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Abstract Phase equilibria during solidification in the Al-

Ti-Cr system in the compositional range from 40 to 100

at.% Al were studied using optical microscopy, scanning

electron microscopy, electron probe microanalysis, differ-

ential thermal analysis, and x-ray diffraction. Specified

solidus and liquidus surfaces, a melting diagram as their

superposition, a Scheil diagram for solidification as well as

series of isopleths were constructed. Continuous series of

solid solutions between bTi and chromium, solid solutions

based on aTi, TiAl, Ti2?xAl5-x, TiAl3 (high- and room-

temperature modifications), Cr5Al8 (c3, c2 and c1 phases),
CrAl4, Cr2Al11, CrAl7 binary compounds and the ternary

compound s take part in phase equilibria. Thirteen invari-

ant four-phase reactions (9—liquid transition, 3—peritec-

tic, 1—eutectic) and three invariant three-phase (two

peritectic and one eutectic maxima on monovariant curves)

reactions involving liquid take place in the system. Iso-

pleths at 50 at.%, 60 at.%, and 70 at.% Al demonstrate

peculiarities of the phase diagram.

Keywords Al-Ti-Cr � isopleth � liquidus surface � phase
equilibria � solidus surface

1 Introduction

Titanium aluminides based on a2 (Ti3Al), c (TiAl) and

TiAl3 phases are currently being considered as candidate

materials for elevated temperature applications due to their

low densities, high-temperature strength as well as creep

and oxidation resistance.[1-7] Alloys of ternary aluminum

systems with titanium and d metals of the VI-VIII groups

are promising for practical application in various fields of

modern technology. Addition of a third alloying element,

such as chromium, can improve the low temperature duc-

tility[8] and the oxidation resistance.[9-12] To develop high-

temperature structural and functional materials based on

the titanium aluminides alloyed with chromium, an

understanding of the phase equilibria in this system is

essential.

Experimental investigations of phase equilibria during

solidification in the ternary Al-Ti-Cr system were per-

formed by several authors.[13-21] Liquidus isotherms in the

Ti-rich corner (60-100 mass% Ti) were presented by

Kornilov et al.[13] based on differential thermal analysis

(DTA) results. Jewett et al.[14] studied the solubility of Cr

in the TiAl phase at 1000 �C and 800 �C, and combined

their own data with literature information to construct

isothermal sections of the Al-Ti-Cr system at these tem-

peratures over the whole range of compositions. In the Al-

rich corner equilibria with participation of liquid phase are

represented schematically. Mabuchi et al.[15] constructed

the partial vertical section for 25 at.% Ti and between 5 and

30 at.% Cr. Below the solidus the ternary s, TiCr0.33Al2.67
phase is in equilibrium with the MgZn2-type Laves phase

(cTiCr2). A tentative liquidus surface based on the inves-

tigation of the solidification structures of three alloy com-

positions, namely 40Al-50Ti-10Cr, 50Al-40Ti-10Cr and

52Al-28Ti-20Cr (at.%) was presented by Shao and
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Tsakiropoulos.[16] Ichimaru et al.[17] focused on the

investigation of the solidification behavior of alloys

between 45 and 75 at.% Al using DTA. The partial liquidus

surface with isothermal lines (1250-1370 �C) in the pri-

mary crystallization field of the ternary s phase and the

partial vertical section at 25 at.% Ti for between 5 and 30

at.% Cr were presented. Interpretation of the obtained

results for equilibria with the liquid phase along this sec-

tion differed from the interpretation of Mabuchi et al.[15]—

according to the data of,[17] three-phase equilibrium with

the liquid phase L ? s ? (Cr) was shown, and the deter-

mined liquidus temperatures are slightly lower than the

temperatures presented by Mabuchi et al.[15] Microstruc-

tural investigations of the Al-Ti-Cr system were performed

by Barabash et al., [18] who described the position of the

monovariant curve L ? s ? (Cr) on the liquidus surface

and proved the eutectic character of the corresponding

reaction. The experimental results of Ichimaru et al.[17]

were used by Mori and Ogi[19] to develop a progressive-

type solidification equation for prediction of the second

phase in solidification structures of alloys. Chen et al.[20]

determined solid-state phase equilibria at 900 �C for up to

75 at.% Al and at 600 �C in the Al-rich corner ([ 75 at.%

Al). A reaction scheme linking these solid-state equilibria

with the liquidus surface was presented. The liquidus sur-

face for the region with up to 50 at.% aluminum is domi-

nated by the primary crystallization field of a continuous

series of solid solutions b (Ti, Cr, Al) with the body-cen-

tered cubic structure. In the Al-rich corner, the existence of

the ternary invariant equilibrium Lpmax ? TiAl $ s at

1393 �C was established, and with the addition of chro-

mium, the binary peritectic L ? aTi $ TiAl changes into

an eutectic L $ aTi ? TiAl. This eutectic valley descends

monotonously through a series of transition reactions and

ternary peritectics to end in the binary eutectic l $ Cr7Al45
(or CrAl7) ? (Al). Two vertical sections, namely TiAl3-

CrAl7 and the section with atomic ratio Cr: Ti = 3: 1 were

presented by Rusnyak et al.[21] These vertical sections

show extended primary crystallization fields of the binary

Al-Cr phases, which leads to a reduced TiAl3 primary

crystallization phase field. Thus, the L ? TiAl3 two-phase

region shown in the TiAl3-CrAl7 vertical section of Rus-

nyak et al.,[21] extends only up to 5 at.% Cr, whereas in the

work of Chen et al.[20] the primary crystallization field of

the TiAl3 phase extends almost up to the binary Al-Cr

system (approximately to 10 at.% Cr).

On the basis of the above-listed experimental data,

critical evaluations on the phase equilibria character in the

Al-Ti-Cr system were carried out by Hayes,[22] Ragha-

van[23–25] and Bochvar et al.[26] In these reviews liquidus

surfaces, various complete and partial isothermal sections

in the temperature range 497-1200 �C, and reaction

schemes were presented. Thermodynamic descriptions of

the ternary Al-Ti-Cr system[27-30] have been developed in

the early 2010s on the basis of extensive literature reviews

of available information about phase equilibria. However,

the construction of the solidus projection as well as the

analysis of the phase equilibria just below the solidus

temperatures for Al contents\ 75 at.% was not presented

then.

This investigation was carried out to eliminate this

information gap. The results obtained were published.[31]

The melting behavior of the Al-Ti-Cr alloys in the com-

positional range between 45 and 75 at.% Al was experi-

mentally studied. The primary crystallization fields of the

components and intermediate phases were determined

based on the investigations of as-cast alloys using com-

plementary experimental methods. Subsolidus annealing in

the temperature range between 1000 and 1250 �C was

performed to determine the three-phase equilibria of solid

phases corresponding to the solidus surface. Temperatures

of the invariant reactions were measured using DTA

experiments of annealed samples. To assess the invariant

reactions, alloys located inside the various reaction planes

were prepared, annealed below the reaction temperatures

and characterized using complementary experimental

methods. Based on subsolidus annealing experiments, the

solidus surface was constructed for the first time. Also the

Scheil reaction scheme for the Al-Ti-Cr system involving

the liquid phase was constructed. Based on literature data,

in particular, Kriegel et al.,[31] and few selected experi-

ments in the vicinity of the TiAl phase compositions, a new

thermodynamic description of the ternary Al-Ti-Cr system

by the CALPHAD method was proposed by Witusiewicz

et al.[32] The elaborate thermodynamic description was

applied to calculate selected phase equilibria to provide a

comparison between calculated and experimental results.

The calculations reproduced the experimental data of var-

ious authors reasonably well. The phase equilibria pro-

posed by Witusiewicz et al.,[32] at some points differs quite

significantly this group’s data.[31] In particular, signifi-

cantly different positions of the three-phase fields

(aTi) ? (bTi, Cr) ? c, c ? s ? (bTi, Cr), s ? (bTi,
Cr) ? c3 ands ? c3 ? e on the solidus surface; homo-

geneity ranges of (bTi, Cr) and (aTi); temperature of

invariant equilibria with participation of liquid, (aTi), (bTi,
Cr) and c; character of invariant equilibria with participa-

tion of liquid and the c3, e and l phases etc.

To resolve the existing contradictions about phase

equilibria in the crystallization of alloys, key experiments

were performed on an additional series of alloy samples in

as-cast and annealed at subsolidus temperatures states.

From these results, specified solidus and liquidus surfaces,

a melting diagram, a Scheil diagram for solidification as

well as series of isopleths of the ternary system Al-Ti-Cr in
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the range of compositions 40-100 at.% Al were

constructed.

2 Binary Systems

The thermodynamic description of the Al-Ti binary system

was obtained by Witusiewicz et al.[33] by modeling the

Gibbs energy of all individual phases using the CALPHAD

approach. The model parameters have been evaluated by

means of the computer optimization module PARROT,

available within Thermo-Calc, taking into account recent

experimental data and critically assessed information on

phase equilibria and thermodynamic properties. The cal-

culations results were in close agreement with the experi-

mental data on both phase equilibria and thermodynamics

in the entire Al-Ti system.

The Al-Cr phase diagram is accepted from the thermo-

dynamic assessment of Witusiewicz et al.[32] carried out by

using the CALPHAD technique using available literature

data including some of their own key experimental data.

Experimental data of Kurtuldu et al.[34] obtained in the

planar front solidification experiments of Al-Cr alloys

confirmed peritectic character of the phase equilibrium

with the participation of the CrAl7 phase and aluminium-

based solid solutions[34] (according to the reac-

tionL ? CrAl7 (or Cr7Al45
[34]) $ (Al) at 662 �C[32]). Cui

et al.[35] attempted an experimental study (diffusion cou-

ples technique) and thermodynamic assessment of the

binary Al-Cr and the ternary Al-Cr-Mg systems but their

conclusions concerning phase equilibria in the Al-Cr sys-

tem were contradictory and ignored the results of Witu-

siewicz et al.[32].

The Ti-Cr binary phase diagram is accepted from

CALPHAD thermodynamic assessment of Cupid et al.[28].

Before this thermodynamic description there were contra-

dictions in the literature regarding the presence of an

intermediate temperature hexagonal C36 Laves phase

polytype (the bTiCr2 phase) in addition to the low tem-

perature cubic C15 and the high temperature hexagonal

C14 polytypes (the aTiCr2 and cTiCr2 phases respec-

tively).[36] The description for the binary Ti-Cr system

proposed by Cupid et al.[28] models all three modifications

of the Laves phase whose homogeneity ranges are in very

good agreement with the experimental data.[37-39]

Table 1 contains the data about crystal structure and the

conditions of the existence of the solid phases that are

formed in the ternary Al-Ti-Cr system and in the boundary

binary systems. Only one ternary phase, namely the s phase
with composition TiCr0.33Al2.67, has been described.

3 Experimental Procedures

3.1 Sample Preparation

The starting materials were bulk aluminum (A-995 grade,

99.995%), iodide processed (crystal bar) titanium (99.8%)

and refined metallic flake chromium (99.93%). Remelting

of chromium and melting of twenty five Al-Ti-Cr samples

was carried out by arc melting with a non-consumable

tungsten electrode on a water-cooled copper hearth under

argon (99.998%) purified by melting a titanium–zirconium

getter for 5-6 min. The used arc-melting device was con-

structed in Department of physical chemistry of inorganic

materials (Frantsevich Institute for Problems of Materials

Science, NASU, Kyiv). The samples were remelted four to

five times to attempt chemical homogeneity. The weight

losses were no more than 0.7%, so the nominal composi-

tions of the samples were accepted as representative. The

samples, with a mass of about 4 g each, were solidified at

cooling rate of about 100 K s-1. Twenty two Al-Ti-Cr

samples (Part 4) were subjected to homogenization heat

treatment at about 50 �C below solidus (the solidus tem-

peratures were previously determined by differential ther-

mal analysis, Part 3.3) in an Ar (99.998%) atmosphere. The

samples were placed in an Al2O3 crucible. After annealing,

the samples were cooled within the furnace chamber.

3.2 Microstructure Analysis

Samples for microstructure analysis were prepared with a

grinder and polisher machine. Grinding was carried out

with SiC paper, followed by polishing with a water sus-

pension of Cr2O3. The prepared samples were examined by

optical microscopy (OM) and scanning electron micro-

scopy (SEM) using a JEOL Superprobe-733 and JEOL

Superprobe 8200 (JEOL, Tokyo, Japan) high-resolution

scanning electron microscopes. Compositions of each

phase and eutectic were determined using a JEOL Super-

probe 8200 scanning electron microscope equipped with a

wave-length dispersive spectroscopy system (WDX) for

electron probe microanalysis (EPMA). A standard ZAF

procedure was employed to adjust the measurements. Each

composition was measured three to five times. The com-

positions of the samples measured by EPMA/WDS were

compared with the nominal alloy compositions, and only

slight deviations below 1 at.% were observed.

3.3 Differential Thermal Analysis

Differential thermal analysis (DTA) was carried out using a

VDTA-7 technique (high-temperature differential thermal

analyzer) with a W/W-20Re string thermocouple designed

J. Phase Equilib. Diffus. (2022) 43:427–447 429
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by Kocherzhinskiy et al.[56,57]. The samples for DTA were

placed in Al2O3 crucibles. The experiments were carried

out on as-cast samples in a high purity (99.998%) helium

atmosphere with heating and cooling rates of 40 �C�min-1.

To distinguish nearby thermal effects, lower heating/cool-

ing rates of 5 �C min-1 were also used. The accuracy of

the temperature measurements was estimated to be ± 1%.

3.4 X-Ray Diffraction Analysis

XRD measurements were carried out in a DRON-3

diffractometer (Bourevestnik, Inc., St. Petersburg, Russia)

on powder samples (fine powders were prepared by

grinding in an agate mortar) or bulk samples for phase

identification. The x-ray diffractograms of as-cast and

annealed samples were recorded using Cu-Ka filtered

radiation at an angular step of 2h = 0.05� and an exposure

time of 2-8 s. The constituent phases were identified by

comparison of experimental diffraction patterns with ref-

erence ones or patterns calculated using the Powder Cell

software (version 2.4). The lattice parameters were calcu-

lated by least-squares refinement.

4 Results and Discussion

Phase equilibria in the Al-Ti-Cr system in the range of

compositions 40-100 at.% Al during solidification are

represented in this work by solidus and liquidus surfaces, a

melting diagram as their compilation, a Scheil diagram for

the solidification as well as isopleths at 50, 60 and 70 at.%

Al. The majority of the obtained data confirmed the results

of the works by Kriegel et al.[31] or Witusiewicz et al.[32]

taking into account new valuable information on the phase

constitution in the Al-Ti-Cr system.

4.1 Solidus Surface

The solidus surface projection of the Al-Ti-Cr system in

the range of compositions 40-100 at.% Al (Fig. 1) was

constructed based on the experimental data on the melting

temperatures of alloys and their phase composition at

subsolidus temperatures (Table 2, taking into account the

results of studies of the alloys annealed at 1200 �C[31,58])

and considering lattice parameters of the phases according

to the XRD measurements (Table 3).

On the solidus surface there is a continuous series of

solid solutions between isostructural (cubic structure of

W-type) b-titanium and chromium. The maximum solu-

bility of aluminum in (bTi, Cr) reaches 46.4 at.% in the

boundary binary system Al-Cr, and the position of its

homogeneity range was established based on SEM and

EPMA data of two-phase alloys #1 to #7 containing (bTi,

Cr) (Table 2). The results obtained differed somewhat from

the thermodynamic description of Witusiewicz et al.[32]

and from the previous publication.[31] In particular, in the

range of compositions near the section Ti: Cr = 1: 1 the

solubility of aluminum is reduced to less than 42 at.%

according to the alloys #4 and #7 annealed at subsolidus

temperatures (Fig. 2a, b; Table 2). Microstructures of these

alloys were in good agreement with the data of Kriegel

et al.[58], which excluded the separation of the continuous

(bTi, Cr) solid solution and the stability of the C14 Laves

phase cTiCr2 (h2) shown by Chen et al.[27].

The value of the solubility of chromium in (aTi), about
6 at.%, at the temperature of the isothermal plane

(aTi) ? (bTi, Cr) ? c and the location of this plane is

accepted according to the data of Witusiewicz et al.[32].

Position of the two-phase region (bTi, Cr) ? (aTi) is

specified compared to previous work,[31] using SEM and

EPMA data of the annealed alloy #1 (Table 2).

A thermal effect at 1379 �C was observed on the heating

curve of the as-cast alloy #6, which illustrated an invariant

process (Fig. 3a). After annealing at 1280 �C this alloy

possessed a two-phase structure (bTi, Cr) ? c (Fig. 2c). Its

position was adopted on the boundary tie-line of the

isothermal plane (aTi) ? (bTi, Cr) ? c, with 1379 �C as

its corresponding temperature. There is a great variation in

the literature values of this temperature—the experimental

values are higher (1433 �C[20] and 1409 �C[31]) than ther-

modynamic estimations (1351 �C[27] and 1361 �C[32]).

According to the assumption of Witusiewicz et al.[32], the

difficulty in measuring the melting temperatures of alloys

from this phase region can be associated with a sharp

change in the nature of phase equilibria at small decreasing

Fig. 1 Solidus surface projection of the Al-Ti-Cr system in the range

of compositions 40-100 at.% Al: open circle—single-phase sample;

half vertical filled circle—two-phase sample; filled circle—three-

phase sample; open square—EPMA data
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Table 2 Solidus temperatures and phase composition of the Al-Ti-Cr alloys at subsolidus temperatures

No Alloy

composition,

at.%

Solidus temperature, �C
(DTA data)

Heat treatment, �C (h) Phase composition on solidus

projection

Microprobe results

Al Ti Cr Phase Composition of

phase, at.%

Al Ti Cr

1 45 50 5 1418 1370 (20) (bTi, Cr) ? (aTi) (bTi, Cr) 44.1 50.2 5.7

(aTi) 46.7 48.9 4.4

2 50 2 48 1305 1220 (50) (bTi, Cr) ? c3 (bTi, Cr) 46.0 1.9 52.1

c3 58.1 2.3 39.6

3 50 10 40 1260 1220 (50) (bTi, Cr) ? c3 (bTi, Cr) … … …
c3 55.7 10.0 34.3

4 50 25 25 1284 1220 (50) s ? (bTi, Cr) s 59.1 28.0 12.9

(bTi, Cr) 42.0 23.0 35.0

5 50 42 8 1359[31] 1140 (20), 1310 (20) (bTi, Cr) ? c (bTi, Cr) … … …
c 53.5 41.9 4.6

6 53 42 5 1379 1280 (30) (bTi, Cr) ? c (bTi, Cr) … … …
c 53.1 42.1 4.8

7 55 30 15 … 1220 (50) s ? (bTi, Cr) s 57.9 30.5 11.6

(bTi, Cr) 41.4 29.7 28.9

8 57 15 28 1246[31] 1200 (24)[58] s ? (bTi, Cr) ? c3 s 61.8 23.8 14.4

(bTi, Cr) 43.2 11.1 45.7

9 60 2 38 1272 1220 (50) c3 c3 54.7 12.2 33.1

c3 … … …
11 60 20 20 1244[31] 1200 (24)[58] s ? (bTi, Cr) ? c3 s 63.1 22.6 14.3

(bTi, Cr) 45.6 11.1 43.3

c3 55.8 11.8 32.4

12 60 31 9 1376 1280 (30) s s … … …
13 65 20 15 1216 1200 (24)[58] s ? c3 s 66.8 21.6 11.6

c3 62.6 7.8 29.6

14 65 27 8 1362 1280 (30) s s … … …
15 70 22 8 1200 840 (20),990 (20),1140 (20) s ? c3 ? e s 67.3 22.3 10.4

c3 62.8 5.4 31.8

e 73.9 20.9 5.2

16 70 25 5 1355 1220 (50) e ? s e … … …
s … … …

17 72 20 8 1202 1140 (20) s ? c3 ? e s … … …
c3 … … …
e … … …

18 73 6 21 1045 840 (20),990 (20) c3 ? e c3 … … …
e 75.1 8.4 16.5

19 75 10 15 1083 840 (20), 990 (20) c3 ? e c3 … … …
e … … …

20 78 14 8 874 780 (25) g ? e g 86.5 1.8 11.7

e 74.7 18.1 7.2

21 80 12 8 870 600 (45) h ? e h 86.5 1.2 12.3

e 74.5 20.2 5.3

22 84 2 14 960 600 (45), 780 (25) g ? l ? e g … … …
l … … …
e … … …
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temperatures below the solidus which change the nature of

crystallization. The value obtained here (1379 �C) is

closest to the data of Chen et al.[27] and Witusiewicz

et al.[32]

Among the intermediate phases of the boundary binary

systems Al-Ti and Al-Cr the highest solubility of the third

component is observed in the e phase based on high-tem-

perature modification of the compound TiAl3. According to

the EPMA data of the two-phase (c3 ? e) alloy #18

annealed at 990 �C, located near the three-phase region

c3 ? e ? l (Table 2; Fig. 2d), the solubility of chromium

in this phase is about 16.5 at.%. Bright contrast inclusions

in the structure of alloy #18 correspond to the impurity,

probably oxidative phase. The solubility of titanium in the

c3 phase is slightly lower than of chromium—11.8 at.% Al

at 1245 �C, a temperature of an isothermal plane s ? (bTi,
Cr) ? c3. Information on the position of this plane given in

the thermodynamic description[32] differs markedly from

the data of the previous publication of experimental

results,[31] although the temperature values are close:

1241 �C[32] versus 1246 �C.[31] However, Witusiewicz

et al.[32] did not represent any primary experimental data as

arguments for their conclusions about the position of the

isothermal plane s ? (bTi, Cr) ? c3 so results were used

from the previous publication[31] and from Kriegel et al.[58]

(alloys #8 and #11, Tables 2 and 3). The results of our

study of the two-phase (bTi, Cr) ? c3 alloy #3 (Fig. 2e)

were in good agreement with previous data: the tie-line

(bTi, Cr) -c3 on the corresponding linear surface, passed

through the alloy #3 based on EMPA data, and passes

almost parallel to the boundary tie-line of the three-phase

region s ? (bTi, Cr) ? c3, and within the two-phase

region (bTi, Cr) ? c3 up to the boundary binary system Al-

Cr there is a very small reversal of the tie-lines (Fig. 1).

The solidus temperature of the alloy #3 (1260 �C; Fig. 3b,
Table 2) is slightly higher than the temperature of the

isothermal plane s ? (bTi, Cr) ? c3. The tie-line s-c3 is

the fold of the maximum temperatures on the solidus sur-

face, and the corresponding value of its temperature is

consistent with Ichimaru et al.[17]thermodynamic assess-

ment of Witusiewicz

The solubility of chromium in the c phase based on TiAl
reaches about 8.5 at.% at temperature of 1297 �C of the

isothermal plane c ? s ? (bTi, Cr). In the rest of the

intermediate phases (f, l, g and h) the solubility of the

third component does not exceed 3 at.%.

The participation of the phase s based on the ternary

compound TiCr0.33Al2.67 in equilibria during crystalliza-

tion of alloys was confirmed and the position of its

homogeneity range on the solidus surface was derived. Its

maximum aluminum extent is about 12 at.%, and maxi-

mum titanium and chromium extent—about 9 at.%

(Fig. 1). The obtained information is close to the previous

experimental work[31] and significantly differs from the

thermodynamic assessment of Witusiewicz et al.[32] Within

the homogeneity range the alloys, which being annealed at

subsolidus temperatures were single-phase (s)—#12 and

#14 (Table 2, Fig. 2f).

Alloys # 15 and # 17, annealed at 1140 �C have

s ? c3 ? e phases (Table 2, Fig. 2g, h) gave the position

of the corresponding three-phase region, which correlates

with the results of the previous study of the 69Al-14Ti-

17Cr (at.%) alloy annealed at 1150 �C[31] and differs from

the data of thermodynamic evaluation,[32] in which,

Table 2 continued

No Alloy

composition,

at.%

Solidus temperature, �C
(DTA data)

Heat treatment, �C (h) Phase composition on solidus

projection

Microprobe results

Al Ti Cr Phase Composition of

phase, at.%

Al Ti Cr

23 85 10 5 664 600 (45) h ? e ? (Al) h 86.4 1.6 12.0

e 74.4 23.2 2.4

(Al) … … …
24 87 2 11 852 600 (45) h ? e h 86.6 1.7 11.7

e 74.8 21.1 4.1

25 90 2 8 667 600 (45) h ? e ? (Al) h 86.8 1.1 12.1

e 74.4 24.8 0.8

(Al) 99.4 0.2 0.4
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apparently, these results were not sufficiently taken into

account. As for the temperature of the isothermal plane

s ? c3 ? e, its similar values obtained here based on the

DTA data of as-cast alloys (Table 2, Fig. 3c, d) #15

(1200 �C), #17 (1202 �C) and nonequilibrium crystallized

alloy #16 (1200 �C), identical to those given by various

authors-1200 �C[20] and 1201 �C.[31,32]

Figure 2(i) shows the microstructure of the alloy #25

annealed at 600 �C during 20 h. It confirms the existence

of a three-phase region h ? e ? (Al), and the coordinates

of the apexes are taken according to the EPMA of this alloy

(Table 2).

As a result of this study, the solidus surface of the Al-Ti-

Cr system in the range of compositions 40-100 at.% Al was

specified. It is formed by fourteen single-phase surfaces

corresponding to a continuous series of solid solutions

between bTi and chromium, solid solution based on aTi,
phases based on binary compounds TiAl, Ti2?xAl5-x,

TiAl3 (high-temperature modification and modification,

stable at room temperature), Cr5Al8 (c3, c2 and c1 phases),
CrAl4, Cr2Al11, CrAl7 and the ternary compound s. The
constituent parts of the surface include 22 tie-line surfaces

limiting the two-phase volumes as well as 13 isothermal

planes.

4.2 Liquidus Surface

The components of the liquidus surface of the Al-Ti-Cr

system in the range of compositions 40-100 at.% Al, in

accordance with the solidus surface constitution, are the

primary solidification surfaces corresponding to a contin-

uous series of solid solutions between bTi and chromium,

solid solution based on aTi, phases based on binary com-

pounds TiAl, Ti2?xAl5-x, TiAl3 (high-temperature modi-

fication and modification, stable at room temperature),

Cr5Al8 (c3, c2 and c1 phases), CrAl4, Cr2Al11, CrAl7 and

the ternary compound s. Information on the sequence of

reactions that occur during the crystallization of alloys,

obtained from metallographic studies of as-cast samples, in

combination with DTA and x-ray diffraction data, allowed

the derivation, in addition to the primary crystallized phase,

the position of monovariant curves as well as direction and

nature of processes (congruent or incongruent) flowing

along them. This also made it possible to determine the

composition of invariant points and the type of reactions

that take place in them, which later allowed the building of

a melting diagram of the system (Part 4.3).

The liquidus surface projection constructed is shown in

Fig. 4. The positions of the isotherms plotted on the pro-

jection by solid lines were determined from the values of

the liquidus temperatures of the alloys in the ternary system

(Table 4, Fig. 3), taking into account the corresponding

temperatures in the boundary binary systems.T
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The primary solidification surface of (bTi, Cr) Tip1U2-

U4E1p6CrTi extends deep into the ternary system to 60

at.% Al corresponding to the point p6 in the boundary

binary system Al-Cr. Its position was determined from

metallography and EMPA data of as-cast alloys #1, #2, #3

and #4 in which a continuous series of solid solutions

between bTi and chromium crystallize primarily (Table 4,

Fig. 5a, b) taking into account the corresponding data of

as-cast alloys #5 and #9 in which a primary constituents are

already aTi-based solid solution and the c3 phase respec-

tively (Table 4, Fig. 5c). Location of the primary solidifi-

cation surface of (bTi, Cr) was specified comparing both

the previous experimental work[31] and from the thermo-

dynamic assessment of Witusiewicz et al.[32] The temper-

ature difference on the primary solidification surface of

(bTi, Cr) is from 1863 �C (pure chromium congruent

melting temperature) to 1246 �C, the temperature of

invariant four-phase equilibrium with the participation of

the liquid LE1 $ s ? (bTi, Cr) ? c3. This surface is sep-

arated from the primary solidification surfaces of (aTi), c, s
and c3 phases by the boundary curves p1U2, U2U4, U4E1

and E1p6, respectively (Fig. 4). The first of these curves

originates at point p1 of the binary system Al-Ti at a

temperature of 1491 �C, which corresponds to the incon-

gruent process l ? (bTi) $ (aTi). It passes between the

alloys #1 and #5, in which different phases-(bTi, Cr) and
(aTi) are primarily crystallized, respectively (Table 4).

Position of the monovariant curve U4E1 was established

taking into account microstructure and microprobe analysis

data of the as-cast alloys #4 and #7 containing the primary

constituents (bTi, Cr) and s phases respectively (Table 4,

Fig. 5b, d).

Fig. 2 Microstructure of annealed alloys of the Al-Ti-Cr system in

the range of compositions 40-100 at.% Al: (a) 50Al-25Ti-25Cr (#4)

1220 �C 50 h, 9 400, s ? (bTi, Cr); (b) 55Al-30Ti-15Cr (#7)

1220 �C 50 h, 9 400, s ? (bTi, Cr); (c) 53Al-42Ti-5Cr (#6)

1280 �C 30 h, 9 700, (bTi, Cr) ? c; (d) 73Al-6Ti-21Cr (#18)

840 �C 20 h, 990 �C 20 h, 9 400, c3 ? e; (e) 50Al-10Ti-40Cr

(#3), 9 400, (bTi, Cr) ? c3; (f) 60Al-31Ti-9Cr (#10), 1280 �C
30 h, 9 400, s; (g) 70Al-22Ti-8Cr (#15) 840 �C 20 h, 990 �C 20 h,

1140 �C 20 h, 9 400, s ? c3 ? e; (h) 72Al-20Ti-8Cr (#17) 1140 �C
20 h, 9 400, s ? c3 ? e; (i) 90Al-2Ti-8Cr (#25) 600�C20 h, 9 400,

h ? e ? (Al)

Fig. 3 Fragments of heating curves for alloys of the Al-Ti-Cr system

in the range of compositions 40-100 at.% Al: a 53Al-42Ti-5Cr (#6); b

50Al-10Ti-40Cr (#3); c 70Al-22Ti-8Cr (#15); d 70Al-25Ti-5Cr (#16)
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The primary solidification surface of (aTi) p1p2U2p1
extends from the boundary binary system Al-Ti inside the

ternary one up to 12 at.% Cr (Fig. 4). Its decrease occurs

from the temperature of 1491 �C at point p1 both in the

directions of the point p2 (at 1456 �C) and deep into the

ternary system to a temperature of 1379 �C at point U2.

The primary solidification surface of the c phase p2U2-

U4p4U1p3p2 is elongated in the direction of chromium, it

reaches 17 at.% of this component. The primary solidifi-

cation surface decreases from the temperatures of 1456 �C
and 1432 �C at points p2 and p3 respectively in the

boundary system Al-Ti to a temperature of 1297 �C at

point U4.

The primary solidification surface of the s phase U1-

U3U5e1E1U4p4U1 is located in a wide concentration range

within the ternary system. Its extent by aluminum content

is more than 23 at.%, by titanium content—more than 25

at.%, by chromium content—more than 19 at.%. Its posi-

tion was determined from metallography and EMPA data

of as-cast alloys #7, #11, #13, #14, #15 and #17 in which

the s phase crystallizes primarily (Table 4, Fig. 5d, e). The

highest temperature on the surface corresponds to the

maximum invariant point p4(max) corresponding to the

invariant reaction L ? c $ s (1412 �C), the lowest,

1201 �C, is the temperature of invariant four-phase equi-

librium with the participation of the liquid

LU5 ? s $ c3 ? e.

Curve E1U5 is the boundary for the primary solidifica-

tion surfaces of the s and c3 phases. It passes to the left of

the alloys #10 and #18, in which the c3 phase crystallizes

primarily (Table 4, Fig. 5f, g). The primary solidification

surface of the c3 phase is significantly elongated in the

direction of aluminum, it reaches 28 at.% Al. The exact

position of the primary solidification surfaces of the c1 and
c2 phases has not been established, their extent is extremely

small.

Since the Al-Ti boundary binary system is accepted

according to the thermodynamic description obtained by

Witusiewicz et al.[33] then peculiarities of crystallization of

the TiAl3 phase modifications are consistent with the data

of this article and correspond to those presented in a

thermodynamic description.[32]

In accordance with constitution of the solidus surface of

the Al-Ti-Cr system and the character of the equilibria

involving modifications of the TiAl3-based phase in the

boundary binary system Al-Ti, a high-temperature modi-

fication e takes part in four-phase invariant equilibria with

participation of liquid at 1355, 1201, 1035, 960 and 874 �C
(Table 5) while the modification TiAl3 (r) that is stable at

room temperature takes part in equilibria at 856 �C and

666 �C. The primary solidification surface of the TiAl3-

based phase p5U3U5U8P1U9P2P3p10p5 the surface decrea-

ses counterclockwise from a temperature of 1396 �C at

point p5 in the boundary system Al-Ti deep into the ternary

system and back into the system Al-Ti to a temperature of

665.6 �C at point p10. Its extent by chromium content is

about 19 at.% corresponding a point U5. Its position was

determined from metallography and EMPA data of as-cast

alloys #19, #20, #21, #23 and #25 in which the TiAl3-based

phase crystallize primarily (Table 4, Fig. 5h, i).

The primary solidification surfaces of the l, h and g
phases extended along side Al-Cr of the concentration

triangle. Maximum solubility of titanium in the l phase is

equal to 3.0 at.% while in the h and g phases—0.8 and 0.3

at.% respectively. In the as-cast alloy #22 the l phase

crystallizes primarily and then—eutectic (e ? l) and the g
phase (Table 4). The primary solidification surface of (Al)

is very small in extent.

As a result of our study, it was established that the

highest temperature on the liquidus surface of the Al-Ti-Cr

system in the range of compositions 40-100 at.% Al cor-

responds to the melting point of pure chromium (1863 �C),
the lowest—to the melting point of pure aluminum

(660.452 �C).
Fig. 4 Liquidus surface projection of the Al-Ti-Cr system in the

range of compositions 40-100 at.% Al: open circle—alloy

composition

J. Phase Equilib. Diffus. (2022) 43:427–447 437

123



T
a
b
le

4
L
iq
u
id
u
s
te
m
p
er
at
u
re
s
an
d
p
h
as
e
co
m
p
o
si
ti
o
n
o
f
th
e
A
l-
T
i-
C
r
as
-c
as
t
al
lo
y
s

N
o

A
ll
o
y
co
m
p
o
si
ti
o
n
,

at
.%

L
iq
u
id
u
s
te
m
p
er
at
u
re
,
�C

(D
T
A

d
at
a)

P
h
as
e
co
m
p
o
si
ti
o
n
in

as
-c
as
t
st
at
e

M
ic
ro
p
ro
b
e
re
su
lt
s

A
l

T
i

C
r

P
h
as
e

C
o
m
p
o
si
ti
o
n
o
f
p
h
as
e,

at
.%

A
l

T
i

C
r

1
4
5

5
0

5
1
4
9
0

(b
T
i,
C
r)
*
?

(a
T
i)

(b
T
i,
C
r)

4
4
.2

4
9
.2

6
.6

(a
T
i)

4
8
.8

4
8
.1

3
.1

2
5
0

2
4
8

1
4
3
8

(b
T
i,
C
r)
*
?

c 3
(b
T
i,
C
r)

4
3
.2

1
.6

5
5
.2

c 3
5
8
.4

2
.4

3
9
.2

3
5
0

1
0

4
0

1
2
9
0

(b
T
i,
C
r)
*
?

eu
te
ct
ic

(b
T
i,
C
r)

4
5
.4

9
.7

4
4
.7

((
b
T
i,
C
r)

?
c 3
)

E
u
te
ct
ic

((
bT

i,
C
r)

?
c 3
)

5
5
.4

1
0
.3

3
4
.3

4
5
0

2
5

2
5

1
2
9
0

(b
T
i,
C
r)
*
?

s
(b
T
i,
C
r)

4
0
.2

2
2
.4

3
7
.4

s
6
0
.5

2
6
.5

1
3
.0

5
5
0

4
2

8
1
4
0
9

[3
1
]

(a
T
i)
*
?

(b
T
i,
C
r)

?
c

(a
T
i)

…
…

…
(b
T
i,
C
r)

…
…

…
c

…
…

…
6

5
3

4
2

5
1
4
2
9

(a
T
i)
*
?

c
(a
T
i)

…
…

…
c

…
…

…
7

5
5

3
0

1
5

…
s*

?
(b
T
i,
C
r)

s
5
8
.9

3
1
.1

1
0
.0

(b
T
i,
C
r)

3
0
.2

2
8
.2

4
1
.6

8
5
7

1
5

2
8

1
2
6
7

[3
1
]

c 3
*
?

eu
te
ct
ic

(s
?

c 3
)
?

eu
te
ct
ic

(s
?

(b
T
i,
C
r)

?
c 3
)

c 3
…

…
…

(s
?

c 3
)
E
u
te
ct
ic

…
…

…
E
u
te
ct
ic

(s
?

(b
T
i,
C
r)

?
c 3
)

…
…

…
9

6
0

2
3
8

1
3
0
5

c 3
c 3

…
…

…
1
0

6
0

1
0

3
0

…
*
c 3
*
?

eu
te
ct
ic

(s
?

c 3
)

c 3
…

…
…

E
u
te
ct
ic

(s
?

c 3
)

1
1

6
0

2
0

2
0

1
3
1
4

[3
1
]

s*
?

eu
te
ct
ic

(s
?

c 3
)
?

eu
te
ct
ic

(s
?

(b
T
i,
C
r)

?
c 3
)

s
…

…
…

E
u
te
ct
ic

(s
?

c 3
)

…
…

…
E
u
te
ct
ic

(s
?

(b
T
i,
C
r)

?
c 3
)

…
…

…
1
2

6
0

3
1

9
1
3
9
9

s*
s

…
…

…
1
3

6
5

2
0

1
5

1
3
4
1

s*
?

eu
te
ct
ic

(s
?

c 3
)

s
…

…
…

E
u
te
ct
ic

(s
?

c 3
)

…
…

…
1
4

6
5

2
7

8
1
3
8
5

s*
s

…
…

…
1
5

7
0

2
2

8
1
3
6
3

s*
?

eu
te
ct
ic

(s
?

e)
?

e
?

c 3
s

6
8
.9

2
4
.1

7
.0

E
u
te
ct
ic

(s
?

e)
7
3
.0

2
0
.1

6
.9

e
7
6
.2

2
0
.9

2
.9

438 J. Phase Equilib. Diffus. (2022) 43:427–447

123



T
a
b
le

4
co
n
ti
n
u
ed

N
o

A
ll
o
y
co
m
p
o
si
ti
o
n
,

at
.%

L
iq
u
id
u
s
te
m
p
er
at
u
re
,
�C

(D
T
A

d
at
a)

P
h
as
e
co
m
p
o
si
ti
o
n
in

as
-c
as
t
st
at
e

M
ic
ro
p
ro
b
e
re
su
lt
s

A
l

T
i

C
r

P
h
as
e

C
o
m
p
o
si
ti
o
n
o
f
p
h
as
e,

at
.%

A
l

T
i

C
r

1
6

7
0

2
5

5
1
3
8
5

f*
?

s
?

e
f

…
…

…
s

…
…

…
e

…
…

…
1
7

7
2

2
0

8
1
3
5
1

s*
?

eu
te
ct
ic

(s
?

e)
?

e
?

c 3
s

…
…

…
E
u
te
ct
ic

(s
?

e)
…

…
…

e
…

…
…

c 3
…

…
…

1
8

7
3

6
2
1

1
2
0
1

c 3
*
?

s
?

e
c 3

6
9
.0

2
.1

2
8
.9

s
…

…
…

e
7
5
.2

8
.1

1
6
.7

1
9

7
5

1
0

1
5

…
e*

?
eu
te
ct
ic

e
7
5
.3

1
7
.1

7
.6

E
u
te
ct
ic

(e
?

c 3
)

7
5
.8

6
.0

1
8
.2

2
0

7
8

1
4

8
1
3
2
0

e*
1

g
e

7
5
.2

1
9
.0

5
.8

g
8
6
.2

1
.1

1
2
.7

2
1

8
0

1
2

8
1
3
1
0

e*
1

h
e

7
6
.0

2
1
.1

2
.9

h
8
7
.4

1
.2

1
1
.4

2
2

8
4

2
1
4

1
0
8
0

l*
?

eu
te
ct
ic

(e
?

l
)
?

g
l

8
1
.1

0
.4

1
8
.5

E
u
te
ct
ic

(e
?

l)
8
5
.0

2
.1

1
2
.7

g
8
7
.3

0
.5

1
2
.2

2
3

8
5

1
0

5
1
2
8
0

T
iA
l 3
(r
)*

?
h
?

(A
l)

T
iA
l 3
(r
)

7
5
.7

2
2
.4

1
.9

h
8
8
.1

1
.1

1
0
.8

(A
l)

9
9
.4

0
.4

0
.2

2
4

8
7

2
1
1

1
0
0
5

…
…

…
…

…
2
5

9
0

2
8

1
1
4
0

T
iA
l 3
(r
)*

?
h
?

(A
l)

T
iA
l 3
(r
)

7
5
.5

2
1
.2

3
.3

h
8
7
.6

0
.8

1
1
.6

(A
l)

9
9
.2

0
.4

0
.4

*
th
e
p
ri
m
ar
y
p
h
as
e

J. Phase Equilib. Diffus. (2022) 43:427–447 439

123



4.3 Melting Diagram and Reaction Scheme

The superposition of the liquidus and solidus surfaces of

the Al-Ti-Cr system in the range of compositions 40-100

at.% Al in the form of a melting diagram is shown in

Fig. 6. The existence on the solidus surface of isothermal

tie-line triangles necessarily causes the formation in the

system of invariant four-phase equilibria with the partici-

pation of the liquid phase, the components of which are the

corresponding triangles. The congruent nature of these

equilibria was established based on the presence of ternary

eutectics in as-cast alloys, the coordinates of which were

determined using EMPA, SEM and DTA. The coordinates

of the invariant points corresponding to the incongruent

processes were determined at the intersection of the cor-

responding monovariant curves, taking into account their

location relative to the boundary tie-lines of the tie-line

triangles formed by solid phases. The determining factor

was the solidus and liquidus temperatures of the alloys,

which indicated the sequence of processes, i.e. the direction

of the reactions that took place during the crystallization of

the alloys.

It has been established that thirteen invariant four-phase

reactions (nine liquid transition, three peritectic and one

eutectic) and three invariant three-phase reactions (two

peritectic and one eutectic maxima on monovariant curves)

involving liquid take place in the system. All invariant

equilibria are summarized in Table 5. Figure 7 shows the

Scheil diagram for solidification of Al-Ti-Cr alloys in the

range of compositions 40-100 at.% Al. Compared with the

results of the previous experimental studies[31] and the data

of thermodynamic description of Witusiewicz et al.,[32] the

compositions of equilibrium phases and temperatures for

invariant equilibria L ? (aTi) $ (bTi, Cr) ? c, L ? c
s ? (bTi, Cr) and L $ s ? (bTi, Cr) ? c3 are signifi-

cantly clarified. The congruent nature of the equilibrium

involving phases s and c3 was confirmed, in contrast to the

authors of,[32] who reported the reaction L ? s $ c3 (the

incongruent nature of it follows from the abnormally high

solubility of titanium in the c3 phase reported by Witu-

siewicz et al.,[32] while experimental evidence for this

assertion has not been provided), and the value of its

temperature 1250 �C, given earlier in,[31] in contrast from

1269 �C.[32] The temperature of 1035 �C of the invariant

equilibrium L ? c3 $ e ? l is identical to the data[31]

and,[32] but its nature, in contrast to Witusiewicz et al.[32],

is transition L ? c3 $ e ? l. It was concluded that the

invariant three-phase reaction corresponding to maximum

on monovariant curve) L ? c3 $ l takes place in the

system at a temperature higher than 1035 �C.

Fig. 5 Microstructure of as-cast alloys of the Al-Ti-Cr system in the

range of compositions 40-100 at.% Al: a 50Al-2Ti-48Cr

(#2), 9 1000, (bTi, Cr)* ? c3; b 50Al-25Ti-25Cr (#4), 9 1000,

(bTi, Cr)* ? s; c 60Al-2Ti-38Cr (#8), 9 100, c3*; d 55Al-30Ti-

15Cr (#7), 9 500, s* ? (bTi, Cr); e 70Al-22Ti-8Cr (#15), 9 1000,

s* ? eutectic (s ? e) ? e ? c3; f 73Al-6Ti-21Cr (#18), 9 400,

c3* ? s ? e; g 60Al-10Ti-30Cr (#10), 9 1500, c3* ? eutectic

(s ? c3); h 85Al-10Ti-5Cr (#23), 9 400, TiAl3 (r)* ? h ? (Al); i

90Al-2Ti-8Cr (#25), 9 400, TiAl3 (r)* (the lightest small grains) ?

h ? (Al). An asterisk means the primary phase
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Table 5 Invariant Equilibria in the Al-Ti-Cr system involving the liquid phase

Reaction T, �C Type Phase Composition of phase, at.%

Al Ti Cr

L ? c $ s 1412 ([32], this work) p4 (max) L 63.3 29.2 7.5

c 61.7 33.3 5.0

s 62.8 30.5 6.7

L ? c $ f ? s 1382 ([32], this work) U1 L 70.4 22.9 6.7

c 64.0 32.6 3.4

f 66.5 30.7 2.8

s 65.7 29.0 5.3

L ? (aTi) $ (bTi, Cr) ? c 1379 (this work); (1433 [20], 1351 [27], 1409 [31], 1361 [32]) U2 L 50.6 37.4 12.0

(aTi) 47.7 44.4 5.9

(bTi, Cr) 45.6 45.7 8.7

c 53.0 42.2 4.8

L ? f $ e ? s 1355 ([31], this work); (1330 [26], 1345 [27], 1367 [32]) U3 L 72.3 21.7 6.0

f 70.5 27.9 1.6

e 74.3 23.8 1.9

s 69.0 25.5 5.5

L ? c $ s ? (bTi, Cr) 1297 ([31], this work); (1310 [20], 1325 [27], 1299 [32]) U4 L 51.0 32.0 17.0

c 55.4 36.3 8.3

s 56.9 32.0 11.2

(bTi, Cr) 41.1 34.1 24.8

L $ s ? c3 1250 ([31], this work); (1269 [32]) e1 (max) L 60.0 14.8 25.2

s 64.6 22.1 13.3

c3 57.2 11.0 31.8

L $ s ? (bTi, Cr) ? c3 1245 (this work); (1260 [20], 1251 [27], 1246 [31], 1241 [32]) E1 L 55.5 17.8 26.7

s 62.5 23.2 14.3

(bTi, Cr) 44.4 11.1 44.5

c3 55.3 12.0 32.7

L ? s $ c3 ? e 1201 ([31], this work); (1200 [20], 1201 [32]) U5 L 74.8 6.2 19.0

s 67.3 22.4 10.3

c3 63.0 6.1 30.9

e 73.9 20.9 5.2

L ? c3 $ l [ 1035 (this work) p7 (max) L * 83.6 * 1.5 * 14.9

c3 * 69.0 * 1.0 * 30.0

l * 79.5 * 0.8 * 19.7

c2 ? c3 $ L ? c1 1059.8 ([32], this work) U6 c2 68.0 0 32.0

c3 68.1 0 31.9

L 82.6 0 17.4

c1 67.4 0 32.6

L ? c3 $ c1 ? l 1035\T\ 1059.8 (this work); 1033 ([32]) U7 L 83.7 0.2 16.1

c3 68.8 0.5 30.7

c1 67.9 0.2 31.9

l 80.0 0.5 19.5

L ? c3 $ e ? l 1035 ([31], this work); (1034 [20]; 1035, P-type [32]) U8 L 83.5 3.0 13.5

c3 69.1 1.6 29.3

e 75.0 8.0 17.0

l 79.0 1.2 19.8
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4.4 Isopleths

For the first time three isopleths were constructed: at 50, 60

and 70 at.% Al which demonstrate the influence of alu-

minum on the character of phase equilibria. The results of

the study of as-cast and annealed at subsolidus tempera-

tures alloys were used. However, preference was given to

the DTA results, which established the temperatures of

phase transitions in solid–liquid regions, as well as solidus

and liquidus temperatures. Among the DTA curves, heating

curves were preferred over cooling curves. This is due to

the great supercooling of ingots during their crystallization

on the hearth of the arc furnace during melting, and tem-

peratures of the processes occurring during the crystal-

lization of alloys can be understated.

The isopleth at 50 at.% Al (Fig. 8) intersects the primary

solidification volumes of a solid solution based on aTi and
a continuous series of solid solutions between bTi and

chromium. The incongruent character of a-titanium crys-

tallization, inherent in the binary system Al-Ti is still

preserved in this section (L ? (bTi) $ (aTi)). With a

chromium content of about 12 at.% and aluminum about

50.5 at.%, i.e. outside the isopleth at 50 at.% Al plane it

changes to congruent. On the liquidus curve of (bTi, Cr) a
minimum at about 1270 �C with a chromium content of

about 35 at.% occurs. From the Al-Cr boundary binary

system, the phase regions at temperatures below 1200 �C
are represented schematically. The temperatures of

isothermal planes corresponding to four-phase invariant

Table 5 continued

Reaction T, �C Type Phase Composition of phase, at.%

Al Ti Cr

L ? e ? l $ g 960 (this work); (976 [32]) P1 L 91.6 0.8 7.6

e 75.0 12.6 12.4

l 80.3 1.2 18.5

g 86.0 1.3 12.7

e ? g $ L ? TiAl3 (r) 874 (this work); (880 [32]) U9 e 75.0 18.3 6.7

g 86.0 1.7 12.3

L 95.1 0.4 4.5

TiAl3 (r) 75.2 18.3 6.5

L ? TiAl3 (r) ? g $ h 856 (this work); (838 [20,31], 858 [34]) P2 L 95.9 0.3 3.8

TiAl3 (r) 75.1 19.8 5.1

h 86.5 1.8 11.7

g 86.0 1.8 12.2

L ? TiAl3 (r) ? h $ (Al) 666 ([20,31], this work); (666.5 [32]) P3 L 99.8 * 0 0.2

TiAl3 (r) 76.2 23.0 0.8

h 86.6 1.7 11.7

(Al) 98.9 0.8 0.3

Fig. 6 Melting diagram of the Al-Ti-Cr system in the range of

compositions 40-100 at.% Al: open circle—alloy composition
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equilibria with the participation of the liquid phase, rep-

resented in the isopleth by horizontal straight lines, grad-

ually decrease in the direction of increasing the chromium

content in alloys from 1379 to 1245 �C.
With increasing aluminum content, the character of

crystallization of the

Al-Ti-Cr system alloys changes markedly. In contrast to

isopleth at 50 at.% Al, isopleth at 60 at.% Al (Fig. 9)

intersects the primary solidification volumes of the phases

c, c3 and the ternary phase s. It clearly illustrates the

incongruent character of the s phase formation from the c
phase and its joint crystallization with the c3 phase

according to the reactions L ? c $ s and L $ s ? c3,
respectively. As the chromium content increases, the soli-

dus curve of the two-phase region s ? c3 falls gradually.

The isopleth intersects the isothermal plane, which corre-

sponds to a four-phase invariant equilibrium involving

(bTi, Cr) and phases s and c3.
The isopleth at 70 at.% Al (Fig. 10) intersects the pri-

mary solidification volumes of the phases f, c3 and the

ternary phase s. Like in the case of the c phase, the s phase
is formed from the f phase by peritectic reaction L ? f
s, and the congruent character of the reaction involving

the liquid and phases s and c3 is preserved. With increasing

the chromium content the solidus curves of the two-phase

regions e ? s and c3 ? e go down quite sharp. The tem-

peratures of the isothermal planes decrease with increasing

the chromium content in alloys from 1355 to 1035 �C.
Thus, the constructed isopleths of the Al-Ti-Cr system

confirmed the reliability of the interpretation of the

obtained results regarding constitution of liquidus, solidus

and melting diagram of the system. The character of

crystallization of phases on the basis of binary compounds

and the ternary phase s is drawn.

5 Conclusions

Phase equilibria in the Al-Ti-Cr system in the range of

compositions 40-100 at.% Al have been studied using

optical microscopy, scanning electron microscopy, DTA,

x-ray diffraction and electron probe microanalysis. Speci-

fied solidus and liquidus surfaces, a melting diagram as

their superposition, the Scheil diagram for solidification as

well as series of isopleths (at 50, 60 and 70 at.% Al) were

constructed for this system.

There are 13 four-phase and 3 three-phase invariant

equilibria with participation of the liquid phase in the

system, which are at temperatures from 1412 to 666 �C.Fig. 7 Scheil diagram for solidification of Al-Ti-Cr alloys in the

range of compositions 40-100 at.% Al

J. Phase Equilib. Diffus. (2022) 43:427–447 443

123



Fig. 8 Isopleth at 50 at.% Al:

half vertical filled circle—two-

phase sample; open triangle—

DTA data

Fig. 9 Isopleth at 60 at.% Al:

open circle—single-phase

sample; open triangle —DTA

data
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