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Phase Diagram Evaluations: Section I

Al-Cr-Ti (Aluminum-Chromium-Titanium)

V. Raghavan

The previous review of this system by [1992Hay] pre-
sented a partial reaction scheme and isothermal sections for
Ti-rich alloys at 1200, 1100, 1000, 800, and 600 °C, based
mainly on the results of [1960Enc]. A number of studies
were reported since then, extending the phase equilibria to
the other regions of the composition triangle. The existence
of the L1,-type phase in Al-rich alloys of this ternary system
has attracted much attention due to their low density, good
oxidation resistance, and the somewhat better mechanical
properties associated with the cubic symmetry, in compari-
son with those of the tetragonal TiAls.

Binary Systems

The Al-Cr phase diagram by [2000Mah] includes a ther-
modynamic assessment and depicts a number of intermedi-
ate phases with significant ranges of homogeneity: CrAl,
(V,Als-type monoclinic); Cr,Al,; (CrAls-type mono-
clinic); CrAl, (monoclinic); Cr,Al (MoSi,-type tetragonal);
and an unconfirmed low-temperature phase X at 75 at.% Cr.
Between 30 and 41 at.% Cer, five phases have been reported
(aCr,Aly, BCryAly, yCr,Aly, aCrsAlg, and BCrsAlg), with
no well-established phase boundaries between them
[2000Mah]. A report by [1999Hel] discussed a possible
B2-ordering of the Cr-rich body-centered cubic (bcc) phase.
The updated version of the Al-Ti phase diagram [2005Rag]
depicts a number of intermediate phases. TiAl; has two

crystal modifications. TiAl; ([high temperature (HT)]
(D0,,-type tetragonal) forms peritectically at 1387 °C and
decomposes eutectoidally at 735 °C. TiAl; [low temperature
(LT)] (tetragonal) forms at ~950 °C and is stable at low
temperatures. TisAl,; is a superstructure based on the
AuCu-type tetragonal phase. It forms peritectically at 1416
°C and decomposes eutectoidally at 995 °C to TiAl, and
TiAl, (HT). TiAl, (HfGa,-type tetragonal) forms congru-
ently at 1215 °C from TisAl,, and is stable at low tempera-
tures. Ti,_Al,,, (AuCu-type tetragonal) is stable between
1445 and 1170 °C. TizAls is an LT phase stable below 810
°C. TiAl, often designated <y, has the L1, AuCu-type te-
tragonal structure and forms peritectically at 1460 °C. (BTi)
(bee, also denoted ) and liquid undergo a peritectic reac-
tion at 1490 °C to yield (aTi) (close-packed hexagonal, also
denoted o). TizAl, commonly labeled o,, has the DO,
Ni;Sn-type hexagonal structure and forms congruently from
(aTi) at 1176 °C. The Cr-Ti phase diagram [2000Zhu] de-
picts a continuous bcc solid solution between Ti and Cr.
The only intermediate phase of this system, Cr,Ti, exists in
all three Laves modifications. At 1359 °C, yCr,Ti (C14-
type hexagonal) forms congruently at 64.6 at.% Cr from the
bec phase. It transforms at 1271 °C to BCr,Ti (63.8 — 66.7 at.%
Cr, C36-type hexagonal), which decomposes eutectoidally at
804 °C. aCr,Ti (62.7 — 66.5 at.% Cr, C15-type cubic) forms
peritectoidally at 1223 °C, and is stable at low temperatures.
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Fig. 1 Al-Cr-Ti schematic liquidus projection. The inset is an enlarged version of the Al corner

Journal of Phase Equilibria and Diffusion Vol. 26 No. 4 2005 349



Section II: Phase Diagram Evaluations

Ny &S S A

So

Atomic Percent Aluminum

Fig. 2 Al-Cr-Ti partial isothermal section at 1200 °C [2001Fuj]
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Fig. 3 Al-Cr-Ti isothermal section at 1000 °C [1996Jew2, 1996Jew3, 2000Kai]
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Fig. 4 AI-Cr-Ti isothermal section at 800 °C [1996Jew2, 1996]Jew3]

Ternary Phases

In Al-rich compositions, it is now well established that
the L1,, AuCus,-type cubic phase (denoted T in some re-
ports) exists in the ternary range near the structurally related
DO0,, tetragonal binary compound TiAl; [1990Mab,
1990Zha, 1992Nic, 1993Kum, 1993Nak, 1995Bra,
1996Jewl, 1996Jew3, 1997Mab, 1997Xu, 2001Fuj,
2002Kau, 2003Bar, 2003Lee, 20030h]. It is stable at tem-
peratures below ~1370 °C [1997Mab] and has a composi-
tion range of ~59 to 68 at.% Al and ~6 to 13 at.% Cr. Its
lattice parameter is in the range of 0.3943 to 0.3957 nm
[1996]Jew3]. [2003Lee] observed that a rather small shift in
the L1, phase field toward the Al corner seen with decreas-
ing temperature could be effective in enhancing its stability
and providing the key for higher fracture toughness.

The other ternary phase is the C14-type Laves phase. The
binary C14-type compound yCr,Ti, which is present above
1271 °C, is stabilized at lower temperatures by the addition
of a few percent of Al. It has a composition range of ~5 to
42 at.% Al at 1000 and 800 °C at approximately constant Ti
content [1996Jew?2]. The width of the field is about 1 at.%
Ti at the low Al end and increases to ~3 at.% Ti at 35 at.%
Al. The lattice parameters of the C14 phase increase linearly
from @ = 0.4931 nm and ¢ = 0.8031 nm at 5 at.% Al to
a = 0.5055 nm and ¢ = 0.8247 nm at 35 at.% Al At
1050 °C, [1997Xu] noted that the extent of the (3Ti) field
increases at the expense of the C14 field, which dissolves
<20 at.% Al at this temperature.

At 1000 °C, Cr additions induce the B2 ordering in (3T1).
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Fig. 5 AIl-Cr-Ti partial isothermal section at 497 °C [1994Sok]

At 800 °C, the B2 field is separated from (BTi) and is
present as an island around 30at.%Al-20at.%Cr-50at.%Ti.
Cr appears to stabilize the B2 phase at lower temperatures
[1994Gao, 1994Zha]. [2000Sha] and [2002Sha] reported on
the characteristics of the metastable w phase formed after
quenching and retaining the B2 phase at room temperature
in alloys with 10 at.% Cr and 20 to 40 at.% Al.
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Table 1 Al-Cr-Ti tentative reaction sequence down to 600 °C
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Table 1 AIl-Cr-Ti tentative reaction sequence down to 600 °C (contd.)
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Table 1 Al-Cr-Ti tentative reaction sequence down to 600 °C (contd.)
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Liquidus Projection

Very limited information is available regarding the so-
lidification characteristics of this system [1997Mab,
2001Ich]. [1997Mab] determined a partial vertical section at
25 at.% Ti, depicting the solidus and liquidus of the L1,
phase. [2001Ich] determined a partial liquidus projection
showing the equilibrium between L1, and the surrounding
phases, which included Cr,Al and presumably C14 (labeled
AICrTi by [20011Ich]). Cr,Al is an LT phase that is present
below 910 °C and is not expected to be in equilibrium with
the liquid. The Al solubility in the C14 phase decreases with
increasing temperature and is <20 at.% at 1050 °C. With the
intervening dominant bec field, it is unlikely that the C14
phase comes into equilibrium with the liquid. Figure 1
shows a schematic liquidus projection. L1, is postulated to
form through a ternary peritectic reaction P at ~1370 °C:
L +bee + TisAl;; = L1,. The four-phase invariant reactions
U, and U, are those given by [2001Ich]. The other reactions
are postulated here to be consistent with the isothermal sec-
tions discussed below.

Isothermal Sections

Isothermal sections of this ternary system have been
reported in a number of studies: [1993Nak] (partial at
1000 °C); [1994Has] (partial at 1200 °C); [1994Kla]
(1200 °C); [1994S0k] (partial at 497 °C); [1995Bra] (partial
at 1000 °C); [1995Hao] (1000 °C); [1995Jew], [1996Jew?2],
and [1996Jew3] (partial at 1000 and 800 °C); [1997Jew]
(1000 and 800 °C); [1997Mab] (partial at 1150 °C);
[1997Xu] (partial at 1050 °C); [2000Kai] (partial at
1000 °C); [2001Fuj] (partial at 1200 and 1000 °C); and
[2001Has] (1200 °C).

With starting metals of 99.99 at.% Al, 99.99 at.% Cer,
and 99.5% Ti, [2001Fuj] melted 13 ternary compositions
in an arc furnace. The alloys were annealed at 1200 and
1000 °C for four to seven days and quenched. The phase
equilibria were studied by metallography, selected area
electron diffraction, and quantitative x-ray microanalysis.
The partial isothermal section constructed by [2001Fuj] at
1200 °C is redrawn in Fig. 2. Most of experimental tie lines
fall in the (BTi) + TiAl (y) region.
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Fig. 6 AI-Cr-Ti schematic isothermal section at 600 °C

With starting metals of 99.99 at.% Al, 99.5 at.% Cr, and
99.98% Ti, [1996Jew2] arc-melted 13 alloy compositions
under Ar atmosphere. After homogenization, the alloys
were annealed at 1000 and 800 °C for 500 and 1000 h and
were quenched in water. The phase equilibria were studied
by optical and scanning electron microscopy, energy-
dispersive x-ray analysis, and differential scanning calorim-
etry. Partial isothermal sections were constructed at 1000
and 800 °C for Al-lean alloys. Using the same starting ma-
terials as above, [1996Jew3] arc-melted 11 Al-rich alloys,
which were annealed at 1000 and 800 °C for 100 to 500 h
and were quenched in water. Using the same experimental
techniques as above, [1996Jew3] listed the measured com-
positions and lattice parameters of the identified phases.
Partial isothermal sections were constructed at 1000 and
800 °C. [2000Kai] used 99.99% Al, 99.3% Cr and 99.7 at.%
Ti as starting metals to melt seven Ti-rich alloys in an arc
furnace under Ar atmosphere. The alloys were annealed at
1000 °C for 168 h and were quenched in ice water. The
phase equilibria were studied with diffusion couples along
with energy-dispersive spectroscopy and electron micros-
copy. Combining the partial sections determined by
[1996]Jew?2], [1996]Jew3], and [2000Kai], a full isothermal
section at 1000 °C is constructed in Fig. 3. It is in reasonable
agreement with the partial section determined by [2001Fuj]
at 1000 °C. The ternary phases C14, L1,, and B2 are pres-
ent. Their characteristics were summarized in the preceding
section. The binary phase TiAl (y) dissolves up to 8 at.% Cr
[1997Jew]. CrsAlg dissolves 6.2 at.% Ti. Cr dissolves up to
18 at.% Ti at 37 at.% Al. TiAl; dissolves about 5 at.% Cr.
In Fig. 4, a full isothermal section at 800 °C is constructed
from the results of [1996Jew2] and [1996Jew3]. The three

ternary phases are present. The solubility of Cr in y and of
Ti in CrsAlg is 4.5 and 3.9 at.%, respectively. The solubility
of Ti in (Cr) is 13.5% at 20 at.% Al.

Using starting metals of 99.9 at.% Al, 99.9 at.% Cr, and
99.5% Ti, [1994Sok] melted 14 Al-rich compositions in an
arc furnace under Ar atmosphere. The samples were an-
nealed at 497 °C (770 K) for 1000 h and were quenched in
an ice-water mixture. The phase equilibria were studied by
metallography and x-ray powder diffraction. The partial
isothermal section constructed by [1994Sok] is redrawn in
Fig. 5 to agree with the accepted binary data. The binary
compound Cr,Al,; shown by [1994Sok] is omitted, as this
phase decomposes eutectoidally at 785 °C [2000Mah]. TiAl,
dissolves up to 4 at.% Cr. CrAl, dissolves up to 2 at.% Ti.

A Tentative Reaction Scheme

A tentative reaction sequence down to ~600 °C is written
for this ternary system in Table 1, which is consistent with
the liquidus projection and the isothermal sections. The al-
lotropic transitions in CrsAlg, CryAlg, and TiAl; are not
considered. The bcc phase in the ternary region may be
denoted as bcce, (BTi), (Cr), or B2. The L1, phase is assumed
to form peritectically at ~1370 °C. The nucleation of C14 in
the ternary region at ~1270 °C (critical point C, in Table 1),
creates two three-phase fields of (C36 + C14 + bce). The
coalescence of the (C14 + bcc) and (L1, + bec) fields
[2002Kau] postulated here at ~1200 °C (C, in Table 1)
results in the formation of the three-phase fields of C14 +
(BTi) + L1, and C14 + (Cr) + L1,. The formation of a
miscibility gap in the bce (B2) region at ~900 °C (C5 in
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Table 1) creates the three-phase fields of C15 + o, + (BTi)
and C15 + a, + B2. Below 800 °C, the island-like region of B2
probably vanishes (Ed, in Table 1). The reactions postulated
here are placed in broken boxes. The temperatures shown for
these reactions are notional values. They merely indicate the
probable sequence of the reactions with falling temperature.
Reactions U, U,,, Eds, and C; were given by [1992Hay]. U,
and U, were determined by [2001Ich]. Reactions U ¢, U, 5, and
U,, are those suggested by [1996Jew3]. The lower tempera-
ture limit of stability of the C14 and L1, phases is not known.
Assuming that C14 and L1, are present, a schematic sketch of
the phase equilibria at ~600 °C is shown in Fig. 6.
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