized in this study based on the experimental results
reported by Chen et al.['®]
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For the compounds aAlgCrs and BAlgCrs, the parameters

b ¢ b b j iT ¢ T
GAl:A17 GAI:Cr’ GCr:Al’ GCr:Cr’ ]LAI.Cr:Al’ jLAl,Cr:Cr’ jLAl:Al,Cr’
and /LY, o, (¢ = 0AlgCrs, BAIsCrs) were derived from
the binary Al-Cr system.””) The parameters Gil;sp Ggr:SN

and GdS>i:Si were assumed as follows:

G%.; = +8GHSERy, + SGHSERg; + 65000.0  (Eq 18)
G? o = +8GHSER, 4+ 5GHSERg; + 65000.0  (Eq 19)
G? = +13GHSERg; + 65000.0 (Eq 20)

In this study, the parameters Gg’i: A and /‘LiI.Si:Cr are
optimized from the experimental data of Chen et al.l'}

For the ternary compound 13-(ALSi),,Cry, the parameter
G¢,.op in Eq 9 is described as

_ iG’JLAlg Cr5 23 GA14 Cr

Gieal = 12 ALCr + 127 ALCr +w (Eq 21)

where w is a positive value. The parameters G¢..xj, "L a1 si»
and 'L, are optimized in this study.

4. Results and Discussions

A thermodynamic description of the Al-Cr-Si system
obtained in this study is shown in Table 1. The calculated
invariant equilibria are listed in Table 2. Satisfactory
agreement was obtained between the experimental present
calculations of this study and the previous experimental
results,[813:16:17]

Figures 1 to 3 show the Al-Si phase diagram optimized
by Grobner et al,l'"® with the Cr-Si phase diagram
optimized by Chen et al.?! and the Al-Cr phase diagram
optimized by Liang et al.,**! respectively.

Figure 4 is the calculated isothermal section at 1073 K in
comparison with the experimental data.l'*'®! Good agree-
ment was obtained between the calculated and experimental
results determined by Chen et al.'®! The calculated three-
phase regions related to the compounds aAlgCrs, Aly;Cr»,
Ty, To, and T3 are inconsistent with the experimental data of
Guptam] because T;, T, and 13 exist and AlgCrs and AlyCry
are replaced by aAlsCrs at 1073 K.['¢]

A series of isothermal sections in the AI-Cr-Si system
constructed by Gupta!'*! were based on the binary phase
diagram of the AI-Cr system reviewed by Massalski.**!
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the experimental data measured by Guptal'¥

Later, Mahdouk and Gachon!**! reported the existence of
Al Cr, between 1058 and 1168 K in the Al-Cr system. The
experimental results of Grushko et al.**! showed that there
were one high-temperature phase PAlgCrs between 1333
and 1593 K and one low-temperature phase o AlgCrs below
1413 K in the composition range between 30 and 42 at.%
Cr, and AloCry did not exist in the Al-Cr system. These
results were accepted in the thermodynamic assessment of
binary Al-Cr system.'”?! Accordingly, the phase relationship
reported by Guptal'® was modified in this study according
to the binary phase diagram of the AI-Crl*?! and the
experimental data.!'®!

Figures 5 to 7 are the calculated Al-Cr-Si isothermal
sections at 1173, 1273, and 1373 K in comparison with the
experimental data.!'*! Satisfactory agreement is obtained
between the calculated and experimental results. As shown
in Fig. 5, due to the stable existence of Al;;Cr, from 1058
to 1168 K and the congruent decomposition of AlCr, into
the bee phase at 68.07 at.% Cr and 1183 K in the Al-Cr
system,[ 2 two three-phase fields liq. + CrSi, + Al;Cr,
and Al,Cr + CrSi, + Al;Cr, reported by Guptal'* were
replaced by liq. + Al4Cr + CrSi,, and two three-phase fields
oAlgCrs + bee + AlCr, and  CrsSi + bee + AlCr,  were
added. Because of a low-temperature phase aAlgCrs instead
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of phases AlyCr, and AlgCrs in the binary Al-Cr system,[zz]
three-phase  fields aCrsSi; + Cr3Si + AlgCrs, CrsSi +
AICr, + AlgCrs, and CrSi, + aCrsSiz + AloCrst"®! were
replaced by aCrsSiz + Cr3Si + aAlgCrs, Cr3Si + AlCr, +
aAlgCrs, and CrSi, + aCrsSi; +aAlgCrs, respectively. And
the three-phase field oCrsSi; + AlgCrs + AloCry'¥ did not
exist. With the existence of 1, and t3,/'%!"! the three-phase
field Al,Cr + CrSi, + AloCr,"*! was replaced by Al,Cr +
CrSi2 + Ty, T, t13+ CrSiz, O(AISCI'S + CrSi2 + 13, T+
13 + Al4Cr, and oAlgCrs + 13 + Al,Cr in this study.
Figures 6 and 7 are similar to Fig. 5; only the three-phase
regions related to the compounds aAlgCrs, BAlCrs, T3, and
14 are in disagreement with the experimental data of
Gupta.['¥)

Figures 8 and 9 are the vertical sections of the Al-Cr-Si
system at 5 at.% Cr and 4 at.% Si calculated by the present
thermodynamic description in comparison with the experi-
mental data.’® In the experimental results of Esslinger
et al.,”®! there did not exist the phase regions involving AlL,Cr
in the vertical sections of the Al-Cr-Si system at 5 at.% Cr
and 4 at.% Si, and t; existed below 983 K with a peritectic
reaction liq. + CrSi, + Al;;Cr, — 1. These results were
inconsistent with recent experimental results,!'*"'®! where
lig. + CrSi, + Al;;Cr, — 1, at 983 K1 should be
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lig. + CrSip + Al,Cr — 7,113 at higher than 1073 K, an relatively low solubility of silicon."® The discrepancy
invariant reaction liq. + Al;Cr — Al Cr, + 11 at 953 to between the calculated and experimental composition[x] of
983 K was reported by Gupta,'*) and Al;;Cr, had a the invariant reaction liq. — diamond + fcc + t; (850 K)
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the experimental data measured by Esslinger et al.[*!

was mainly caused by the very low solubility of Cr in fcc
(Al),”* which results in the difference between calculated
results and experimental data'™! at the composition ranges of
the three-phase regions fcc + Al,Cr + 1y, lig. + fcc + 14,
and fcc + t; + diamond. The calculated Al-rich liquidus
temperatures are hi%her than the experimental data reported
by Esslinger et al.'™ This discrepancy was mainly caused by
the higher liquidus in the Al-rich part of the newly assessed
the binary Al-Cr system.*?) And the changing of the liquidus
also caused the shrinking of the two-phase region lig. + 1 in
Fig. 9. In addition, the three-phase regions lig. + Al;;Cr, +
CrSi, and liq. + Al Cr, + 7,/ were replaced by liq. +
Al4Cr + CrSi, and lig. + Al4Cr + 14, respectively, and two-
phase regions lig. + Al,Cr and lig. + Al4Cr + Al;,Cr, were
added in Fig. 8, based on the experimental results.'*-'¢2?]
And three-phase regions liq. + Al4Cr, lig. + ALLCr +
Al Cr,, and lig. + Al,Cr + Al;;Cr, were added in Fig. 9
because of the existence of lig. + AlLCr — Al;Cr, + 14
(U10).[13]

Figure 10(a) is the calculated liquidus projection of the
Al-Cr-Si system using the present thermodynamic descrip-
tion. Figure 10(b) is the enlarged section of Fig. 10(a). In
the experimental results of Gupta,!'>! a quasi-peritectic
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reaction lig. + Al4Cr — Al}Cr;, + 11 (U10) between 953
and 983 K was reported. The reaction temperature ranging
from 953 to 983 K,["*) correspond to the quasi-peritectic
reaction lig. + Al;;Cr, — Al,Cr + t; at 953 K and the
peritectic reaction lig. + CrSi, + Al;;Cr, — t; at 983 K,
respectively, as reported by Esslinger et al.l®! Guptal'!
pointed out that the three-phase field lig. + Al4Cr + Al;;Cr,
of the reaction lig. + Al4Cr — Al;;Cr, + 1; descended
from the binary peritectic reaction liq. + Al4Cr — Al;;Cr,
at 1214 K of the Al-Cr system,"** another three-phase field
lig. + Al4Cr + 1, originated possibly from the peritectic
reaction at 983 K. Thus, the peritectic reaction lig. +
CrSi, + Al;;Cr, —» t; at 983 K reported by Esslinger
et al.’® should be replaced by lig. + CrSi, + ALCr — 1,
at 983 K to be consistent with the three-phase fields
descending or ascending. Because the compound t; was
confirmed to be stable at 1079 K by Chen,!'” in this study,
the reaction temperatures of lig. + CrSi, + Al,Cr — 1
(P3) and liq. + Al,Cr —» Al;;Cr, + 1; (U10) were opti-
mized to be at 1081 and 988 K, respectively. Satisfactory
agreement was obtained between the calculated and exper-
imental results.['*'® Chen!'”) also predicted the projection
of the liquidus surface of the Al-Cr-Si system, in which the
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the experimental data measured by Esslinger et al.[®!

invariant reaction temperature for liq. + AlgCrs + 13 —
Al,Cr at 1309 K is nearly same as for lig. + AlgCrs —
Al4Cr at 1309 K in the Al-Cr binary system; however, the
invariant reaction composition of the liquid phase varies
from 0 to ~23.2 at.% Si. In addition, the invariant reaction
temperature for liq. + Al,Cr — Al;;Cr, + 1; at 1058 K
reported by Chen!'”! is consistent with the decomposition
temperature of Al;;Cr, in the AI-Cr binary system.**?!
Therefore, the projection of the liquidus surface at Al-rich
corner reported by Chen!'”) is not adopted in this study.
Figure 11 is the calculated reaction scheme of the Al-Cr-
Si system. The compounds 1;, 13, and 14 are formed by the
peritectic reactions liq. + Al4Cr + CrSi, — 77 at 1081 K,
which are in agreement with the experimental results
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determined by Guptal'¥ and Chen et al.l'® liq. +
aAlCrs + 14 > 13 at 1331 K, and ligq. + CrSi, +
BAIgCrs — 14 at 1380 K, respectively.

5. Summary

The phase relationships and a thermodynamic description
in the Al-Cr-Si system were critically evaluated from the
experimental information available in the literature. A set of
self-consistent thermodynamic parameters was derived.
With the thermodynamic description available, one can
now make various calculations of practical interest.
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