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Abstract The isothermal sections of the Al-Cr-Mo ternary

system at 1200 and 1000 �C were experimentally deter-

mined based on microstructure and phase constituents from

the equilibrated alloys employing electron probe micro-

analysis, scanning electron microscopy, and x-ray diffrac-

tion. A new ternary compound phase named g with AlTi3-

type crystal structure covering a composition range

with * 75 at.% Al was detected in these two investigated

isothermal sections in the present work. Based on the

experimental results and the published data of the three

binary sub-systems, a thermodynamic description for the

Al-Cr-Mo system was carried out using the CALPHAD

(CALculation of PHAse Diagrams) method. The newly

detected ternary phase g was modeled by a two-sublattice

model of (Al)3(Al,Cr,Mo)1. A set of reliable thermody-

namic parameters of the Al-Cr-Mo system was obtained,

which are in satisfactory agreement with the experimental

data. Based on the obtained thermodynamic parameters,

much information related to the stable vertical sections,

isothermal sections, liquidus projection, and miscibility

gap of the bcc phase were predicted in the present work.

The present work can provide essential experimental and

thermodynamic data for the establishment of the Ni-Al-Cr-

Mo based alloy database.

Keywords Al-Cr-Mo ternary system � microstructure �
phase diagram � thermodynamic modeling

1 Introduction

Ni-based superalloys have been widely used as high-tem-

perature structural materials in contemporary aerospace

and gas turbine industries, due to their exceptional high-

temperature microstructure stability, mechanical proper-

ties, fatigue resistance, and thermal corrosion resis-

tance.[1–5] Advanced Ni-based superalloys generally

contain generous levels of alloying elements to achieve

outstanding comprehensive properties at elevated temper-

atures. Al is considered as an indispensable alloying ele-

ment for Ni-based superalloys because it can not only form

the precipitation strengthening phase c0-Ni3Al with the L12

structure, but also form the dense Al2O3 to enhance oxi-

dation resistance.[6–8] Cr can significantly ameliorate the

high-temperature oxidation and corrosion resistance of Ni-

based superalloys by forming the Cr2O3 film on the alloy

surface.[7,9,10] In addition, an appropriate amount of Cr

content is conducive to improving the stress-rupture

property of Ni-based superalloys.[11] The addition of Mo

can increase the lattice parameter of the c phase and

enhance the creep performance of the alloys.[6,9,12] Nev-

ertheless, if the concentrations of Cr and Mo are too large,

the brittle topologically close-packed (TCP) phases will be

present while using at high temperatures or applying stress,
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which is detrimental to high-temperature service.[13,14]

Therefore, to design Ni-based superalloys with long-term

microstructural stability at elevated temperatures, reliable

knowledge of phase relationships in Ni-Al-Cr-Mo systems

is a prerequisite.

Several works have been done to investigate the phase

relations of the ternary Al-Cr-Ni,[15,16] Cr-Mo-Ni,[17,18] and

Al-Mo-Ni[19–21] systems. However, as an important sub-

system, phase information of the Al-Cr-Mo ternary system

has not attracted much attention. The only experimental

data was reported in 1964, Raman et al.[22] prepared five

as-cast Al-Cr-Mo alloys containing 33.3 at.% Al by arc

melting, and determined the dominating solidified bcc

phase through x-ray diffraction (XRD). The thermody-

namic calculations of the Al-Cr-Mo system were first

performed by Kaufman et al.[23], which was an extrapola-

tion from the respective binary systems. Furthermore, Peng

et al.[18,24] assessed the ternary interaction parameter of the

liquid phase in the Al-Cr-Mo system to fit the experimental

data of the Ni-Al-Cr-Mo quaternary system. However, no

ternary Al-Cr-Mo system experimental data could be

located for comparison with the calculated results. There-

fore, a systematic investigation of the phase equilibria

determination and thermodynamic description in the Al-

Cr-Mo ternary system over the whole composition range is

of great significance.

The objective of the present work is to experimentally

investigate the phase equilibria in the Al-Cr-Mo ternary

system at 1200 and 1000 �C, and to carry out the ther-

modynamic assessment of the Al-Cr-Mo ternary system

based on the experimental data utilizing CALPHAD tech-

nique. The obtained experimental data and thermodynamic

parameters are expected to support establishing the Ni-Al-

Cr-Mo based superalloy database.

2 Experimental Procedure

A series of Al-Cr-Mo alloys with different nominal com-

positions were prepared using pure bulk metals Al (99.99

wt.%), Cr (99.99 wt.%), and Mo (99.99 wt.%) as starting

materials. The prepared metals were put into an arc melting

furnace with a vacuum of 6.6 9 10-3 Pa and subsequently

filled with high-purity argon as a protective gas. The ingots

were inverted and remelted at least four times to ensure a

weight loss below 0.50%, to achieve compositional uni-

formity. The weight of each ingot was about 15 g.

Afterward, the ingots were cut into small pieces by wire-

cut electrical discharge machining. Then the specimens,

wrapped with Nb foil, were put into a quartz tube to avoid

contamination of the specimens. The appropriate amount of

argon was filled to balance the pressure inside and outside

the quartz tube during heat treatment. Most of the

specimens were annealed at 1200 �C for 30 days or

1000 �C for 60 days, except for the specimens containing

the liquid phase, which were annealed at 1200 �C for 20

minutes or 1000 �C for 30 minutes. After heat treatment,

the specimens were quenched immediately in ice water to

maintain the phase equilibria at the annealing temperature.

After standard metallographic preparation, the

microstructure and phase constituents of the equilibrated

alloys were investigated by backscattered electron (BSE)

imaging and an electron probe microanalysis (EPMA)

(JXA-8100R) under the conditions of 20.0 kV accelerating

voltage and 1.0 9 10-8 A probe current. The composition

of the samples containing the liquid phase was determined

by scanning electron microscopy (SEM) (SU-70) with an

energy dispersive spectroscopy (EDS). Then the samples

were cut and mashed into finer particles (around 75 lm)

with a stainless-steel mortar, and after sieving the finer

particles into an agate mortar they were further finely

ground to around 20 lm. It was then held under vacuum

for a few minutes for stress relief annealing. The powder

XRD measurement was carried out to analyze the crystal

structure of the alloys using CuKa radiation at 40.0 kV and

40 mA.

3 Thermodynamic Models

The Gibbs free energy functions describing pure Al, Cr,

and Mo are taken from the Scientific Group Thermodata

Europe (SGTE) database compiled by Dinsdale.[25] The

thermodynamic parameters of the Al-Cr, Al-Mo, and Cr-

Mo binary systems reported by Liang et al.[26], Du et al.[27],

and Frisk et al.[28] are accepted in the present work. The

calculated binary phase diagrams are presented in Fig. 1.

The structures and the used models of all phases in the Al-

Cr-Mo ternary system are listed in Table 1.

3.1 Solution Phases

The sub-regular solution model is used to describe the

molar Gibbs free energy of the liquid, fcc, and bcc solution

phases, defined as:

Gu
m ¼

X

i¼Al;Cr;Mo

xi
0Gu

i þ RT
X

i¼Al;Cr;Mo

xi ln xui þ EGu
m

ðEq 1Þ

where xi is the molar fractions of the pure element i (Al,

Cr, or Mo) and 0Gu
i refers to their corresponding molar

Gibbs energies in the u (liquid, fcc, or bcc) phase. EGu
m is

the excess Gibbs free energy, which is expressed by the

Redlich-Kister polynomials[29] and Hillert[30] as follows:

J. Phase Equilib. Diffus. (2024) 45:18–35 19

123



EGu ¼ xAlxCrL
u
Al;Cr þ xAlxMoL

u
Al;Mo þ xCrxMoL

u
Cr;Mo

þ xAlxCrxMoL
u
Al;Cr;Mo ðEq 2Þ

Lui;j ¼
Xn

m¼0

mLui;jðxi � xjÞm ðEq 3Þ

LuAl;Cr;Mo ¼ xAl
0LuAl;Cr;Mo þ xCr

1LuAl;Cr;Mo þ xMo
2LuAl;Cr;Mo

ðEq 4Þ

where Lui;j is the interaction parameter in the i�j (any two

of Al, Cr, or Mo) binary system. The ternary parameters,
0LuAl;Cr;Mo, 1LuAl;Cr;Mo, and 2LuAl;Cr;Mo, will be optimized in the

present work.

3.2 Intermetallic Compounds

In the literature,(Ref 26,27) the intermetallic compounds

Al7Cr, Al4Cr, aAl8Cr5, bAl8Cr5, AlCr2, and AlMo3 were

described by two-sublattice solution model. According to

the model, the molar Gibbs free energy of these phases in

the Al-Cr-Mo ternary system is expressed as follows:

Gk
m ¼

X
i
yi0
X

j
y00j

0G
k
i:j

þ RT a
X

i
yi0lnyi0 þ b

X
j
y00j lny

00
j

� �
þ EG

k
m ðEq 5Þ

where the site fraction yn� denote the composition of the

respective sublattice n, a and b are their stoichiometric

coefficients. 0Gk
i:j are the compound energies of the

respective end-members of the k phase, and EGk
m is the

Fig. 1 Calculated binary phase diagrams in the Al-Cr-Mo ternary system: (a) Al-Cr system,[26] (b) Al-Mo system,[27] and (c) Cr-Mo system[28]
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excess Gibbs energy which is given by the following

expression:

EGk
m ¼

X

i;k

X

j

yi0yk0y
00

j

X

n¼0

nLki;k:j yi0 � yk0ð Þn
 !" #

þ
X

i

X

j;k

yi0y
00

j y
00

k

X

n¼0

nLki:j;k yj0 � yk0
� �n

 !" #

þyi0y
00

Aly
00

Cry
00

Mo
nLki:Al;Cr;Mo þ yAl0yCr0yMo0y

00

i
nLkAl;Cr;Mo:i

ðEq 6Þ

The interaction parameters, nLki;j:k,
nLki:j;k,

nLki:Al;Cr;Mo, and
nLkAl;Cr;Mo:i, which can be expressed as a þ bT , will be

optimized in the present work.

The compound AlMo with A2 structure was treated as

the same phase as bcc with the same Gibbs energy function

as Eq. 1.[27]

3.3 Stoichiometric Compounds

The Al12Mo, Al5Mo, Al22Mo5, Al17Mo4, Al3Mo, Al8Mo3,

and Al63Mo37 phases were treated as stoichiometric com-

pounds in the literature.[27] The Gibbs energy per mole of

formula unit AlmMon is described as:

GAlmMon
m ¼ m0GHSER

Al þ n0GHSER
Mo þ a0 þ b0T ðEq 7Þ

where 0GHSER
Al and 0GHSER

Mo are the molar Gibbs energy of

fcc Al and bcc Mo referred to the enthalpy of the standard

element reference (HSER) at 25 �C and 105 Pa, respec-

tively. The parameters a0 and b0 will be evaluated in the

present work.

4 Results and Discussion

4.1 Experimental Determination

In the following sections, some representative BSE images

and XRD indexing results of the Al-Cr-Mo ternary alloys

annealed at 1200 and 1000 �C are shown to illustrate their

phase equilibria.

4.1.1 Phase Equilibria with the Newly Detected g Phase

The BSE image of the Al74Cr14Mo12 (at.%) alloy annealed

at 1200 �C for 20 minutes in Fig. 2(a) shows the coexis-

tence of three phases. The gray regions and dark eutectic-

like regions were identified to be the bAl8Cr5 and solidified

liquid phases, respectively. Furthermore, one light and

lamellar region in microstructure was observed and pre-

sumed to be an unidentified ternary compound (denoted as

g later). In the corresponding XRD pattern (Fig. 3(a)), the

characteristic peaks of the bAl8Cr5 and Al-rich (liquid)

Table 1 Crystal structures and thermodynamic models of all phases in the Al-Cr-Mo system

Phase Strukturbericht designation Pearson symbol Space group Prototype Thermodynamic model

liquid … … … … (Al,Cr,Mo)1

fcc A1 cF4 Fm3m Cu (Al,Cr,Mo)1

bcc A2 cI2 Im3m W (Al,Cr,Mo)1

Al7Cr … mC104 C2=m Al45Cr7 (Al)7(Al,Cr)1

Al11Cr2 … mP48 P2 … (Al)11(Al,Cr)2

Al4Cr … hR574 P63=mmc lAl4Mn (Al)4(Al,Cr)1

aAl8Cr5 D810 hR26 R3m Al8Cr5 (Al,Cr,Mo)8(Al,Cr,Mo)5

bAl8Cr5 … cI52 I43m Zn8Cu5 (Al,Cr,Mo)8(Al,Cr,Mo)5

AlCr2 C11b tI6 I4=mmm MoSi2 (Al,Cr)1(Al,Cr)2

Al12Mo … cI26 Im3 Al12W (Al)12(Mo)1

Al5Mo … hP12 P63 Al5W (Al)5(Mo)1

Al22Mo5 … oF216 Fdd2 … (Al)22(Mo)5

Al17Mo4 … mC84 C2 … (Al)17(Mo)4

Al4Mo … mC30 Cm Al4W (Al)4(Mo)1

Al3Mo … mC32 Cm … (Al)3(Mo)1

Al8Mo3 … mC22 C2=m … (Al)8(Cr,Mo)3

Al63Mo37 … … … … (Al)63(Mo)37

AlMo A2 cI2 Im3m W (Al,Cr,Mo)1

AlMo3 A15 cP8 Pm3n Cr3Si (Al,Mo)1(Al,Cr,Mo)3
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phases are well distinguished, while the remaining peaks

were assumed to be from the g phase. The crystal structure

of the newly detected ternary compound is related to AlTi3-

type space group according to the Powder Diffraction File

(PDF) cards. The g phase was also observed in other alloys

at 1000 �C. As shown in Fig. 2(b), two different phase

contrasts are well distinguished for the 1000 �C-annealed

Al73Cr21Mo6 (at.%) alloy. The gray phase was readily

determined as the aAl8Cr5 phase, while the light one was

identified as the g phase. The XRD result confirmed the

Fig. 2 BSE images of the typical Al-Cr-Mo ternary alloys: (a) the Al74Cr14Mo12 (at.%) alloy annealed at 1200 �C for 20 minutes; (b) the

Al73Cr21Mo6 (at.%) alloy annealed at 1000 �C for 60 days; and (c) the Al81Cr11Mo8 (at.%) alloy annealed at 1000 �C for 30 minutes

Fig. 3 X-ray diffraction patterns obtained from typical Al-Cr-Mo ternary alloys: (a) the Al74Cr14Mo12 (at.%) alloy annealed at 1200 �C for 20

minutes and (b) the Al73Cr21Mo6 (at.%) alloy annealed at 1000 �C for 60 days

22 J. Phase Equilib. Diffus. (2024) 45:18–35
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Fig. 4 BSE images of the typical Al-Cr-Mo ternary alloys: (a) the

Al40Cr10Mo50 (at.%) alloy annealed at 1200 �C for 30 days; (b) the

Al50Cr40Mo10 (at.%) alloy annealed at 1200 �C for 30 days; (c) the

Al40Cr30Mo30 (at.%) alloy annealed at 1200 �C for 30 days; (d) the

Al65Cr25Mo10 (at.%) alloy annealed at 1000 �C for 60 days; and

(e) the Al50Cr36Mo14 (at.%) alloy annealed at 1000 �C for 60 days
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crystal structures of the two phases. The diffraction peaks

of the two phases, marked by different symbols, are shown

in Fig. 3(b). In addition, the two-phase microstructure of

the dark solidified liquid and gray g phases coexist in the

Al81Cr11Mo8 (at.%) alloy annealed at 1000 �C for 30

minutes, as shown in Fig. 2(c).

4.1.2 Equilibria of the Other Phases

For the Al40Cr10Mo50 (at.%) alloy annealed at 1200 �C for

30 days, the three-phase microstructure of bcc (gray),

Al8Mo3 phase (dark), and AlMo3 phase (light) is apparent,

as shown in Fig. 4(a), and the characteristic peaks of three

phases are identified in Fig. 5(a). The BSE image

(Fig. 4(b)) and XRD result (Fig. 5(b)) show that the Al50-

Cr40Mo10 (at.%) alloy annealed at 1200 �C for 30 days is

in a two-phase region and the light and gray regions are bcc

and bAl8Cr5, respectively. The two-phase equilibrium of

dark bcc phase and light AlMo3 phase was identified in the

Al40Cr30Mo30 (at.%) alloy annealed at 1200 �C for

30 days, as shown in Fig. 4(c). Furthermore, the two phases

were also confirmed by the XRD pattern shown in

Fig. 5(c). In Fig. 4(d), a two-phase equilibrium can be seen,

with the light Al8Mo3 phase and gray aAl8Cr5 phase

occurring in the Al65Cr25Mo10 (at.%) alloy annealed at

1000 �C for 60 days. The corresponding XRD pattern is

presented in Fig. 5(d), in which these two different phases

are well distinguished. Constituent phases of the Al50-

Cr36Mo14 (at.%) alloy annealed at 1000 �C for 60 days are

shown in Fig. 4(e), the light gray phase is Al8Mo3 and the

dark gray phase is bcc.

The designed nominal alloys and analyzed composition

of constituent phases in the Al-Cr-Mo system annealed at

1200 and 1000 �C are summarized in Tables 2 and 3,

respectively.

Fig. 5 X-ray diffraction patterns obtained from typical Al-Cr-Mo

ternary alloys: (a) the Al40Cr10Mo50 (at.%) alloy annealed at 1200 �C
for 30 days; (b) the Al50Cr40Mo10 (at.%) alloy annealed at 1200 �C

for 30 days; (c) the Al40Cr30Mo30 (at.%) alloy annealed at 1200 �C
for 30 days; and (d) the Al65Cr25Mo10 (at.%) alloy annealed at

1000 �C for 60 days

24 J. Phase Equilib. Diffus. (2024) 45:18–35
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Table 2 Equilibrium compositions of the Al-Cr-Mo ternary system at 1200 �C determined in the present work

Alloys (at.%) Annealed time Phase equilibria Composition (at.%)

Phase 1/Phase 2/Phase 3 Phase 1 Phase 2 Phase 3

Al Mo Al Mo Al Mo

Al74Cr14Mo12 20 min bAl8Cr5/g/liquid 70.61 6.51 74.80 15.55 84.09 3.31

Al53Cr20Mo27 30 days bcc/Al8Mo3 43.53 25.94 72.52 26.55 … …
Al33Cr37Mo30 30 days bcc/AlMo3 41.80 28.47 26.47 58.26 … …
Al40Cr30Mo30 30 days bcc/AlMo3 39.64 28.12 26.98 54.79 … …
Al40Cr48Mo12 30 days bcc 40.15 12.47 … … … …
Al40Cr10Mo50 30 days bcc/Al8Mo3/AlMo3 45.02 30.03 72.63 26.23 27.24 61.87

Al69Cr10Mo21 30 days Al8Mo3/bAl8Cr5 73.09 25.48 61.63 15.80 … …
Al60Cr30Mo12 30 days bAl8Cr5 58.97 10.63 … … … …
Al50Cr40Mo10 30 days bcc/bAl8Cr5 41.87 9.11 57.83 9.72 … …
Al55Cr35Mo12 30 days bcc/bAl8Cr5 42.48 11.44 58.32 11.70 … …
Al26Cr24Mo50 30 days bcc/AlMo3 30.11 23.82 25.89 53.40 … …
Al36Cr24Mo40 30 days bcc/AlMo3 43.50 30.18 25.14 62.17 … …
Al20Cr13Mo67 30 days bcc/AlMo3 10.13 73.17 23.70 65.14 … …
Al20Cr22Mo58 30 days bcc/AlMo3 9.42 51.72 22.98 60.39 … …
Al20Cr7Mo73 30 days bcc/AlMo3 8.80 84.09 22.89 71.30

Al5Cr3Mo92 30 days bcc 4.81 92.15 … … … …
Al40Cr8Mo52 30 days Al8Mo3/AlMo3 73.08 26.53 26.11 65.03 … …

Table 3 Equilibrium compositions of the Al-Cr-Mo ternary system at 1000 �C determined in the present work

Alloys (at.%) Annealed time Phase equilibria Composition (at.%)

Phase 1/Phase 2/Phase 3 Phase 1 Phase 2 Phase 3

Al Mo Al Mo Al Mo

Al70Cr15Mo15 60 days aAl8Cr5/g/Al8Mo3 65.22 5.71 74.75 12.94 72.98 24.69

Al33Cr37Mo30 60 days bcc/AlMo3 38.25 17.01 27.44 47.71 … …
Al45Cr13Mo42 60 days Al8Mo3/AlMo3 73.32 25.91 27.63 51.05 … …
Al40Cr10Mo50 60 days Al8Mo3/AlMo3 73.80 25.80 26.71 54.86 … …
Al50Cr36Mo14 60 days bcc/Al8Mo3 38.10 9.57 73.48 25.21 … …
Al73Cr21Mo6 60 days aAl8Cr5/g 71.45 2.77 74.90 10.00 … …
Al65Cr25Mo10 60 days Al8Mo3/aAl8Cr5 72.81 24.54 63.40 7.55 … …
Al37Cr47Mo16 60 days bcc 36.57 15.86 … … … …
Al50Cr32Mo18 60 days bcc/Al8Mo3 38.38 10.77 72.97 25.98 … …
Al40Cr8Mo52 60 days Al8Mo3/AlMo3 73.35 26.39 26.53 61.21 … …
Al36Cr24Mo40 60 days bcc/Al8Mo3/AlMo3 37.88 19.07 73.61 25.80 26.54 50.22

Al81Cr11Mo8 30 min g/liquid 78.05 11.26 86.79 2.6

Al20Cr20Mo60 60 days bcc/AlMo3 7.13 70.50 24.05 61.08 … …
Al26Cr29Mo45 60 days bcc/AlMo3 25.99 13.75 26.06 48.22 … …
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4.2 Thermodynamic Calculation

Based on the experimental data and the published ther-

modynamic parameters of the Al-Cr,(Ref 26) Al-Mo,(Ref

27) and Cr-Mo(Ref 28) binary systems, a thermodynamic

description of the Al-Cr-Mo ternary system was developed.

The newly detected ternary compound phase g was mod-

eled by a two-sublattice model of (Al)3(Al,Cr,Mo)1

according to its crystal structure and homogeneity range.

The calculated isothermal sections at 1200 and 1000 �C
along with the experimental data marked by different

symbols are presented in Fig. 6(a)-(b), where the calculated

results are in good agreement with the experimental data.

All the thermodynamic parameters optimized in the present

work are listed in Table 4.

It can be seen from Fig. 6(a), two three-phase regions,

bcc ? AlMo3 ? Al8Mo3 and g ? bAl8Cr5 ? liquid that

were clearly identified in the three-phase alloys annealed at

1200 �C are well reproduced by the thermodynamic

parameters in isothermal section. Three three-phase regions,

bcc ? bAl8Cr5 ? Al8Mo3, g ? bAl8Cr5 ? Al8Mo3, and

g ? Al8Mo3 ? liquid were obtained from the calculated

results. Two three-phase regions of bcc ? AlMo3 ? Al8-

Mo3 and g ? aAl8Cr5 ? Al8Mo3 were determined at

1000 �C, as shown in Fig. 6(b). Six three-phase regions,

bcc ? aAl8Cr5 ? Al8Mo3, Al4Cr ? aAl8Cr5 ? liquid,

g ? aAl8Cr5 ? liquid, g ? Al8Mo3 ? liquid,

Al8Mo3 ? Al4Mo ? liquid, and Al8Mo3 ? Al4Mo ? Al3-

Mo were obtained from the thermodynamic calculation.

From the calculated results, the solid solubility ranges of

Al and Mo in theg phase are about 75.32 and 14.82 * 15.33

at.% at 1200 �C, respectively. While at 1000 �C, the ranges

are 75.21 * 76.50 at.% and 10.22 * 12.16 at.%, respec-

tively. With the decrease of temperature, its phase region

becomes wider. The maximum solid solubility of Cr in the

AlMo3 phase is about 20.31 and 25.26 at.% at 1200 and

1000 �C, respectively, manifesting that the solubility of Cr in

the AlMo3 phase decreases with the increase of temperature.

The solid solubility of Mo in the bAl8Cr5 phase at 1200 �C
and the aAl8Cr5 phase at 1000 �C reaches about 14.57 and

34.34 at.%, respectively.

As shown in Fig. 7, the vertical sections of the Al-Cr-

Mo system at 20% Al, 40 at.% Al, 10 at.% Cr, 24 at.% Cr,

30 at.% Mo, and 50 at.% Mo were calculated and plotted

with the experimental data, to ensure the consistency of the

optimized thermodynamic parameters in Table 4. The

calculated results are in good agreement with the experi-

mental information.

According to the obtained thermodynamic parameters,

the predicted isothermal sections of the Al-Cr-Mo ternary

system at 1400 and 800 �C are shown in Fig. 8(a)-(b). It is

known that the bAl8Cr5 phase is stable temperature range

of 1060 * 1320 �C in the binary system.[26] However, the

bAl8Cr5 phase is present at 1400 �C isothermal section in

the Al-Cr-Mo ternary system, as shown in Fig. 8(b),

Fig. 6 Calculated isothermal sections of the Al-Cr-Mo system at (a) 1200 �C and (b) 1000 �C with the experimental data determined in the

present work

26 J. Phase Equilib. Diffus. (2024) 45:18–35
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Table 4 Thermodynamic parameters in the Al-Cr-Mo ternary system optimized in this work

Phase Parameters References

liquid (Al,Cr,Mo)1

0LLiquidAl;Cr ¼ �37139:1 þ 2:0110T (Ref 26)

1LLiquidAl;Cr ¼ �15698:7 þ 7:4555T (Ref 26)

0LLiquidAl;Mo ¼ �96235:7 þ 20:9416T (Ref 27)

1LLiquidAl;Mo ¼ �4384:1 þ 12:3636T (Ref 27)

2LLiquidAl;Mo ¼ �25091:6 (Ref 27)

0LLiquidCr;Mo ¼ 15810 � 6:714T (Ref 28)

1LLiquidCr;Mo ¼ �6220 (Ref 28)

0LLiquidAl;Cr;Mo ¼ �581900 þ 300T This work

1LLiquidAl;Cr;Mo ¼ 209125 � 125T This work

2LLiquidAl;Cr;Mo ¼ 177300 � 100T This work

bcc (Al,Cr,Mo)1

0Lbcc
Al;Cr ¼ �58257:5 þ 8:4407T (Ref 26)

0Lbcc
Al;Mo ¼ �75938:8 þ 10:8187T (Ref 27)

1Lbcc
Al;Mo ¼ �44502:8 þ 21:6488T (Ref 27)

2Lbcc
Al;Mo ¼ �22927:1 (Ref 27)

0Lbcc
Cr;Mo ¼ 28890 � 7:962T (Ref 28)

1Lbcc
Cr;Mo ¼ 5974 � 2:428T (Ref 28)

0Lbcc
Al;Cr;Mo ¼ 0 This work

1Lbcc
Al;Cr;Mo ¼ �43810 � 30T This work

2Lbcc
Al;Cr;Mo ¼ 87300 � 100T This work

bAl8Cr5 (Al,Cr,Mo)8(Al,Cr,Mo)5

0GbAl8Cr5

Al:Cr ¼ 80GHSER
Al þ 50GHSER

Cr � 238114:8 (Ref 26)

0GbAl8Cr5

Al:Al ¼ 130GHSER
Al þ 40000 (Ref 26)

0GbAl8Cr5

Cr:Cr ¼ 130GHSER
Cr þ 40000 (Ref 26)

0GbAl8Cr5

Cr:Al ¼ 80GHSER
Cr þ 50GHSER

Al þ 318114:8 (Ref 26)

0GbAl8Cr5

Al:Al;Cr ¼ 198488 � 236:4091T (Ref 26)

1GbAl8Cr5

Al:Al;Cr ¼ �254728:3 þ 98:3046T (Ref 26)

0GbAl8Cr5

Cr:Al;Cr ¼ 198488 � 236:4091T (Ref 26)

1GbAl8Cr5

Cr:Al;Cr ¼ �254728:3 þ 98:3046T (Ref 26)

0GbAl8Cr5

Al;Cr:Al ¼ 194038:6 � 57:0982T (Ref 26)

1GbAl8Cr5

Al;Cr:Al ¼ 16289:5 � 99:3751T (Ref 26)

0GbAl8Cr5

Al;Cr:Cr ¼ 194038:6 � 57:0982T (Ref 26)

1GbAl8Cr5

Al;Cr:Cr ¼ 16289:5 � 99:3751T (Ref 26)

0GbAl8Cr5

Mo:Al ¼ 80GHSER
Mo þ 50GHSER

Al
This work

0GbAl8Cr5

Mo:Cr ¼ 100000 þ 80GHSER
Mo þ 50GHSER

Cr
This work

0GbAl8Cr5

Al:Mo ¼ �42635 � 5T þ 80GHSER
Al þ 50GHSER

Mo
This work

0GbAl8Cr5

Cr:Mo ¼ 100000 þ 80GHSER
Cr þ 50GHSER

Mo
This work
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Table 4 continued

Phase Parameters References

0GbAl8Cr5

Mo:Mo ¼ 70000 þ 130GHSER
Mo

This work

0LbAl8Cr5

Al:Cr;Mo ¼ �389525 � 75T This work

1LbAl8Cr5

Al:Cr;Mo ¼ 350950 � 150T This work

0LbAl8Cr5

Al:Al;Cr;Mo ¼ �541750 � 250T This work

aAl8Cr5 (Al,Cr,Mo)8(Al,Cr,Mo)5

0GaAl8Cr5

Al:Cr ¼ 80GHSER
Al þ 50GHSER

Cr

�252507:8 þ 10:3963T

(Ref 26)

0GaAl8Cr5

Al:Al ¼ 130GHSER
Al þ 40000 (Ref 26)

0GaAl8Cr5

Cr:Cr ¼ 130GHSER
Cr þ 40000 (Ref 26)

0GaAl8Cr5

Cr:Al ¼ 50GHSER
Al þ 80GHSER

Cr

þ332507:8 � 10:3963T

(Ref 26)

0GaAl8Cr5

Al:Al;Cr ¼ �302291:9 þ 156:9409T (Ref 26)

1GaAl8Cr5

Al:Al;Cr ¼ �84584:3 (Ref 26)

0GaAl8Cr5

Cr:Al;Cr ¼ �302291:9 þ 156:9409T (Ref 26)

1GaAl8Cr5

Cr:Al;Cr ¼ �84584:3 (Ref 26)

0GaAl8Cr5

Al;Cr:Al ¼ 140019:3 þ 2:7138T (Ref 26)

1GaAl8Cr5

Al;Cr:Al ¼ �298819:0 þ 92:8656T (Ref 26)

0GaAl8Cr5

Al;Cr:Cr ¼ 140019:3 þ 2:7138T (Ref 26)

1GaAl8Cr5

Al;Cr:Cr ¼ �298819:0 þ 92:8656T (Ref 26)

0GaAl8Cr5

Mo:Al ¼ 80GHSER
Mo þ 50GHSER

Al
This work

0GaAl8Cr5

Mo:Cr ¼ 100000 þ 80GHSER
Mo þ 50GHSER

Cr
This work

0GaAl8Cr5

Al:Mo ¼ �50000 þ 80GHSER
Al þ 50GHSER

Mo
This work

0GaAl8Cr5

Cr:Mo ¼ 100000 þ 80GHSER
Cr þ 50GHSER

Mo
This work

0GaAl8Cr5

Mo:Mo ¼ 70000 þ 130GHSER
Mo

This work

0LaAl8Cr5

Al:Cr;Mo ¼ �384000 This work

0LaAl8Cr5

Al:Al;Cr;Mo ¼ �1545550 þ 350T This work

Al7Cr (Al)7(Al,Cr)1

0GAl7Cr
Al:Cr ¼ �100970 þ 23:5612T

þ70GHSER
Al þ 0GHSER

Cr

(Ref 26)

0GAl7Cr
Al:Al ¼ 24074:5 þ 80GHSER

Al
(Ref 26)

0GAl7Cr
Al:Al;Cr ¼ �21094:1 þ 12:6986T (Ref 26)

Al11Cr2 (Al)11(Al,Cr)2

0GAl11Cr2

Al:Cr ¼ �145700:9

þ110GHSER
Al þ 20GHSER

Cr

(Ref 26)

0GAl11Cr2

Al:Al ¼ 30000 þ 130GHSER
Al

(Ref 26)

0GAl11Cr2

Al:Al;Cr ¼ �21094:1 þ 12:6986T (Ref 26)

Al4Cr (Al)4(Al,Cr)1

0GAl4Cr
Al:Cr ¼ �79750 þ 9:8532T

þ40GHSER
Al þ 0GHSER

Cr

(Ref 26)
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Table 4 continued

Phase Parameters References

0GAl4Cr
Al:Al ¼ 25868:2 þ 50GHSER

Al
(Ref 26)

0GAl4Cr
Al:Al;Cr ¼ �71625 þ 53:003T (Ref 26)

AlCr2 (Al,Cr)(Al,Cr)2

0GAlCr2

Al:Cr ¼ �45279:2 þ 0GHSER
Al þ 20GHSER

Cr
(Ref 26)

0GAlCr2

Cr:Al ¼ 75279:2 þ 0GHSER
Cr þ 20GHSER

Al
(Ref 26)

0GAlCr2

Al:Al ¼ 15000 þ 30GHSER
Al

(Ref 26)

0GAlCr2

Cr:Cr ¼ 15000 þ 30GHSER
Cr

(Ref 26)

0GAlCr2

Al:Al;Cr ¼ �31502:4 þ 5:7033T (Ref 26)

0GAlCr2

Cr:Al;Cr ¼ �31502:4 þ 5:7033T (Ref 26)

0GAlCr2

Al;Cr:Al ¼ �11282:4 � 6:37T (Ref 26)

0GAlCr2

Al;Cr:Cr ¼ �11282:4 � 6:37T (Ref 26)

Al8Mo3 (Al)8(Cr,Mo)5

0GAl8Mo3

Al:Mo ¼ �432556:9 þ 99:1737T

þ80GHSER
Al þ 30GHSER

Cr

(Ref 27)

0GAl8Mo3

Al:Cr ¼ �8000 þ 80GHSER
Al þ 30GHSER

Cr
This work

0LAl8Mo3

Al:Cr;Mo ¼ �337300 þ 100T This work

AlMo3 (Al,Mo)1(Al,Cr,Mo)3

0GAlMo3

Al:Al ¼ 20000 þ 40GHSER
Al

(Ref 27)

0GAlMo3

Al:Mo ¼ �95830:9 þ 2:0081T

þ0GHSER
Al þ 30GHSER

Mo

(Ref 27)

0GAlMo3

Mo:Al ¼ 135830:9 � 2:0081T

þ0GHSER
Mo þ 30GHSER

Al

(Ref 27)

0GAlMo3

Mo:Mo ¼ 20000 þ 40GHSER
Mo

(Ref 27)

0GAlMo3

Al;Mo:Al ¼ 11628:1 (Ref 27)

0GAlMo3

Al;Mo:Mo ¼ 11628:1 (Ref 27)

0GAlMo3

Al:Al;Mo ¼ 52100 (Ref 27)

0GAlMo3

Mo:Al;Mo ¼ 52100 (Ref 27)

0GAlMo3

Al:Cr ¼ �21365 þ 5T þ 0GHSER
Al þ 30GHSER

Cr
This work

0GAlMo3

Mo:Cr ¼ 19000 þ 0GHSER
Mo þ 30GHSER

Cr
This work

0LAlMo3

Al;Mo:Cr ¼ �17365 þ 5T This work

0LAlMo3

Al:Mo;Cr ¼ �71555 þ 35T This work

0LAlMo3

Al:Al;Mo;Cr ¼ �604600 þ 200T This work

Al12Mo (Al)12(Mo)1

0GAl12Mo
Al:Mo ¼ �146766:8 þ 23:1256T

þ120GHSER
Al þ 0GHSER

Mo

(Ref 27)

Al4Mo (Al)4(Mo)1

0GAl4Mo
Al:Mo ¼ �138851:8 þ 23:112T

þ40GHSER
Al þ 0GHSER

Mo

(Ref 27)

Al3Mo (Al)3(Mo)1

0GAl3Mo
Al:Mo ¼ �143196:7 þ 30:6912T

þ30GHSER
Al þ 0GHSER

Mo

(Ref 27)
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indicating that the addition of Mo with high melting tem-

perature stabilizes the bAl8Cr5 phase at higher temperature.

At 800 �C the isothermal section shows that the g phase is

still stable and the bcc phase has separated into bcc1 (Cr)

and bcc2 (Mo).

The calculated liquidus projection of the entire compo-

sition range with the published experimental data[22] and

the enlarged Al-rich corner of the Al-Cr-Mo ternary system

are presented in Fig. 9(a)-(b). It should be noted that

inferring from the Al-Cr binary system,[31] the AlCr2 phase

precipitates from the bcc phase rather than the liquid phase.

Therefore, the alloy of Al33Cr60Mo7, which precipitated the

AlCr2 phase was not considered in this calculation. The

complete invariant reaction scheme obtained is shown in

Fig. 10. Since experimental data for the liquidus reactions

are limited, further experimental investigations are needed

for determining the actual reaction scheme.

As shown in Fig. 1(c), the miscibility gap of the bcc

phase exists below 941 �C in the Cr-Mo binary system.[28]

The effect of Al addition on the miscibility gap of the bcc

phase in the Al-Cr-Mo system can be evaluated according

to the obtained thermodynamic parameters. Fig. 11 shows

the miscibility gap of the bcc phase in the Al-Cr-Mo

ternary system, which only exists on the Cr-Mo side and

the bcc phase separation extends from Cr-Mo side to Al

side with decreasing temperature. The tie-lines in the Al-

Cr-Mo system lie along the AlCr-AlMo direction. This can

be reasonably explained by the enthalpy of mixing in the

Al-Cr, Al-Mo, and Cr-Mo binary systems. Based on the

report of Takeuchi et al.(Ref 32), the mixing enthalpies in

the Al-Cr, Al-Mo, and Cr-Mo systems are –10, –5, and

0 kJ/mol, respectively. Accordingly, with the enthalpy of

mixing between Cr and Mo being equal to 0, this basically

an ideal solution. Therefore, there is an infinite solid

solution bcc phase with a very large composition and

temperature range in the Cr-Mo binary system. However,

Kubaschewski et al.(Ref 33) experimentally measured that

there is a large two-phase separation of bcc phase in the Cr-

Mo binary system in the temperature range below 941 �C,

indicating that the atoms of Cr and Mo were mutually

repulsive below 941 �C, and the enthalpy of mixing

between Cr and Mo was positive.[28, 34] The enthalpy of

mixing between Al-Mo and Al-Cr is negative, which

means that attractive forces exist between Al and Cr, and

Al and Mo, the tie-line radiate from the Al-Cr side to the

Al-Mo side.

The calculated miscibility gap of the bcc phase in the

Al-Cr-Mo system with different Al additions is shown in

Table 4 continued

Phase Parameters References

Al17Mo4 (Al)17(Mo)4

0GAl17Mo4

Al:Mo ¼ �578455:4 þ 107:4145T

þ170GHSER
Al þ 40GHSER

Mo

(Ref 27)

Al22Mo5 (Al)22(Mo)5

0GAl22Mo5

Al:Mo ¼ �723273:3 þ 132:3154T

þ220GHSER
Al þ 50GHSER

Mo

(Ref 27)

Al5Mo (Al)5(Mo)1

0GAl5Mo
Al:Mo ¼ �144819:3 þ 25:4357T

þ50GHSER
Al þ 0GHSER

Mo

(Ref 27)

Al63Mo37 (Al)63(Mo)37

0GAl63Mo37

Al:Mo ¼ �1638310:2 � 403:7604T

þ630GHSER
Al þ 370GHSER

Mo

(Ref 27)

g (Al)3(Al,Cr,Mo)1

0Gg
Al:Cr ¼ 30GHSER

Al þ 0GHSER
Cr

This work

0Gg
Al:Mo ¼ 30GHSER

Al þ 0GHSER
Mo

This work

0Gg
Al:Al ¼ 20000 þ 40GHSER

Al
This work

0LgAl:Cr;Mo ¼ �486760 þ 120T This work

1LgAl:Cr;Mo ¼ 537040 � 480T This work

2LgAl:Cr;Mo ¼ �73620 � 60T This work

0LgAl:Al;Cr;Mo ¼ �434000 This work
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Fig. 7 Calculated vertical sections of the Al-Cr-Mo system at (a) 20 at.% Al, (b) 40 at.% Al, (c) 10 at.% Cr, (d) 24 at.% Cr, (e) 30 at.% Mo, and

(f) 50 at.% Mo with the experimental data from the present work
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Fig. 12, where the critical temperature gradually decreases

with the increasing amount of Al, and the alloy composi-

tion corresponding to the critical temperature moves

towards the Mo-rich side. This phenomenon manifests that

Al additions can significantly decrease the bcc phase

separation.sss

5 Conclusions

In this study, isothermal sections of the Al-Cr-Mo ternary

system at 1200 and 1000 �C were experimentally investi-

gated and thermodynamically described. From the obtained

results, the following conclusions can be drawn:

(1) Six primary phases, bcc, AlMo3, Al8Cr5, bAl8Cr5,

aAl8Cr5, and liquid were experimentally determined.

Besides, a new ternary phase g with AlTi3-type

crystal structure covering a composition range

Fig. 8 Predicted isothermal sections of the Al-Cr-Mo system at (a) 1400 �C and (b) 800 �C

Fig. 9 Calculated liquidus projection of the Al-Cr-Mo system with isothermal lines: (a) over the whole composition range with experimental

data from (Ref 22) and (b) Al-rich corner
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Fig. 10 Invariant reaction scheme of the Al-Cr-Mo system
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near * 75 at.% Al was detected in these two

isothermal sections for the first time.

(2) The Al-Cr-Mo ternary system was thermodynami-

cally assessed in the present work using the

CALPHAD method based on the available experi-

mental data. A set of thermodynamic parameters for

the Al-Cr-Mo system was obtained. The calculated

isothermal and vertical sections are in good agree-

ment with most of the reliable experimental data.

The liquidus projection and reaction scheme of the

Al-Cr-Mo system over the whole composition are

presented. The calculated miscibility gap of the bcc

phase in the Al-Cr-Mo ternary system is also

presented.
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