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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 CrSi2, Cr3Si, AlCr2, aAl8Cr5, bAl8Cr5, Al4Cr, and Al11Cr2 in the Al-Cr-Si system were
treated with sublattice models (Cr, Si)(Al, Cr, Si)2, (Cr, Si)3(Al, Cr, Si), (Al, Cr, Si)(Al, Cr)2, a(Al,
Cr, Si)8(Al, Cr, Si)5, b(Al, Cr, Si)8(Al, Cr, Si)5, (Al, Si)4(Al, Cr), and (Al, Si)11(Al, Cr)2, respec-
tively. The ternary intermetallic compounds s1, s2, and s3 were treated as the formulae
Al13Cr4Si4, Al9Cr3Si, and (Al,Si)11Cr4, respectively. A set of self-consistent thermodynamic
description of the Al-Cr-Si system was obtained.
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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.[1]

They might be used as promising coating materials for
carbon/carbon composites for application at high tempera-
tures.[2] Knowledge of phase equilibria is significant for the
optimization of alloy compositions and heat-treatment
conditions. The CALPHAD technique[3] was used to
analyze the thermodynamic properties of the system in this
study.

Robinson[4,5] determined the crystal structure of the s1
phase in the Al-Cr-Si system, which is a ternary compound
a(AlCrSi) in the early studies carried out by Pratt and
Raynor.[6,7] Subsequently, Esslinger et al.[8] investigated the
phase equilibria in the Al-rich corner of the Al-Cr-Si system
and confirmed that the composition of the s1 phase is
Al13Cr4Si4. Another ternary compound b(AlCrSi) reported
by Pratt and Raynor[6] and Mondolfo[9] turned out to be a

solid solution of Al in the binary compound CrSi2.
[5] The

investigation of Brukl et al.[10] also indicated that b(AlCrSi)
was the binary intermetallic CrSi2 with extended solubility
of Al up to 25 at.% Al with Al replacing Si in the sublattice
of the intermetallic compound. The AlCr2 phase was
reported to have a solubility of 3 at.% Si at with Si
replacing Al.[11] The Cr3Si phase was reported to have a
solid solubility of �12.5 at.% Al in the Al-Cr-Si system.[9]

The intermetallic compounds Al8Cr5, Al4Cr, and Al11Cr2 all
had Si solubilities in the Al-Cr-Si system.[12]

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.[13] The ternary compound
s1 was reported to exist only below 983 K.

Subsequently, Weitzer et al.[14] reported a new ternary
phase s3-(Al,Si)11Cr4 which is isostructural to Mn4Al11.

[15]

Chen et al.[16] reinvestigated the isothermal section at
1073 K in the Al-Cr-Si system. Three ternary compounds
s1-Al13Cr4Si4, s2-Al9Cr3Si, and s3-(Al,Si)11Cr4 were con-
firmed to be stable at 1073 K. The observation of the s1
phase at 1073 K is inconsistent with the experimental
results of Esslinger et al.[8] and Gupta.[13] Since Esslinger
et al.[8] determined the stability limit for s1 from cooling
curves, the occurrence of metastable solidification may be
the cause for this discrepancy.[16] Chen et al.[16] observed
maximum Al solubility in Cr3Si of 4.1 at.% Al, maximum
Si solubility in AlCr2 of 1.7 at.% Si, Al8Cr5 with 5.6 at.%
Si, and Al4Cr with 10.4 at.% Si in the Al-Cr-Si system.
Meanwhile, Chen[17] has also reported a ternary compound
s4, 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
Gröbner et al.[18] are adopted in this study. Coughanowr and
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Ansara[19] 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.[20]

The Al-Cr system was first optimized by Saunders,[21] and
later reoptimized by Liang et al.[22] according to the
experimental results reported by Mahdouk and Gachon[23]

and Grushko et al.[24] The thermodynamic parameters of the
Cr-Si system were reported by Chen et al.[20] and for the
Al-Cr system reported by Liang et al.[22] 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), bcc (Cr),
and diamond (Si) in the Al-Cr-Si system. Their Gibbs
energies are described by the following expression:

G/
mðTÞ ¼ xAlG

/
AlðTÞ þ xCrG

/
CrðTÞ þ xSiG

/
SiðTÞ

þ RT xAl ln xAl þ xCr ln xCr þ xSi ln xSið Þ þ EG/
m

ðEq 1Þ

where xAl, xCr, and xSi are mole fraction of the pure elements
Al, Cr, and Si, respectively; the Gibbs energy function
G/

i ðTÞ ¼ 0G/
i ðTÞ � HSER

i (298.15 K) for the element i
(i = Al, Cr, Si) in the solution phase / (/ = liquid, fcc
(Al), bcc (Cr), and diamond (Si)) is described by an
equation of the following form:

G/
i ðTÞ ¼ aþ bT þ cT ln T þ dT2 þ eT 3 þ fT�1 þ gT7

þ hT�9 ðEq 2Þ

where Hi
SER (298.15 K) is the molar enthalpy of the element

i at 298.15 K in its standard element reference (SER) state,
fcc for Al, bcc for Cr, and diamond for Si. The Gibbs energy
of the element i, G/

i ðTÞ; in its SER state, is denoted by
GHSERi, i.e.,

GHSERi ¼ 0GSER
i ðTÞ � HSER

i ð298:15 KÞ ðEq 3Þ

In this study, the Gibbs energy functions for the element i
(i = Al, Cr, Si) are taken from the SGTE compilation of
Dinsdale.[25]

EG/
m is the excess Gibbs energy, expressed by the

Redlich-Kister polynomial,[26]

EG/
m ¼ xAlxCr

X

j

jL/
Al;CrðxAl � xCrÞ

j

þ xCrxSi
X

j

jL/
Cr;SiðxCr � xSiÞj

þ xAlxSi
X

j

jL/
Al;SiðxAl � xSiÞj þ xAlxSixCrL

/
Al;Cr;Si

ðEq 4Þ

where jL/
Al;Cr;

jL/
Cr;Si, and

jL/
Al;Si are the interaction parame-

ters between elements Al and Cr, Cr and Si, and Al and Si,
respectively. L/

Al;Cr;Si is a ternary interaction parameter.

2.2 Intermetallic Compounds

2.2.1 Intermetallic Compounds CrSi2 and Cr3Si. The
line compound CrSi2 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[13] in the Al-Cr-Si
system. A maximum of 25 at.% Al solubility with Al
replacing Si in CrSi2 at 1073 K is observed by Chen
et al.[16] The compound Cr3Si was reported to have a
solubility of approximately 12.5 at.% Al[9] and 4.1 at.% Al
at 1073 K[16] in the Al-Cr-Si system. These two compounds
are treated using two-sublattice models[27-29] (Cr, Si)(Al, Cr,
Si)2 and (Cr, Si)3(Al, Cr, Si), respectively. The Gibbs energy
per mole of formula unit CrmSin (CrSi2 and Cr3Si) is
expressed as follows:

GCrmSin ¼ y0Cry
00
CrG

CrmSin
Cr:Cr þ y0Cry

00
SiG

CrmSin
Cr:Si þ y0Cry

00
AlG

CrmSin
Cr:Al

þ y0Siy
00
CrG

CrmSin
Si:Cr þ y0Siy

00
SiG

CrmSin
Si:Si þ y0Siy

00
AlG

CrmSin
Si:Al

þ nRT y00Cr ln y
00
Cr þ y00Si ln y

00
Si þ y00Al ln y

00
Al

� �

þ mRT y0Cr ln y
0
Cr þ y0Si ln y

0
Si

� �

þ y00Cr y0Cry
0
Si

X
jLCrmSinCr;Si:Cr y0Cr � y0Si

� �jh i

þ y00Si y
0
Cry
0
Si

X
jLCrmSinCr;Si:Si y

0
Cr � y0Si

� �jh i

þ y00Al y0Cry
0
Si

X
jLCrmSinCr;Si:Al y

0
Cr � y0Si

� �jh i

þ y0Cr

y00Cry
00
Si

X
jLCrmSinCr:Cr;Si y

00
Cr � y00Si

� �j

þ y00Cry
00
Al

X
jLCrmSinCr:Cr;Al y

00
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� �j

þ y00Siy
00
Al

X
jLCrmSinCr:Si;Al y

00
Si � y00Al

� �j

2

666664
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00
Siy
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X
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2
6666666664

3
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ðEq 5Þ

2.2.2 Intermetallic Compound AlCr2. The compound
AlCr2 was reported to have a solubility of 3 at.% Si for Al at
973 K[11] and 1.7 at.% Si at 1073 K.[16] It was treated with
a two-sublattice model (Al, Cr, Si)(Al, Cr)2.
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Table 1 Thermodynamic parameters of the Al-Cr-Si system(a)

Phase Thermodynamic parameters Reference

Pure elements GHSERAl =

298.1-700.0 K: �7976.15 + 137.093038T � 24.3671976Tln(T)� 0.001884662T2� 8.77664910�7T3 + 74092T�1

700.0-933.5 K: �11276.24 + 223.048446T � 38.5844296Tln(T) + 0.018531982T2� 5.764227910�6T3 + 74092T�1

700.0-2900.0 K: �11278.378 + 188.684153T� 31.748192Tln(T)� 1.23052491028T�9

[25]

GHSERCr =

298.1-2180.0 K: �8856.94 + 157.48T� 26.908Tln(T) + 0.00189435T2 � 1.47721910�6T3 + 139250T�1

2180.0-6000.0 K: �34869.344 + 344.18T� 50Tln(T)� 2.8852691032T�9

[25]

GHSERSi =

298.1-1687.0 K: �8162.609 + 137.236859T� 22.8317533Tln(T)� 0.001912904T2 � 3.552910�9T3 + 176667T�1

1687.0-3600.0 K: �9457.642 + 167.281367T� 27.196Tln(T)� 4.2036991030T�9

[25]

Liquid Model (Al, Cr, Si)1
G(liq., Al) =

298.1-700.0 K: +3028.879 + 125.251171T� 24.3671976Tln(T)� 0.001884662T2 � 8.77664910�7T3

+ 74092T�1 + 7.9337910�20T7

700.0-933.5 K: �271.21 + 211.206579T� 38.5844296Tln(T) + 0.018531982T2� 5.764227910�6T3 + 74092T�1

+ 7.9337910�20T7

933.5-2900.0 K: �795.996 + 177.430178T� 31.748192Tln(T)

[25]

G(liq., Cr) =

298.1-2180.0 K: +15483.015 + 146.059775T� 26.908Tln(T) + 0.0018943T2 � 1.47721910�6T3 + 139250T�1

+ 2.37615910�21T7

2180.0-6000.0 K: �16459.984 + 335.616316T� 50Tln(T)

[25]

G(liq., Si) =

298.1-1687.0 K : +42533.751 + 107.13742T� 22.8317533Tln(T)� 0.001912904T2 � 3.552910�9T3 + 176667T�1

+ 2.09307910�21T7

1687.0�3600.0 K: +40370.523 + 137.722298T� 27.196Tln(T)

[25]

0Lliq:Al;Si ¼ �11340:1� 1:23394T [18]

1Lliq:Al;Si ¼ �3530:93þ 1:35993T [18]

2Lliq:Al;Si ¼ þ2265:39
[18]

0Lliq:Cr;Si ¼ �128000:0þ 21:23883T [20]

1Lliq:Cr;Si ¼ �50016:61þ 14:31913T [20]

0Lliq:Al;Cr ¼ �37139:1þ 2:0110T [22]

1Lliq:Al;Cr ¼ �15698:7þ 7:4555T [22]

0Lliq:Al;Cr;Si ¼ �73008:0þ 47:5147T This work
1Lliq:Al;Cr;Si ¼ þ12338:1 This work

Fcc Model (Al, Cr, Si)1
G(fcc, Al) = +GHSERAl

[25]

G(fcc, Cr) =

298.1-2180.0 K: �1572.94 + 157.643T� 26.908Tln(T) + 0.00189435T2 � 1.47721910�6T3 + 139250T�1

2180.0-6000.0 K �27585.344 + 344.343T� 50Tln(T)� 2.8852691032T�9

Tc(fcc, Cr) = �1109
b(fcc, Cr) = �2.46

[25]

G(fcc, Si) =

298.1-1687.0 K: +42837.391 + 115.436859T� 22.8317533Tln(T)� 0.001912904T2 � 3.552910�9T3 + 176667T�1

1687.0-3600.0 K: +41542.358 + 145.481367T� 27.196Tln(T)� 4.2036991030T�9

[25]

0LfccAl;Si ¼ �3143:78þ 0:39297T [18]

0LfccAl;Cr ¼ �30946:0þ 8:3017T [22]

0LfccAl;Cr;Si ¼ þ680751:6 This work

Bcc Model (Al, Cr, Si)1
G(bcc, Al) =

298.1-700.0 K: +2106.85 + 132.280038T� 24.3671976Tln(T)� 0.001884662T2 � 8.77664910�7T3 + 74092T�1

700.0-933.5 K: �1193.24 + 218.235446T� 38.5844296Tln(T) + 0.018531982T2 � 5.764227910�6T3 + 74092T�1

933.5-2900.0 K: �1195.378 + 183.871153T� 31.748192Tln(T)� 1.23052491028T�9

[25]

G(bcc, Cr) = +GHSERCr
[25]

Tc(bcc, Cr) = �311.5
b(bcc, Cr) = �0.008
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Table 1 continued

Phase Thermodynamic parameters Reference

G(bcc, Si) =

298.1-1687.0 K: +38837.391 + 114.736859T� 22.8317533Tln(T)� 0.001912904T2 � 3.552910�9T3 + 176667T�1

1687-3600.0 K: +37542.358 + 144.781367T� 27.196Tln(T)� 4.2036991030T�9

[25]

0LbccAl;Cr ¼ �58257:5þ 8:4407T [22]

0LbccCr;Si ¼ �77309:9324� 2:3832T [20]

1LbccCr;Si ¼ �53247:5616þ 13:58981T [20]

0LbccAl;Cr;Si ¼ þ630000:0 This work
1LbccAl;Cr;Si ¼ þ127000:0þ 21:0000T This work

diamond Model (Al, Cr, Si)1
G(diamond, Al) =

298.1-700.0 K: �7976.15 + 167.093038T� 24.3671976Tln(T)� 0.001884662T2 � 8.77664910�7T3 + 74092T�1

700.0-933.5 K: �11276.24 + 253.048446T� 38.5844296Tln(T) + 0.018531982T2 � 5.764227910�6T3 + 74092T�1

933.5-2900.0 K: �11278.378 + 218.684153T� 31.748192Tln(T)� 1.23052491028T�9

[25]

G(diamond, Si) = +GHSERSi
[25]

G(diamond, Cr) = +GHSERCr + 5000.0 This work
0Ldiamond

Al;Si ¼ þ113246:16� 47:5551T [18]

CrSi2 Model (Cr, Si)(Cr, Si, Al)2
GCrSi2

Cr:Al ¼ 1
6G

aAl8Cr5
Al:Cr þ 1

6G
Al4Cr
Al:Cr þ 30000:0 This work

GCrSi2
Cr:Cr ¼ þ3GHSERCr þ 10000:0� 1:0000T

[20]

GCrSi2
Cr:Si ¼ �100597:117þ 336:62707T � 57:86T lnðTÞ � 0:01323T2 � 0:000000432T3 [20]

GCrSi2
Si:Al ¼ + GHSERSi + 2GHSERAl þ 15000:0 This work

GCrSi2
Si:Cr ¼ þGHSERSi + 2GHSERCr þ 224822:024� 27:60473T [20]

GCrSi2
Si:Si ¼ þ3GHSERSi þ 84524:9887� 26:27506T [20]

0LCrSi2Cr;Si:Cr ¼ 0LCrSi2Cr;Si:Si ¼ þ1535:4469
[20]

0LCrSi2Cr:Al;Si ¼ �80594:2þ 31:1515T This work
1LCrSi2Cr:Al;Si ¼ þ107670:6� 33:3699T This work

aCr5Si3 Model Cr5Si3
GaCr5Si3

Cr:Si ¼ �329102:726þ 1077:75585T � 182:578184T lnðTÞ � 0:023919688T2 � 0:00000231728T3 [20]

bCr5Si3 Model Cr5(Cr, Si)3
GbCr5Si3

Cr:Cr ¼ þ8GHSERCr þ 40000 [20]

GbCr5Si3
Cr:Si ¼ �277240:64þ 1048:67176T � 182:578184T lnðTÞ � 0:023919688T2 � 0:00000231728T3 [20]

0LbCr5Si3
Cr:Cr;Si ¼ �4697:84363

[20]

CrSi Model (Cr)1(Al, Si)1
GCrSi

Cr:Si ¼ �83545:088þ 315:0993T � 51:62865T lnðTÞ � 0:00447355T2 þ 391330T�1 [20]

GCrSi
Cr:Al ¼ GHSERCr þ GHSERSi This work

0LCrSiCr:Al;Si ¼ �43606:3 This work

Cr3Si Model (Cr, Si)3(Cr, Si, Al)

GCr3Si
Cr:Al ¼ þGHSERCr þ GAlCr2

Al:Cr þ 6623:6 This work

GCr3Si
Cr:Cr ¼ þ4GHSERCr þ 20000:0þ 10:0000T [20]

GCr3Si
Cr:Si ¼ þ3GHSERCr þ GHSERSi � 125904:402þ 5:14171T [20]

GCr3Si
Si:Al ¼ þ3GHSERSi þ GHSERAl þ 20000:0 This work

GCr3Si
Si:Cr ¼ þ3GHSERSi þ GHSERCr þ 561830:369� 61:07749T [20]

GCr3Si
Si:Si ¼ þ4GHSERSi þ 415925:967� 65:93576T [20]

0LCr3SiCr;Si:Cr ¼ 0LCr3SiCr;Si:Si ¼ �391881:445
[20]

aAl8Cr5 Model (Al, Cr, Si)8(Al, Cr, Si)5
GaAl8Cr5

Al:Al ¼ þ13GHSERAl þ 40000:0 [22]

GaAl8Cr5
Al:Cr ¼ þ8GHSERAl þ 5GHSERCr � 252507:8þ 10:3963T [22]

GaAl8Cr5
Al:Si ¼ þ8GHSERAl þ 5GHSERSi þ 65000:0 This work

GaAl8Cr5
Cr:Al ¼ þ8GHSERCr þ 5GHSERAl þ 332507:8� 10:3963T [22]

GaAl8Cr5
Cr:Cr ¼ þ13GHSERCr þ 40000:0 [22]

GaAl8Cr5
Cr:Si ¼ þ8GHSERCr þ 5GHSERSi þ 65000:0 This work

GaAl8Cr5
Si:Al ¼ þ8GHSERSi þ 5GHSERAl þ 150134:2 This work

GaAl8Cr5
Si:Cr ¼ þ8GHSERSi þ 5GHSERCr This work

GaAl8Cr5
Si:Si ¼ þ13GHSERSi þ 65000:0 This work

0LaAl8Cr5
Al;Cr:Al ¼ 0LaAl8Cr5

Al;Cr:Cr ¼ þ140019:3þ 2:7138T [22]
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Table 1 continued

Phase Thermodynamic parameters Reference

1LaAl8Cr5
Al;Cr:Al ¼ 1LaAl8Cr5

Al;Cr:Cr ¼ �298819:0þ 92:8656T [22]

0LaAl8Cr5
Al:Al;Cr ¼ 0LaAl8Cr5

Cr:Al;Cr ¼ �302291:9þ 156:9409T [22]

1LaAl8Cr5
Al:Al;Cr ¼ 1LaAl8Cr5

Cr:Al;Cr ¼ �84584:3
[22]

0LaAl8Cr5
Al;Si:Cr ¼ �241956:1 This work

1LaAl8Cr5
Al;Si:Cr ¼ �95286:9 This work

bAl8Cr5 Model (Al, Cr, Si)8(Al, Cr, Si)5
GbAl8Cr5

Al:Al ¼ þ13GHSERAl þ 40000:0 [22]

GbAl8Cr5
Al:Cr ¼ þ8GHSERAl þ 5GHSERCr � 238114:8 [22]

GbAl8Cr5
Al:Si ¼ þ8GHSERAl þ 5GHSERSi þ 65000:0 This work

GbAl8Cr5
Cr:Al ¼ þ8GHSERCr þ 5GHSERAl þ 318114:8 [22]

GbAl8Cr5
Cr:Cr ¼ þ13GHSERCr þ 40000:0 [22]

GbAl8Cr5
Cr:Si ¼ þ8GHSERCr þ 5GHSERSi þ 65000:0 This work

GbAl8Cr5
Si:Al ¼ þ8GHSERSi þ 5GHSERAl þ 112155:5 This work

GbAl8Cr5
Si:Cr ¼ þ8GHSERSi þ 5GHSERCr This work

GbAl8Cr5
Si:Si ¼ þ13GHSERSi þ 65000:0 This work

0LbAl8Cr5
Al;Cr:Al ¼ 0LbAl8Cr5

Al;Cr:Cr ¼ þ194038:6� 57:0982T [22]

1LbAl8Cr5
Al;Cr:Al ¼ 1LbAl8Cr5

Al;Cr:Cr ¼ þ16289:5� 99:3751T [22]

0LbAl8Cr5
Al:Al;Cr ¼ 0LbAl8Cr5

Cr:Al;Cr ¼ þ198488:0� 236:4091T [22]

1LbAl8Cr5
Al:Al;Cr ¼ 1LbAl8Cr5

Cr:Al;Cr ¼ �254728:3þ 98:3046T [22]

0LbAl8Cr5
Al;Si:Cr ¼ �218309:8� 29:8816T This work

1LbAl8Cr5
Al;Si:Cr ¼ �74357:3 This work

Al7Cr Model Al7(Al, Cr)

GAl7Cr
Al:Cr ¼ þ7GHSERAl + GHSERCr � 100970þ 23:5612T [22]

GAl7Cr
Al:Al ¼ þ8GHSERAl þ 24074:5 [22]

0LAl7CrAl:Al;Cr ¼ �21094:1þ 12:6986T [22]

Al4Cr Model (Al, Si)4(Al, Cr)

GAl4Cr
Al:Al ¼ þ5GHSERAl þ 25868:2 [22]

GAl4Cr
Al:Cr ¼ þ4GHSERAl þ GHSERCr � 79750:0þ 9:8532T [22]

GAl4Cr
Si:Al ¼ þ4GHSERSi þ GHSERAl þ 50000:0 This work

GAl4Cr
Si:Cr ¼ þ4GHSERSi þ GHSERCr This work

0LAl4CrAl;Si:Cr ¼ �76324:1þ 6:0128T This work
1LAl4CrAl;Si:Cr ¼ �1530:8� 10:1702T This work
0LAl4CrAl:Al;Cr ¼ �71625:0þ 53:0030T [22]

Al11Cr2 Model (Al, Si)11(Al, Cr)2
GAl11Cr2

Al:Al ¼ þ13GHSERAl þ 30000:0 [22]

GAl11Cr2
Al:Cr ¼ þ11GHSERAl þ 2GHSERCr � 145700:9 [22]

GAl11Cr2
Si:Al ¼ þ11GHSERSi þ 2GHSERAl þ 90985:5 This work

GAl11Cr2
Si:Cr ¼ þ11GHSERSi þ 2GHSERCr þ 65000:0 This work

0LAl11Cr2Al;Si:Cr ¼ �67755:9þ 180:7592T This work
1LAl11Cr2Al;Si:Cr ¼ �55861:3þ 203:3824T This work
0LAl11Cr2Al:Al;Cr ¼ þ199602:3� 186:4713T [22]

AlCr2 Model (Al, Cr, Si)(Al, Cr)2
GAlCr2

Al:Al ¼ þ3GHSERAl þ 15000 [22]

GAlCr2
Al:Cr ¼ þGHSERAl þ 2GHSERCr � 45279:2 [22]

GAlCr2
Cr:Al ¼ þGHSERCr þ 2GHSERAl þ 75279:2 [22]

GAlCr2
Cr:Cr ¼ þ3GHSERCr þ 15000:0 [22]

GAlCr2
Si:Al ¼ þGHSERSi þ 2GHSERAl þ 15000:0 This work

GAlCr2
Si:Cr ¼ þGHSERSi þ 2GHSERCr þ 15000:0 This work

0LAlCr2Al:Al;Cr ¼ 0LAlCr2Cr:Al;Cr ¼ �31502:4þ 5:7033T [22]

0LAlCr2Al;Cr:Al ¼ 0LAlCr2Al;Cr:Cr ¼ �11282:4� 6:3700T [22]

0LAlCr2Al;Si:Cr ¼ �109098:9þ 5:5894T This work

s1 Model Al13Cr4Si4

Gs1
Al:Cr:Si ¼ þ4GHSERCr þ 13GHSERAl þ 4GHSERSi � 437554:6þ 69:7236T This work

s2 Model Al9Cr3Si

Gs2
Al:Cr:Si ¼ þ3GHSERCr þ 9GHSERAl þ GHSERSi � 258834:9þ 25:6494T This work
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2.2.3 Intermetallic Compounds Al4Cr, Al11Cr2, aAl8Cr5,
and bAl8Cr5. The compound Al4Cr has an extended
solubility of �10.4 at.% Si,[16] and Al11Cr2 also has an
appreciable Si solubility.[12] They are treated using

two-sublattice models (Al, Si)4(Al, Cr) and (Al, Si)11
(Al, Cr)2. The Gibbs energy per mole of formula
unit AlmCrn (Al4Cr and Al11Cr2) is expressed as
follows:

Table 1 continued

Phase Thermodynamic parameters Reference

s3 Model (Al,Si)11Cr4
Gs3

Cr:Al ¼ 5
12G

aAl8Cr5
Al:Cr þ 23

12G
Al4Cr
Al:Cr þ 18470:7 This work

Gs3
Cr:Si ¼ þ4GHSERCr þ 11GHSERSi � 20732:1 This work

0Ls3
Cr:Al;Si ¼ �473921:1þ 230:4174T This work

1Ls3
Cr:Al;Si ¼ �559720:9þ 90:6686T This work

s4 Model Al58Cr31Si11

Gs2
Al:Cr:Si ¼ þ58GHSERAl þ 31GHSERCr þ 11GHSERSi � 1560841:1� 388:2631T This work

(a) In J/mol of the formula units

Table 2 Calculated invariant reactions in the Al-Cr-Si system

Reactions

Present work Experimental data

Type T, K Ref 8 Ref 17

liq. + bCr5Si3 fi Cr3Si + aCr5Si3 U1 1774 ÆÆÆ ÆÆÆ
liq. + CrSi fi CrSi2 + aCr5Si3 U2 1633 ÆÆÆ 1633

liq. + bcc fi Cr3Si + bAl8Cr5 U3 1538 ÆÆÆ 1571

liq. + Cr3Si fi aCr5Si3 + bAl8Cr5 U4 1467 ÆÆÆ 1462

liq. + aCr5Si3 fi CrSi2 + bAl8Cr5 U5 1381 ÆÆÆ ÆÆÆ
liq. + CrSi2 + bAl8Cr5 fi s4 P1 1380 ÆÆÆ 1381

BAl8Cr5 + s4 fi aAl8Cr5 + liq. U6 1356 ÆÆÆ ÆÆÆ
liq. + aAl8Cr5 + s4 fi s3 P2 1331 ÆÆÆ 1320

liq. + s4 fi s3 + CrSi2 U7 1326 ÆÆÆ 1314

liq. + aAl8Cr5 fi Al4Cr + s3 U8 1308 ÆÆÆ 1309

liq. + s3 fi Al4Cr + CrSi2 U9 1264 ÆÆÆ 1256

liq. + Al4Cr + CrSi2 fi s1(a) P3 1081 >1073(b) 1079

liq. + Al4Cr fi Al11Cr2 + s1(a) U10 988 953-983(a) 1058

liq. + Al11Cr2 fi Al7Cr + s1 U11 966 953 1045

liq. + Al7Cr fi s1 + fcc U12 908 898 907

liq. + CrSi2 fi diamond + s1 U13 881 863 847-868

liq. fi diamond + fcc + s1 E1 850 848 847

bcc + bAl8Cr5 fi aAl8Cr5 + Cr3Si U14 1412 ÆÆÆ ÆÆÆ
bAl8Cr5 + Cr3Si fi aAl8Cr5 + aCr5Si3 U15 1386 ÆÆÆ ÆÆÆ
aCr5Si3 + bAl8Cr5 fi CrSi2 + aAl8Cr5 U16 1363 ÆÆÆ ÆÆÆ
bAl8Cr5 + CrSi2 fi aAl8Cr5 + s4 U17 1362 ÆÆÆ ÆÆÆ
s4 fi s3 + CrSi2 + aAl8Cr5 E2 1278 ÆÆÆ 1278

Al4Cr + s3 fi CrSi2 + s2 U18 1230 ÆÆÆ 1230

bcc + Cr3Si fi aAl8Cr5 + AlCr2 U19 1185 ÆÆÆ 1158

aAl8Cr5 + CrSi2 fi s3 + aCr5Si3 U20 1074 ÆÆÆ ÆÆÆ
CrSi2 + Al4Cr fi s1 + s2 U21 1012 ÆÆÆ ÆÆÆ
Al4Cr + s3 fi aAl8Cr5 + s2 U22 1006 ÆÆÆ ÆÆÆ
Al11Cr2 fi Al4Cr + s1 + Al7Cr E3 961 ÆÆÆ ÆÆÆ
s1 + Al4Cr + fi s2 + Al7Cr U23 821 ÆÆÆ ÆÆÆ

(a) Reported by Gupta[13] and (b) Reported by Chen et al.[16]
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GAlmCrn ¼ y0Aly
00
AlG

AlmCrn
Al:Al þ y0Aly

00
CrG

AlmCrn
Al:Cr þ y0Siy

00
AlG

AlmCrn
Si:Al

þ y0Siy
00
CrG

AlmCrn
Si:Cr þ mRT y0Al ln y

0
Al þ y0Si ln y

0
Si

� �

þ nRT y00Al ln y
00
Al þ y00Cr ln y

00
Cr

� �

þ y0Al y00Aly
00
Cr

X
jLAlmCrnAl:Al;Cr y00Al � y00Cr

� �jh i

þ y0Si y
00
Aly
00
Cr

X
jLAlmCrnSi:Al;Cr y00Al � y00Cr

� �jh i

þ y00Al y0Aly
0
Si

X
jLAlmCrnAl;Si:Al y

0
Al � y0Si

� �jh i

þ y00Cr y0Aly
0
Si

X
jLAlmCrnAl;Si:Cr y0Al � y0Si

� �jh i
ðEq 6Þ

The compounds aAl8Cr5 and bAl8Cr5 have solubility of
�5.6 at.% Si,[16] and are treated as a two-sublattice model
(Al, Cr, Si)8(Al, Cr, Si)5.

2.2.4 Intermetallic Compounds s1, s2, s3, and s4. The
Gibbs energy per mole of formula unit AllCrmSin for the
intermetallic compounds s1-Al13Cr4Si4, s2-Al9Cr3Si, and
s4-Al58Cr31Si11 is expressed as follows:

GAllCrmSin
m ¼ lGHSERAl þ mGHSERCr þ nGHSERSi

þ DGAllCrmSin
f ðEq 7Þ

where DGAllCrmSin
f is the Gibbs energy of formation per mole

of formula unit AllCrmSin. Due to lack of experimental

measurements, and it is assumed that the Neumann-Kopp
rule applies to the heat capacity, i.e. DCpf ¼ 0: Thus,
DGAllCrmSin

f can be given by the following expression:

DGAllCrmSin
f ¼ aþ bT ðEq 8Þ

where the parameters a and b were evaluated in this study.
In the Al-Cr-Si system, the intermetallic compound s3,

which varies in composition ranges from Al65Cr27Si8
(coexisting with Al8Cr5 and Cr5Si3) to Al60Cr27Si13
(coexisting with Cr5Si3 and CrSi2),

[16] was treated using
a two-sublattice model (Al,Si)11Cr4 with Al and Si on the
first sublattice, and Cr on the second one. The Gibbs
energy per mole of formula unit (Al,Si)11Cr4 is expressed
as follows:

GðAl;SiÞ11Cr4m ¼ yAlG
ðAl;SiÞ11Cr4
Al:Cr þ ySiG

ðAl;SiÞ11Cr4
Si:Cr

þ 11RTðyAl ln yAl þ ySi ln ySiÞ

þ yAlySi
X

j

jL
ðAl;SiÞ11Cr4
Al;Si:Cr ðyAl � ySiÞj ðEq 9Þ

Fig. 1 Al-Si phase diagram optimized by Gröbner et al.[18]

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.[8,13,16,17] 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.[30] The optimization was carried
out by means of the optimization module PARROT of the
software Thermo-Calc.[31] 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, bcc,
and diamond phases were obtained by combination of the
corresponding Gibbs energy functions from the assessments
of binary systems[18,20,22] using Muggianu interpolation of
binary excess terms.[32] In this study, the coefficients
0Lliq:Al;Cr;Si and

0LfccAl;Cr;Si were optimized based on the exper-
imental data reported by Esslinger et al.[8] and Gupta.[13]

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[33] for

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

Gðdiamond, CrÞ ¼ GHSERCr þ 5000:0 ðEq 10Þ

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 CrSi2 and Cr3Si, the parameters
GCrSi2

Cr:Cr; G
CrSi2
Cr:Si ; G

CrSi2
Si:Cr ; G

CrSi2
Si:Si ;

0LCrSi2Cr;Si:Cr, and
0LCrSi2Cr;Si:Si of CrSi2

and GCr3Si
Cr:Cr; GCr3Si

Cr:Si ; GCr3Si
Si:Cr ; GCr3Si

Si:Si ;
0LCr3SiCr;Si:Cr;

0LCr3SiCr;Si:Si;
0LCr3SiCr:Cr;Si; and

0LCr3SiSi:Cr;Si of Cr3Si in Eq 5 were derived from

the binary Cr-Si system optimized by Chen et al.[20] GCrSi2
Cr:Al

and GCr3Si
Cr:Al are the Gibbs energy of the hypothetic com-

pounds CrAl2 and Cr3Al in the Al-Cr system, respectively,
and calculated by the following equation:

GCrSi2
Cr:Al ¼

1

6
GaAl8Cr5

Al:Cr þ
1

6
GAl4Cr

Al:Cr þ u ðEq 11Þ

Fig. 2 Cr-Si phase diagram optimized by Chen et al.[20]
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GCr3Si
Cr:Al ¼ þGHSERCr þ GAlCr2

Al:Cr þ v ðEq 12Þ

where GaAl8Cr5
Al:Cr ; GAl4Cr

Al:Cr ; and GAlCr2
Al:Cr are the Gibbs energies of

the stable compounds in the Al-Cr system. In order to keep
CrAl2 and Cr3Al unstable in the Al-Cr system, u and v must
always be positive.

GCrSi2
Si:Al and GCr3Si

Si:Al describe the Gibbs energies of meta-
stable compounds SiAl2 and Si3Al in the Al-Si system,
respectively. According to the estimation of Guillermet and
Huang,[33] the following lattice stability is estimated:

GCrSi2
Si:Al ¼ þGHSERSi þ 2GHSERAl þ 15000:0 ðEq 13Þ

GCr3Si
Si:Al ¼ þ3GHSERSi þ GHSERAl þ 20000:0 ðEq 14Þ

In this study, the parameters GCrSi2
Cr:Al; G

Cr3Si
Cr:Al;

0LCrSi2Cr:Al;Si; and
1LCrSi2Cr:Al;Si are optimized according to the experimental data
measured by Gupta[13] and Chen et al.[16]

For AlCr2, the parameters GAlCr2
Al:Al ; G

AlCr2
Al:Cr ; G

AlCr2
Cr:Al ; G

AlCr2
Cr:Cr ;

0LAlCr2Al:Al;Cr;
0LAlCr2Cr:Al;Cr;

0LAlCr2Al;Cr:Al; and
0LAlCr2Al;Cr:Cr were derived

from the binary Al-Cr system optimized by Liang et al.[22]

The following assumptions are made:

GAlCr2
Si:Al ¼ þGHSERSi þ 2GHSERAl þ 15000:0 ðEq 15Þ

GAlCr2
Si:Cr ¼ þGHSERSi þ 2GHSERCr þ 15000:0 ðEq 16Þ

Only one parameter 0LAlCr2Al;Si:Cr is optimized in this study.
For Al4Cr and Al11Cr2, the parameters GAl4Cr

Al:Al ; G
Al4Cr
Al:Cr ;

and 0LAl4CrAl:Al;Cr of Al4Cr and G
Al11Cr2
Al:Al ; GAl11Cr2

Al:Cr ; and 0LAl11Cr2Al:Al;Cr of

Al11Cr2 in Eq 6 were derived from Liang et al.[22] GAl11Cr2
Si:Cr is

expressed by the following assumption:

GAl11Cr2
Si:Cr ¼ þ11GHSERSi þ 2GHSERCr þ 65000:0

ðEq 17Þ

The parameters GAl4Cr
Si:Al ; G

Al11Cr2
Si:Al ; jLAl4CrAl;Si:Cr; and

jLAl11Cr2Al;Si:Cr are
optimized in this study based on the experimental results
reported by Chen et al.[16]

Fig. 3 Al-Cr phase diagram optimized by Liang et al.[22]
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For the compounds aAl8Cr5 and bAl8Cr5, the parameters

G/
Al:Al; G

/
Al:Cr; G

/
Cr:Al; G

/
Cr:Cr;

jL/
Al;Cr:Al;

jL/
Al;Cr:Cr;

jL/
Al:Al;Cr;

and jL/
Cr:Al;Cr ð/ ¼ aAl8Cr5; bAl8Cr5Þ were derived from

the binary Al-Cr system.[22] The parameters G/
Al:Si; G

/
Cr:Si;

and G/
Si:Si were assumed as follows:

G/
Al:Si ¼ þ8GHSERAl þ 5GHSERSi þ 65000:0 ðEq 18Þ

G/
Cr:Si ¼ þ8GHSERCr þ 5GHSERSi þ 65000:0 ðEq 19Þ

G/
Si:Si ¼ þ13GHSERSi þ 65000:0 ðEq 20Þ

In this study, the parameters G/
Si:Al and jL/

Al;Si:Cr are
optimized from the experimental data of Chen et al.[16]

For the ternary compound s3-(Al,Si)11Cr4, the parameter
Gs3

Cr:Al in Eq 9 is described as

Gs3
Cr:Al ¼

5

12
GaAl8Cr5

Al:Cr þ
23

12
GAl4Cr

Al:Cr þ w ðEq 21Þ

where w is a positive value. The parameters Gs3
Cr:Al;

0Ls3
Cr:Al;Si;

and 1Ls3
Cr:Al;Si 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.[8,13,16,17]

Figures 1 to 3 show the Al-Si phase diagram optimized
by Gröbner et al.,[18] with the Cr-Si phase diagram
optimized by Chen et al.[20] and the Al-Cr phase diagram
optimized by Liang et al.,[22] respectively.

Figure 4 is the calculated isothermal section at 1073 K in
comparison with the experimental data.[13,16] Good agree-
ment was obtained between the calculated and experimental
results determined by Chen et al.[16] The calculated three-
phase regions related to the compounds aAl8Cr5, Al11Cr2,
s1, s2, and s3 are inconsistent with the experimental data of
Gupta[13] because s1, s2, and s3 exist and Al8Cr5 and Al9Cr4
are replaced by aAl8Cr5 at 1073 K.[16]

A series of isothermal sections in the Al-Cr-Si system
constructed by Gupta[13] were based on the binary phase
diagram of the Al-Cr system reviewed by Massalski.[34]

Fig. 4 Calculated isothermal section of the Al-Cr-Si system at 1073 K using the present thermodynamic description with the experi-
mental data[13,16]
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Later, Mahdouk and Gachon[23] reported the existence of
Al11Cr2 between 1058 and 1168 K in the Al-Cr system. The
experimental results of Grushko et al.[24] showed that there
were one high-temperature phase bAl8Cr5 between 1333
and 1593 K and one low-temperature phase aAl8Cr5 below
1413 K in the composition range between 30 and 42 at.%
Cr, and Al9Cr4 did not exist in the Al-Cr system. These
results were accepted in the thermodynamic assessment of
binary Al-Cr system.[22] Accordingly, the phase relationship
reported by Gupta[13] was modified in this study according
to the binary phase diagram of the Al-Cr[22] and the
experimental data.[16]

Figures 5 to 7 are the calculated Al-Cr-Si isothermal
sections at 1173, 1273, and 1373 K in comparison with the
experimental data.[13] Satisfactory agreement is obtained
between the calculated and experimental results. As shown
in Fig. 5, due to the stable existence of Al11Cr2 from 1058
to 1168 K and the congruent decomposition of AlCr2 into
the bcc phase at 68.07 at.% Cr and 1183 K in the Al-Cr
system,[22] two three-phase fields liq. + CrSi2 + Al11Cr2
and Al4Cr + CrSi2 + Al11Cr2 reported by Gupta[13] were
replaced by liq. + Al4Cr + CrSi2, and two three-phase fields
aAl8Cr5 + bcc + AlCr2 and Cr3Si + bcc + AlCr2 were
added. Because of a low-temperature phase aAl8Cr5 instead

of phases Al9Cr4 and Al8Cr5 in the binary Al-Cr system,[22]

three-phase fields aCr5Si3 + Cr3Si + Al8Cr5, Cr3Si +
AlCr2 + Al8Cr5, and CrSi2 + aCr5Si3 + Al9Cr4

[13] were
replaced by aCr5Si3 + Cr3Si + aAl8Cr5, Cr3Si + AlCr2 +
aAl8Cr5, and CrSi2 + aCr5Si3 +aAl8Cr5, respectively. And
the three-phase field aCr5Si3 + Al8Cr5 + Al9Cr4

[13] did not
exist. With the existence of s2 and s3,

[16,17] the three-phase
field Al4Cr + CrSi2 + Al9Cr4

[13] was replaced by Al4Cr +
CrSi2 + s2, s2 + s3 + CrSi2, aAl8Cr5 + CrSi2 + s3, s2 +
s3 + Al4Cr, and aAl8Cr5 + s3 + Al4Cr in this study.
Figures 6 and 7 are similar to Fig. 5; only the three-phase
regions related to the compounds aAl8Cr5, bAl8Cr5, s3, and
s4 are in disagreement with the experimental data of
Gupta.[13]

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.[8] In the experimental results of Esslinger
et al.,[8] there did not exist the phase regions involving Al4Cr
in the vertical sections of the Al-Cr-Si system at 5 at.% Cr
and 4 at.% Si, and s1 existed below 983 K with a peritectic
reaction liq. + CrSi2 + Al11Cr2 fi s1. These results were
inconsistent with recent experimental results,[13,16] where
liq. + CrSi2 + Al11Cr2 fi s1 at 983 K[8] should be

Fig. 5 Calculated isothermal section of the Al-Cr-Si system at 1173 K using the present thermodynamic description in comparison with
the experimental data measured by Gupta[13]
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liq. + CrSi2 + Al4Cr fi s1
[13] at higher than 1073 K,[16] an

invariant reaction liq. + Al4Cr fi Al11Cr2 + s1 at 953 to
983 K was reported by Gupta,[13] and Al11Cr2 had a

relatively low solubility of silicon.[16] The discrepancy
between the calculated and experimental composition[8] of
the invariant reaction liq. fi diamond + fcc + s1 (850 K)

Fig. 6 Calculated isothermal section of the Al-Cr-Si system at 1273 K using the present thermodynamic description in comparison with
the experimental data measured by Gupta[13]

Fig. 7 Calculated isothermal section of the Al-Cr-Si system at 1373 K using the present thermodynamic description in comparison with
the experimental data measured by Gupta[13]
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was mainly caused by the very low solubility of Cr in fcc
(Al),[22] which results in the difference between calculated
results and experimental data[8] at the composition ranges of
the three-phase regions fcc + Al7Cr + s1, liq. + fcc + s1,
and fcc + s1 + diamond. The calculated Al-rich liquidus
temperatures are higher than the experimental data reported
by Esslinger et al.[8] This discrepancy was mainly caused by
the higher liquidus in the Al-rich part of the newly assessed
the binary Al-Cr system.[22] And the changing of the liquidus
also caused the shrinking of the two-phase region liq. + s1 in
Fig. 9. In addition, the three-phase regions liq. + Al11Cr2 +
CrSi2 and liq. + Al11Cr2 + s1

[8] were replaced by liq. +
Al4Cr + CrSi2 and liq. + Al4Cr + s1, respectively, and two-
phase regions liq. + Al4Cr and liq. + Al4Cr + Al11Cr2 were
added in Fig. 8, based on the experimental results.[13,16,22]

And three-phase regions liq. + Al4Cr, liq. + Al4Cr +
Al11Cr2, and liq. + Al7Cr + Al11Cr2 were added in Fig. 9
because of the existence of liq. + Al4Cr fi Al11Cr2 + s1
(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,[13] a quasi-peritectic

reaction liq. + Al4Cr fi Al11Cr2 + s1 (U10) between 953
and 983 K was reported. The reaction temperature ranging
from 953 to 983 K,[13] correspond to the quasi-peritectic
reaction liq. + Al11Cr2 fi Al7Cr + s1 at 953 K and the
peritectic reaction liq. + CrSi2 + Al11Cr2 fi s1 at 983 K,
respectively, as reported by Esslinger et al.[8] Gupta[13]

pointed out that the three-phase field liq. + Al4Cr + Al11Cr2
of the reaction liq. + Al4Cr fi Al11Cr2 + s1 descended
from the binary peritectic reaction liq. + Al4Cr fi Al11Cr2
at 1214 K of the Al-Cr system,[34] another three-phase field
liq. + Al4Cr + s1 originated possibly from the peritectic
reaction at 983 K. Thus, the peritectic reaction liq. +
CrSi2 + Al11Cr2 fi s1 at 983 K reported by Esslinger
et al.[8] should be replaced by liq. + CrSi2 + Al4Cr fi s1
at 983 K to be consistent with the three-phase fields
descending or ascending. Because the compound s1 was
confirmed to be stable at 1079 K by Chen,[17] in this study,
the reaction temperatures of liq. + CrSi2 + Al4Cr fi s1
(P3) and liq. + Al4Cr fi Al11Cr2 + s1 (U10) were opti-
mized to be at 1081 and 988 K, respectively. Satisfactory
agreement was obtained between the calculated and exper-
imental results.[13,16] Chen[17] also predicted the projection
of the liquidus surface of the Al-Cr-Si system, in which the

Fig. 8 Calculated vertical section of the Al-Cr-Si system at 5 at.% Cr using the present thermodynamic description in comparison with
the experimental data measured by Esslinger et al.[8]
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invariant reaction temperature for liq. + Al8Cr5 + s3 fi
Al4Cr at 1309 K is nearly same as for liq. + Al8Cr5 fi
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. + Al4Cr fi Al11Cr2 + s1 at 1058 K
reported by Chen[17] is consistent with the decomposition
temperature of Al11Cr2 in the Al-Cr binary system.[22,23]

Therefore, the projection of the liquidus surface at Al-rich
corner reported by Chen[17] is not adopted in this study.

Figure 11 is the calculated reaction scheme of the Al-Cr-
Si system. The compounds s1, s3, and s4 are formed by the
peritectic reactions liq. + Al4Cr + CrSi2 fi s1 at 1081 K,
which are in agreement with the experimental results

determined by Gupta[13] and Chen et al.,[16] liq. +
aAl8Cr5 + s4 fi s3 at 1331 K, and liq. + CrSi2 +
bAl8Cr5 fi s4 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.

Fig. 9 Calculated vertical section of the Al-Cr-Si system at 4 at.% Si using the present thermodynamic description in comparison with
the experimental data measured by Esslinger et al.[8]
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Fig. 10 (a) Calculated liquidus projection of the Al-Cr-Si system using the present thermodynamic description. (b) Enlarged section of
Fig. 10(a)
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Fig. 11 Calculated reaction scheme of the Al-Cr-Si system
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M. Surowiec, Investigation of the Al–Cr c-Range, J. Alloys
Compd., 2005, 402, p 98-104

25. A.T. Dinsdale, SGTE Pure Elements (Unary) Database,
version 4.5 (2006), Private communication

26. O. Redlich, A.T. Kister, and A.T. Kister, Algebraic Represen-
tation of Thermodynamic Properties and the Classification of
Solutions, Ind. Eng. Chem., 1948, 40, p 345-348

27. M. Hillert and L.I. Staffansson, Regular Solution Model for
Stoichiometric Phases and Ionic Melts, Acta Chem. Scand.,
1970, 24, p 3618-3626

28. B. Sundman and J. Agren, Regular Solution Model for Phases
with Several Components and Sublattices, Suitable for Com-
puter Applications, J. Phys. Chem. Solids, 1981, 42, p 297-301

29. M. Hillert, B. Jasson, and B. Sundman, Application of the
Compound-Energy Model to Oxide Systems, Z. Metallkd.,
1988, 78, p 81-87

30. H.L. Lukas and S.G. Fries, Determination of the Use of
‘‘bingss’’ with the Mg–Zn System as Example, J. Phase
Equilib., 1992, 13, p 532-541

31. B. Sundman, B. Jansson, and J.-O. Andersson, The Thermo–
Calc Databank System, Calphad, 1985, 9, p 153-190

32. Y.M. Muggianu, M. Gambino, and J.-P. Bros, Enthalpies of
Formation of Liquid Bi–Ga–Sn Tin Alloys at 723 K—The
Analytical Representation of the Total and Partial Excess
Functions of Mixing, J. Chim. Phys., 1975, 72, p 83-88

33. A. Fernandez Guillermet and W. Huang, Calphad Estimates of
the Lattice Stabilities for High Melting bcc Metals: V, Nb and
Ta, Z. Metallkd., 1988, 79, p 88-95

34. T.B. Massalski, Aluminum–Chromium Binary Alloy Phase
Diagrams, ASM International, Materials Park, OH, 1986

Basic and Applied Research: Section I

Journal of Phase Equilibria and Diffusion Vol. 30 No. 5 2009 479


	Outline placeholder
	Abs1
	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Sec6
	Sec7
	Sec8


	Sec9
	Sec10
	Sec11
	Ack
	Bib1



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


