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Abstract The knowledge of phase equilibria in the Ti-Al-

Nb system above 1000 �C is of importance for the manu-

facturing of TiAl-based parts for high-temperature struc-

tural applications. Especially the extended homogeneity

range of the cubic (bTi,Nb) phase, which is determined by

its Al solubility, and the position and extension of the high-

temperature (aTi) phase is of crucial importance for the

hot-workability and microstructure control of these alloys.

However, the phase diagrams reported in the literature are

very contradicting especially regarding these aspects. For

this reason, a systematic reinvestigation of the phase

equilibria in this part of the system was carried out. A total

of 17 ternary alloys were synthesized, heat-treated at

1000-1300 �C, and analyzed by electron probe micro-

analysis (EPMA), x-ray diffraction (XRD), high-energy

XRD (HEXRD), and differential thermal analysis (DTA) to

determine composition and type of equilibrium phases as

well as transition temperatures. With this information,

isothermal sections of the Ti-rich part of the Ti-Al-Nb

system at 1000, 1100, 1200, and 1300 �C were established.

An isolated (bTi,Nb)o phase field is found to be stable at

1000 and 1100 �C. Furthermore, the formation and

homogeneity range of (aTi) at high temperatures as well as

the presence of Ti3Al at 1200 �C is experimentally inves-

tigated and discussed. Based on the observed phase equi-

libria and transition temperatures, an improved reaction

scheme for the entire Ti-Al-Nb system is proposed.

Keywords experimental study � intermetallics � isothermal

section � ternary phase diagram

1 Introduction

One of the main challenges in manufacturing TiAl-based

parts for high-temperature structural applications is the

relatively low room temperature ductility of the respective

alloys.[1] Complex processing routes are required to man-

ufacture parts from such materials.[2-5] In addition, homo-

geneous, isotropic mechanical properties, which can be

achieved by controlling texture and microstructure, are

prerequisite to use these alloys as structural materials at

high temperatures. To achieve this, the respective alloy

must meet certain requirements: (1) no significant texture

after casting; (2) minimal amount of peritectically solidi-

fied (aTi); (3) good deformability during thermomechani-

cal treatment; (4) thermomechanical treatment not

performed in single-phase (aTi) field; (5) certain volume

fraction ratio between the intermetallic phases TiAl and

Ti3Al in the microstructure; (6) thermally stable mi-

crostructure.[4] A promising approach to achieve these

requirements is based on the addition of so-called b-sta-
bilizing elements (e.g. Nb, Mo). The bcc metals Nb and Mo

both form solid solutions with bcc (bTi) with complete

miscibility at high temperatures, which is why the solid

solution phases in the binary (and higher component)

systems are written as (bTi,Nb) or (bTi,Mo). From the

viewpoint of the binary Ti-Al system, additions of Nb to

(bTi) extend the single-phase field to higher Al contents

compared to the binary Ti-Al system.[6] This changes the

solidification sequence from L (liquid phase) ?
L ? (bTi,Nb) ? (aTi) ? … to L ? L ? (bTi,Nb) ?
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(bTi,Nb) ?… for certain composition regions (e.g., 42-48

at.% Al) and results in a smaller amount of the peritecti-

cally solidified (aTi) and a more equiaxed and lamellar

microstructure at room temperature.[7] The shift of the

(bTi,Nb) phase field to higher Al contents has additional

advantages: (1) the hot-working temperature is lowered[5];

(2) hot-working can be performed in the two-phase field

(bTi,Nb) ? (aTi) by avoiding the single-phase (aTi) phase
field, and (3) the phase fraction of (aTi)/Ti3Al is increased
during hot working and heat treatment[4] (Fig. 1). The

above-mentioned facts make the approach of alloying b-
stabilizing elements to TiAl-based alloys suitable to meet

the alloy design requirements and facilitate further

improvements and the development of such alloys. How-

ever, a prerequisite for developing respective alloys is a

very precise knowledge of phase equilibria at different

temperatures and compositions.[4]

In the temperature range studied here, several isothermal

sections have been published, some of these cover the

entire compositional range of the ternary Ti-Al-Nb sys-

tem.[9-17] However, the data are often very contradicting.

As an example, Fig. 2 shows experimental data from three

different studies[11,14,18] in the composition range between

0 and 60 at.% Al and 0 to 50 at.% Nb for 1100 �C[10],

which includes all relevant phases for currently used TiAl-

based alloy. As can be seen, Li et al.[11] (grey lines and

symbols) report a Ti3Al ? TiAl ? Nb2Al tie-triangle

whereas the experimental data from Eckert et al.[14] (red)

and data summarized by Kattner and Boettinger[18] (blue)

show the presence of two different three-phase equilibria

((bTi,Nb)o ? TiAl ? Nb2Al and (bTi,Nb)o ? Ti3-
Al ? TiAl). Furthermore, the tie-lines reported for the

two-phase field (bTi,Nb) ? Ti3Al show completely dif-

ferent inclinations and intersect each other (Fig. 2), which

shows the need for further investigations to clear up these

contradictions and to investigate the possible presence of

the tie-triangle (bTi,Nb)o ? Ti3Al ? Nb2Al reported by Li

et al.[11] Similar observations are also made at other

temperatures.

In another study covering 1100 �C, Chen et al.[10]

reported a new ternary intermetallic compound, which was

named c1 (TiAl3Nb) as it was claimed to be a kind of

superstructure of TiAl. The existence of this phase is

controversial and has been discussed at length.[19-21] Since

other studies[11,13,19] have not been able to reproduce these

results when employing similar experimental procedures as

described in Ref. 10, it is not considered an equilibrium

phase in more recent assessments.[22-24]

Another difference in the reported phase equilibria

relates to the homogeneity range of Ti3Al at 1200 �C:
According to the binary Ti-Al phase diagram[8,25] Ti3Al is

formed peritectoidally from (aTi) and (bTi) just at

1200 �C, and therefore, its phase field—if anyone exists in

the ternary—should only be connected to the boundary

system at one composition (* 32 at.% Al). Hellwig

et al.[13] reported an isothermal section at 1200 �C based on

diffusion couple experiments and equilibrated bulk alloys,

showing a Ti3Al phase field extending from 30 to 33 at. %

Al along the binary Ti-Al axis and up to 10 at.% Nb into

the ternary composition triangle. In contrast to this,

Takeyama et al.[26] suggested the existence of an isolated

Ti3Al phase field in the ternary composition triangle, and

Kainuma et al.[15] did not report Ti3Al to be stable at

1200 �C. Similar disagreement exists with respect to the

extension of the (aTi) phase field at high temperatures. In a

Fig. 1 Binary Ti-Al phase diagram[8] overlaid with the experimental

data from Chen et al.[6] (black lines, addition of 8 at.% Nb) showing

the changes to the phase fields in the application relevant composition

range (blue lines) described in the text above

Fig. 2 Isothermal section at 1100 �C from Li et al.[11] (grey dots and

lines) superimposed with experimental results from Eckert et al.[14]

(red dots and lines) and summarized results by Kattner and

Boettinger[18] (blue dots and lines) showing several contradicting

phase equilibria (Color figure online)
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recent experimental study by Xu et al. (Ref 9) on phase

equilibria at 1300 �C, a Nb solubility of 16.0 at.% was

measured in (aTi), whereas in some earlier studies values

of 11.1[15,27] and 12.5 at.% Nb[15,27] were reported for the

same temperature. There is also not much information

available on the stability range of (bTi,Nb)o at tempera-

tures above 1000 �C.
Several thermodynamic descriptions of the Ti-Al-Nb

system are available.[18,23,24,28,29] However, as they are of

course always based on the experimental results available

at the time, they do not agree very well. Even the more

recent descriptions presented by Witusiewicz et al.[24] and

Cupid et al.[23], which considered new data at that time

especially in the composition range Ti-(40-50) Al-(2-10)

Nb,[13,15,16,20,30-33] do not allow a satisfactory description

of the experimental phase equilibria as shown exemplarily

by Witusiewicz et al. for 1000 �C (c.f. Figure 3 in Ref. 24).

The inconsistencies described above and the fact that

data are still simply missing in various composition and

temperature ranges show that the currently available

experimental data and thermodynamic descriptions are not

sufficient to reliably predict the phase equilibria in the

system. Therefore, a series of heat-treated bulk alloys (10-

45 at.% Al and 5-25 at.% Nb) were investigated after heat

treatment between 1000 and 1300 �C in the present work.

Partial isothermal sections are constructed based on the

analysis of the results obtained by scanning electron

microscopy (SEM), electron probe microanalysis (EPMA),

x-ray diffraction (XRD), high-energy XRD (HEXRD), and

differential thermal analysis (DTA). Phase equilibria at

lower temperatures from 700 to 900 �C were already dis-

cussed and presented in Part I of this study.[34] Based on

the combined experimental results which thus cover the

temperature range from 700 to 1300 �C and considering

some information from the literature especially regarding

still higher temperatures, a complete reaction scheme of the

Ti-Al-Nb system is presented in the last section.

2 Experimental

For the present investigation of phase equilibria between

1000 and 1300 �C, a series of 17 ternary alloys (Table 1

and Fig. 3) was synthesized in an arc melter with a

tiltable crucible. The synthesis was performed in Ar

atmosphere, which was additionally dried (ZPure MTM

3800 cc, Chromatography research supplies) to remove

residual moisture and oxygen. High-purity elements Ti

(99.995 wt.%), Al (99.999 wt.%), and Nb (99.9 wt.%)

(HMW Hauner GmbH & Co. KG) were used for the syn-

thesis of rod-shaped alloys (15 mm in diameter, 160 mm in

length) weighing between 200 and 300 g (depending on

composition). The overall composition and impurity

content were determined for selected as-cast and heat-

treated alloys using inductively coupled plasma atomic

emission spectroscopy (ICP-AES, Optima 8300, Perkin

Elmer) and inert gas fusion (Fusionmaster ONH, NCS

Germany).

To minimize the uptake of impurities during heat

treatment, two different setups were used depending on the

heat treatment temperature: (1) encapsulation in fused sil-

ica ampoules for heat treatments at 1000 and 1100 �C; (2) a
so-called ‘‘double crucible technique’’ above 1100 �C.[35]

Cylinders with a length of 10 mm were cut from the as-cast

alloys and encapsulated in fused silica ampules that were

backfilled with Ti gettered Ar gas for heat treatments at

1000 and 1100�. At temperatures above 1100 �C, the fused
silica is no longer sufficiently gas-tight for oxygen and

nitrogen[36] causing the initiation of the devitrification

process. Therefore, a double crucible technique[35] is used

for heat treatments at 1200 and 1300 �C. The sample is

wrapped with Ta foil and placed in an alumina crucible,

which in turn is placed upside down in a larger crucible.

The leftover space is filled with Ti filings which act as

getter material. The Ta foil prevents contact between fil-

ings and the sample. Additionally, the reaction between Ta

and the sample is very sluggish, so Ta was not found in any

of the samples. In both cases the samples were quenched in

brine by breaking the ampules/crucibles. The described

schematic setup of the heat treatment methods is shown in

Fig. 4.

For selected alloys, the overall composition (measured

by EPMA) and the content of O and N after heat treatment

were checked. The change in overall composition was

within the measurement uncertainty of ± 1%[37] for the

Fig. 3 Alloy compositions of the ternary bulk alloys B1-B17
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EPMA measurement. The nitrogen content remained below

50 wt. ppm (detection limit) and the oxygen content

increased only slightly.

The phase compositions were determined by EPMA

(JEOL JXA-8100) operated at an acceleration voltage of

15 kV, a probe current of 20 nA, and pure elements as

standard. Overall and phase compositions were determined

as described in Ref. 34. Furthermore, the experimental

details for phase identification by room temperature XRD

and HEXRD, in situ HEXRD as well as the measurement

of phase transformation temperatures investigated by DTA

were carried out as described in Ref. 34.

3 Results

The determined phase and alloy compositions, phase

fractions, and lattice parameters measured after the dif-

ferent heat treatments are summarized in Tables 2, 3, 4 and

5. The alloy compositions given together with the alloy

numbers in the following text always refer to the compo-

sitions measured in the as-cast condition (or, if not mea-

sured, to the nominal composition).

In the following, some characteristic microstructures of

heat-treated alloys and the resulting phase equilibria are

presented. The microstructure of alloy B1 (Ti-17.4Al-

4.8Nb) at 1000 �C (Fig. 5a) consists of Ti3Al (dark phase)

and a (bTi,Nb) matrix. Two different contrasts in the

(bTi,Nb) matrix are observed in the BSE image (Fig. 5b),

but no variations in composition could be measured by

EPMA. This is most likely due to a martensitic (i.e. non-

equilibrium) transformation taking place during quenching

from 1000 �C, which is a well-known effect occurring in

this composition range (see, e.g., the assessment of

Tretyachenko[22]). At 1100 �C, (bTi,Nb) is the only

microstructure constituent. This is consistent with DTA

measurements of this sample, which show that the con-

tinuous dissolution of Ti3Al is finished at 1022 �C.

Table 1 Synthesized ternary alloys B1 to B17 with their nominal and measured compositions (ICP-AES) as well as their impurity contents (O,

N, C). For N, the values were below the detection limit of 50 wt. ppm and therefore are not listed here

No Nominal composition,

at.%

Measured as-cast composition (ICP-

AES), at.%

Impurity contents, wt.

ppm

Heat treatment time, h

Ti Al Nb Ti Al Nb O C 1000 �C 1100 �C 1200 �C 1300 �C

B1 77.5 17.5 5 77.8 17.4 4.8 290 130 400 200

B2 72.5 17.5 10 400 200

B3 62.5 20 17.5 220 400 200

B4 60 25 15 60.5 24.6 14.9 130 110 400 200

B5 50 25 25 650 400 30 20

B6 45 30 25 650 400 30 20

B7 54.5 33 12.5 55 32.8 12.2 180 85 400 200

B8 49 33 17.5 50.3 32.4 17.3 290 120 400 200 30 20

B9 53 37 10 52.8 37.2 10.0 160 86 400 200 30 20

B10 49.5 37 13.5 400 200 30

B11 50 40 10 50.4 39.6 10.0 290 160 400 200 30 20

B12 40 40 20 40.3 39.8 19.9 130 110 400 200 30 20

B13 50 45 5 50.7 43.4 4.9 150 108 400 200 30 20

B14 47.5 45 7.5 48.3 45.8 5.9 140 89 400 200 30 20

B15 42.5 45 12.5 43.0 44.7 12.3 200 102 400 200 30 20

B16 60 35 5 400 30

B17 56 37 7 30

The heat treatment times at 1000, 1100, 1200 and 1300 �C are given in the last columns

Fig. 4 Schematic heat treatment setups: encapsulation of samples for

1000 and 1100 �C and applying the ‘double crucible technique’ for

temperatures of 1200 and 1300 �C

J. Phase Equilib. Diffus. (2022) 43:554–575 557

123



Alloys B2 (Ti-17.5Al-10.0Nb) and B3 (Ti-20.0Al-

17.5Nb) are single-phase (bTi,Nb) at 1000 and 1100 �C,
which is confirmed by DTA measurements. As can be seen

in Fig. 6, the continuous dissolution of Ti3Al ends at 995

(B2) and 985 �C (B3), whereupon the heat flow signal

returns to the baseline.

In alloy B4 (Ti-24.6Al-14.9Nb), a two-phase

microstructure consisting of B2-ordered (bTi,Nb) and Ti3-
Al is observed in the sample quenched from 1000 �C
(Fig. 7a). This is confirmed by HEXRD measurements of

this sample (Fig. 7b) as well as in situ HEXRD measure-

ments. The Ti3Al phase formed predominantly at the grain

boundaries of the (bTi,Nb) grains. At 1100 �C, this alloy is

single-phase (bTi,Nb)o.
Alloy B5 (Ti-25.0Al-25.0Nb) shows a single-phase

microstructure over the complete temperature range. The

ordered (bTi,Nb)o phase is present up to 1169 �C, while
above this temperature the alloy is single-phase disordered

(bTi,Nb) (alloy A11 in Ref. 38).

The three phases (bTi,Nb)o, Ti3Al, and Nb2Al are

observed in the microstructure of alloy B6 (Ti-30.0Al-

25.0Nb) quenched from 1000 �C (Fig. 7c), which is con-

firmed by HEXRD measurements (Fig. 7d). At 1100 and

1200 �C, the microstructure consists of a (bTi,Nb)o matrix

and Nb2Al. At 1300 �C, only the A2-disordered (bTi,Nb)
phase is present. In addition to the disordering taking place

at 1243 �C (alloy A10 in Ref. 38), Nb2Al dissolves com-

pletely above 1200 �C. Its phase fractions decreases from

26 vol.% at 1100 �C to only 3 vol.% at 1200 �C, i.e., the
solvus temperature can be expected to be in the range from

1200 to * 1220 �C. However, the exact temperature could

not be determined by the DTA measurements due to the

slow, continuous decrease in phase fraction.

Alloy B7 (Ti-32.8Al-12.2Nb) shows a two-phase

microstructure consisting of (bTi,Nb)o and Ti3Al at 1000

(Fig. 8a) and 1100 �C. The same two phases are observed

in alloy B8 (Ti-32.4Al-17.3Nb) quenched from 1000 �C
(Fig. 8b). At higher temperature this alloy is single-phase

(bTi,Nb) with B2-ordering present up to 1248 �C (alloy A8

in Ref. 38).

Both alloys B9 (Ti-37.2Al-10.0Nb) and B11 (Ti-39.6Al-

10.0Nb) show a three-phase microstructure composed of

(bTi,Nb)o, Ti3Al, and TiAl at 1000 and 1100 �C
(Fig. 9a,b). For alloy B11, the in situ HEXRD measure-

ments show that the transformation of Ti3Al to (aTi) is

finished at * 1175 �C (Fig. 10). This agrees with DTA

measurements, which show that the transition takes place at

1171 �C. Therefore, at 1200 �C the equilibrium phases are

(aTi), (bTi,Nb)o, and TiAl. Due to the dissolution of Ti3Al

and TiAl with increasing temperature and the disordering

of (bTi,Nb)o, which is observed with DTA and in situ

HEXRD measurements, both alloys are single-phase

(bTi,Nb) at 1300 �C. Figure 9c shows the intensity of the

(001) and (110) peaks of TiAl in alloy B9. A continuous

decrease in intensity is observed up to about 1150 �C,
which marks the dissolution temperature of TiAl. In the

DTA measurements of alloy B9, a very shallow effect is

observed in this temperature range, which agrees with the

observations made by in situ HEXRD. The intensity of the

(100) superstructure reflection of (bTi,Nb)o shown in

Fig. 9d vanishes at the disordering temperature of 1222 �C,
which is the same value as obtained by DTA measurements

(alloy A4 in Ref. 38).

(bTi,Nb)o and TiAl are present in the microstructure of

alloy B10 (Ti-37.0Al-13.5Nb) at 1000 and 1100 �C. Since
DTA measurements show that the B2-ordering of (bTi,Nb)
disappears above 1225 �C, the single-phase microstructure

observed at 1200 �C must belong to (bTi,Nb)o.
The three-phase equilibrium (bTi,Nb)o ? TiAl ? Nb2-

Al is observed in alloy B12 (Ti-39.8Al-19.9Nb) at 1000

Fig. 5 Back-scattered electron (BSE) image of (a) alloy B1 (Ti-17.4Al-4.8Nb) quenched from 1000 �C showing a two-phase microstructure

(Ti3Al ? (bTi,Nb)) and (b) alloy B3 (Ti-20-0Al-17.5Nb) quenched from 1100 �C being single-phase (bTi,Nb)
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and 1100 �C (Fig. 11a). The disordering temperature of

(bTi,Nb) in this alloy lies at 1199 �C (alloy A9 in Ref. 38),

therefore the three-phases observed at 1200 �C are

(bTi,Nb), TiAl, and Nb2Al (Fig. 11b). The phase fraction

of (bTi,Nb)o/(bTi,Nb) has increased from 22 vol.% at 1000

and 25 vol.% at 1100 to 67 vol.% at 1200, and at 1300 �C
the alloy is finally single-phase (bTi,Nb).

A two-phase microstructure is observed in alloys B13

(Ti-43.4Al-4.9Nb) and B14 (Ti-45.8Al-5.9Nb) over the

entire temperature range (Fig. 12a-c). DTA measurements

Table 2 EPMA and HEXRD results on phase contents, alloy and phase compositions, phase fractions and lattice parameters of alloys heat-

treated at 1000 �C for the times given in Table 1 (accuracy of the lattice parameters is ± 0.001 Å, n.d.: not determined)

Alloy

No

Composition after heat treatment,

at.%

Phases Phase composition

measured with EPMA,

at.%

Phase fraction,

vol.%

Pearson

symbol

Lattice

parameters, Å

Al Nb a c

B1 Ti-17.8Al-4.8Nb (bTi,Nb) 17.7 ± 0.2 4.7 ± 0.1 96 cI2 n.d

Ti3Al 23.0 ± 0.2 2.8 ± 0.1 4 hP8 n.d n.d

B2a Ti-17.6Al-10.1Nb (bTi,Nb) 17.6 ± 0.1 10.1 ± 0.1 100 cI2 n.d

B3a Ti-19.7Al-17.7Nb (bTi,Nb) 19.7 ± 0.1 17.7 ± 0.3 100 cI2 n.d

B4 Ti-25.2Al-13.9Nb (bTi,Nb)o 24.2 ± 0.1 16.3 ± 0.2 55 cP2 3.245

Ti3Al 26.6 ± 02 11.0 ± 0.1 45 hP8 5.789 4.662

B5a Ti-25.0Al-24.9Nb (bTi,Nb)o 25.0 ± 0.2 24.9 ± 0.3 100 cP2 n.d

B6 Ti-30.4Al-22.9Nb (bTi,Nb)o 29.1 ± 0.2 20.1 ± 0.3 77b cP2 3.236

Ti3Al 28.2 ± 0.2 14.2 ± 0.2 8b hP8 5.790 4.680

Nb2Al 32.5 ± 0.2 32.8 ± 0.6 15b tP30 9.943 5.137

B7 Ti-32.8Al-12.2Nb (bTi,Nb)o 33.3 ± 0.2 12.4 ± 0.3 84 cP2 3.226

Ti3Al 32.3 ± 0.2 9.1 ± 0.3 16 hP8 5.778 4.656

B8 Ti-32.4Al-17.3Nb (bTi,Nb)o 32.4 ± 0.1 17.2 ± 0.2 98 cP2 3.229

Ti3Al 30.9 ± 0.1 12.3 ± 0.2 2 hP8 5.777 4.681

B9 Ti-37.2Al-10.0Nb (bTi,Nb)o 35.8 ± 0.1 10.7 ± 0.1 64 cP2 3.223

Ti3Al 36.2 ± 0.2 8.0 ± 0.1 32 hP8 5.774 4.644

TiAl 45.3 ± 0.3 7.7 ± 0.1 5 tP4 4.030 4.061

B10c Ti-36.7Al-12.9Nb (bTi,Nb)o 34.9 ± 0.2 13.3 ± 0.1 81 cP2 3.223d

TiAl 44.6 ± 0.2 10.0 ± 0.2 19 tP4 4.035d 4.060

B11 Ti-39.1Al-9.5Nb (bTi,Nb)o 35.5 ± 0.4 11.1 ± 0.2 46 cP2 n.d

Ti3Al 36.0 ± 0.3 8.3 ± 0.2 17 hP8 n.d n.d

TiAl 44.9 ± 0.3 8.1 ± 0.2 36 tP4 n.d n.d

B12c Ti-40.2Al-19.1Nb (bTi,Nb)o
e 35.5 ± 1.0 17.5 ± 1.0 22 cP2 3.228d

TiAl 45.3 ± 0.4 13.6 ± 0.1 48 tP4 4.032d 4.074

Nb2Al 35.2 ± 0.4 29.9 ± 0.4 29 tP30 9.929d 5.134

B13e Ti-43.7Al-5.3Nb Ti3Al 36.9 ± 0.6 5.4 ± 0.2 26 hP8 5.777 4.634

TiAl 46.1 ± 0.4 5.0 ± 0.5 74 tP4 4.014 4.062

B14 Ti-45.8Al-5.9Nb Ti3Al 37.1 ± 0.3 6.0 ± 0.2 7 hP8 5.770 4.637

TiAl 46.5 ± 0.3 5.6 ± 0.2 93 tP4 4.017 4.063

B15c Ti-43.9Al-12.3 (bTi,Nb)o 35.3 ± 0.2 16.2 ± 0.3 16 cP2 3.225

TiAl 45.5 ± 0.2 11.9 ± 0.3 84 tP4 4.032 4.064

aDTA measurements (Fig. 6) show that this alloy is single-phase (bTi,Nb) at 1000 �C despite a small phase fractions of Ti3Al observed in the

microstructure
bPhase fractions determined by HEXRD measurement
cAlloy contains a small amount of Ti3Al, which is not considered an equilibrium phase, see section 3 in Ref. 34
dLattice parameters determined by XRD measurements
ePhase compositions determined based on tie-line data of alloy B15
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show, that the transformation from Ti3Al to (aTi) takes

place between 1100 and 1200 �C.[38] Therefore, the phases
in equilibrium at and below 1100 �C are Ti3Al and TiAl,

while at 1200 �C the stable phases are (aTi) and TiAl.

These phase equilibria have been confirmed by DTA, XRD

and HEXRD measurements. From 1000 to 1200 �C,
(bTi,Nb)o ? TiAl are observed in the quenched samples of

alloy B15 (Ti-44.7Al-12.3Nb). At 1300 �C, a three-phase

microstructure consisting of (aTi), (bTi,Nb), and TiAl, was

observed (Fig. 12d) and has been confirmed by HEXRD

measurements.

Alloys B16 (Ti-35.0Al-5.0Nb) and B17 (Ti-37.0Al-

7.0Nb) both show a single-phase (bTi,Nb)o microstructure

after quenching from 1200 �C. When quenched from

1100 �C alloy B16 shows a two-phase microstructure

consisting of Ti3Al and (bTi,Nb)o. The phases were iden-

tified by in situ HEXRD measurements.

Table 3 EPMA and HEXRD results on phase contents, alloy and phase compositions, phase fractions, and lattice parameters of alloys heat-

treated at 1100 �C for the times given in Table 1 (accuracy of the lattice parameters is ± 0.001 Å, n.d.: not determined)

Alloy

No

Composition after heat treatment,

at.%

Phases Phase composition

measured with EPMA,

at.%

Phase fraction,

vol.%

Pearson

symbol

Lattice

parameters, Å

Al Nb a c

B1 Ti-17.4Al-4.8Nb (bTi,Nb) 17.4 ± 0.1 4.8 ± 0.1 100 cI2 n.d

B2 Ti-18.4Al-9.6Nb (bTi,Nb) 18.4 ± 0.1 9.6 ± 0.1 100 cI2 n.d

B3 Ti-20.2Al-17.2Nb (bTi,Nb) 20.2 ± 0.1 17.2 ± 0.1 100 cI2 n.d

B4 Ti-24.1Al-14.5Nb (bTi,Nb)o 24.1 ± 0.1 14.5 ± 0.1 100 cP2 n.d

B5 Ti-25.8Al-23.8Nb (bTi,Nb)o 25.8 ± 0.2 23.8 ± 0.2 100 cP2 n.d

B6 Ti-30.9Al-24.8Nb (bTi,Nb)o 30.1 ± 0.2 21.4 ± 0.2 74 cP2 n.d

Nb2Al 33.6 ± 0.1 34.0 ± 0.5 26 tP30 n.d n.d

B7 Ti-33.4Al-11.5Nb (bTi,Nb)o 33.3 ± 0.2 11.7 ± 0.1 95 cP2 3.226

Ti3Al 32.5 ± 0.2 8.8 ± 0.1 5 hP8 5.772 4.677

B8 Ti-32.3Al-16.6Nb (bTi,Nb)o 32.3 ± 0.3 16.6 ± 0.3 100 cP2 3.227d

B9 Ti-37.2Al-10.0Nbb (bTi,Nb)o 36.9 ± 0.2 10.0 ± 0.2 72 cP2 3.219

Ti3Al 38.1 ± 0.2 8.0 ± 0.2 26 hP8 5.767 4.640

TiAl 45.7 ± 0.1 7.6 ± 0.2 2 tP4 4.027 4.057

B10c Ti-37.0Al-13.5Nba (bTi,Nb)o 36.4 ± 1.0 13.1 ± 1.0 n.d cP2 n.d

TiAl 45.0 ± 1.0 10.2 ± 1.0 n.d tP4 n.d n.d

B11 Ti-40.3Al-9.3Nb (bTi,Nb)o 36.9 ± 0.2 10.5 ± 0.2 46 cP2 n.d

Ti3Al 38.3 ± 0.2 8.4 ± 0.1 19 hP8 n.d n.d

TiAl 45.8 ± 0.4 8.2 ± 0.1 35 tP4 n.d n.d

B12 Ti-41.2Al-18.0Nb (bTi,Nb)o 36.3 ± 0.2 17.0 ± 0.2 25 cP2 3.217d

TiAl 45.4 ± 0.3 13.6 ± 0.1 50 tP4 4.019d 4.060d

Nb2Al 35.9 ± 0.2 30.7 ± 0.3 21 tP30 9.899d 5.119d

B13 Ti-43.6Al-5.1Nb Ti3Al 37.8 ± 0.4 5.0 ± 0.2 22 hP8 5.765d 4.637d

TiAl 45.3 ± 0.4 5.0 ± 0.2 78 tP4 4.014d 4.060d

B14 Ti-45.8Al-5.9Nbb Ti3Al 37.1 ± 0.3 5.8 ± 0.1 n.d hP8 5.766 4.640

TiAl 45.0 ± 0.2 5.9 ± 0.1 n.d tP4 4.014 4.060

B15c Ti-44.4Al-11.9Nb (bTi,Nb)o 36.1 ± 0.3 15.2 ± 0.2 8 cP2 3.224d

TiAl 45.0 ± 0.2 11.9 ± 0.3 92 tP4 4.022d 4.067d

B16 Ti-35.0Al-6.7Nb (bTi,Nb)o 35.1 ± 0.2 7.2 ± 0.3 66 cP2 n.d

Ti3Al 35.3 ± 0.2 5.5 ± 1.0 34 hP8 n.d n.d

aNominal composition
bAs-cast composition. Phase fractions from HEXRD since the as-cast composition lies outside the tie-triangle/tie-line
cAlloy contains a small amount of Ti3Al, which is not considered an equilibrium phase, see Section 3 in Ref. 34
dLattice parameters determined by XRD measurements
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4 Discussion

Based on the results tabulated above (Tables 2, 3, 4 and 5)

and the literature data discussed below, partial isothermal

sections of the Ti-rich corner (0 to 60 at.% Al and 0 to 50

at.% Nb) of the Ti-Al-Nb system were determined in the

temperature range from 1000 to 1300 �C (Fig. 13–16). For

the binary boundary systems Ti-Al and Ti-Nb, the assessed

phase diagrams reported in Ref. [8, 25, 39], respectively,

were used. The phase fields of (aTi), (bTi,Nb), and Ti3Al

and their temperature-dependent evolution are discussed in

more detail below and a reaction scheme for the Ti-Al-Nb

system is presented.

4.1 Phase Fields, Solubility Limits, and Ordering

Behavior of (bTi,Nb)

4.1.1 The Isolated (bTi,Nb) Phase Field

The isothermal sections at 1000 (Fig. 13) and 1100 �C
(Fig. 14) show an isolated (bTi,Nb)o phase field in the

ternary composition space, that has been formed upon

heating in a eutectoid reaction from the phases xo and TiAl

at\ 790 �C ((bTi,Nb)o ? TiAl ? xo).
[34] Such an iso-

lated (bTi,Nb)o phase field has been previously reported by

Hellwig et al.[12,13], Li et al.[11], and Eckert et al.[14] at

1000 �C. All authors report the same three tie-triangles

Table 4 EPMA and HEXRD Results on phase contents, alloy and phase compositions, phase fractions, and lattice parameters of alloys heat-

treated at 1200 �C for 30 h (accuracy of the lattice parameters is ± 0.001 Å, n.d.: not determined)

Alloy

No

Composition after heat treatment,

at.%

Phases Phase composition

measured with EPMA,

at.%

Phase fraction,

vol.%

Pearson

symbol

Lattice

parameters, Å

Al Nb a c

B5 Ti-24.1Al-25.2Nb (bTi,Nb) 24.1 ± 0.1 25.2 ± 0.2 100 cI2 n.d

B6 Ti-30.6Al-24.7Nb (bTi,Nb)o 30.4 ± 0.2 24.5 ± 0.3 97 cP2 n.d

Nb2Al 33.4 ± 0.2 36.3 ± 0.5 3 tP30 n.d n.d

B8 Ti-32.3Al-16.9Nb (bTi,Nb)o 32.3 ± 0.3 16.9 ± 0.3 100 cP2 n.d

B9 Ti-35.2Al-9.8Nb (bTi,Nb)o 35.2 ± 0.2 9.8 ± 0.2 100 cP2 3.219

B10b Ti-36.5Al-12.8Nb (bTi,Nb)o 36.5 ± 0.2 12.8 ± 0.2 100 cP2 3.220e

B11 Ti-40.0Al-9.5Nb (aTi) 40.0 ± 0.2 8.3 ± 0.2 16 hP2 d

(bTi,Nb)o 37.4 ± 0.5 10.3 ± 0.1 58 cP2 3.218

TiAl 45.8 ± 0.2 8.4 ± 0.1 26 tP4 4.024 4.064

B12 Ti-39.6Al-19.5Nb TiAl 45.4 ± 0.2 15.4 ± 0.2 23 tP4 n.d n.d

(bTi,Nb) 38.1 ± 0.5 19.0 ± 0.3 67 cP2 n.d

Nb2Al 36.5 ± 0.3 32.2 ± 0.3 10 tP30 n.d n.d

B13 Ti-43.4Al-4.9Nba (aTi) 39.9 ± 0.3 5.0 ± 0.2 43 hP2 d

TiAl 45.7 ± 0.3 4.9 ± 0.1 57 tP4 n.d n.d

B14 Ti-43.6Al-5.8Nb (aTi) 39.7 ± 0.2 6.1 ± 0.2 36 hP2 d

TiAl 45.5 ± 0.4 5.9 ± 0.3 64 tP4 n.d n.d

B15b Ti-41.9Al-12.4Nb (bTi,Nb)o 37.4 ± 0.3 14.1 ± 0.2 48 cP2 3.221

TiAl 45.8 ± 0.2 11.6 ± 0.2 52 tP4 4.026 4.066

B16 Ti-34.6Al-6.5Nb (bTi,Nb)o 34.6 ± 0.2 6.5 ± 0.1 100 cP2 n.d

B17 Ti-37.0Al-6.5Nb (bTi,Nb)o 37.0 ± 0.2 6.5 ± 0.1 100 cP2 n.d

aAs-cast composition
bAlloy contains a small amount of Ti3Al, which is not considered an equilibrium phase, see Section 3 in Ref. 34
eLattice parameters determined by XRD measurements
d(aTi) undergoes a phase transformation to Ti3Al during quenching. Therefore, no lattice parameters could be determined
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(bTi,Nb)o ? Ti3Al ? TiAl, (bTi,Nb)o ? Ti3Al ? Nb2Al,

and (bTi,Nb)o ? TiAl ? Nb2Al at 1000 �C, which deter-

mine the homogeneity range of the isolated (bTi,Nb) phase
field. The compositional range in which this (bTi,Nb)
phase field is found matches in most cases. The homo-

geneity range reported here (about 32-35 at. % Al and

11-18 at. % Nb) is like that reported by Hellwig et al.[12,13],

while Li et al.[11] report a slightly smaller homogeneity

range. The homogeneity range reported by Eckert et al.[14]

is shifted to Al contents between 36 and 40 at. % and does

not match with the results reported in this study and the

previous mentioned results from literature.

According to the present results, the tie-triangle

(bTi,Nb)o ? Ti3Al ? TiAl defines the Nb-poor limit of the

isolated (bTi,Nb)o phase field at 1000 �C. It is located at

about 36 at. % Al and 11 at. % Nb (alloys B9 and B11,

Table 2), which is in good agreement with the studies of

Hellwig et al.[13] and Eckert et al.[14], reporting Al contents

of about 36 at.% and Nb contents of about 12 at.%. The

respective values of Li et al.[11] are shifted to slightly lower

Al and higher Nb contents. However, this difference might

be explained by some experimental issues in the work of Li

et al.[11]. (The authors mention that the weight sums of

their EPMA measurements were ranging between 97 and

103 wt.%, which cannot be explained by the (in)accuracy

of the EPMA method (being ± 1 wt.% relative[37] but

indicates either the presence of additional elements in the

sample or problems with the standardization procedure).

From the present results, a maximum Nb content of

about 18 at. % is estimated at 1000 �C. This is consistent
with the results from Hellwig et al.[13] who reported a Nb

content of 17.4 at.% and Al content of 32.5 at.% in the

(bTi,Nb)o phase of the tie-triangle (bTi,Nb)o ? Ti3
Al ? Nb2Al. Additionally, the (bTi,Nb)o ? Ti3Al tie-line

obtained for alloy B8 (Table 2) is located parallel and very

Table 5 EPMA and HEXRD results on phase contents, alloy and phase compositions, phase fractions, and lattice parameters of alloys heat-

treated at 1300 �C for 20 h (accuracy of the lattice parameters is ± 0.001 Å, n.d.: not determined)

Alloy

No

Composition after heat treatment,

at.%

Phases Phase composition

measured with EPMA,

at.%

Phase fraction,

vol.%

Pearson

Symbol

Lattice

parameters, Å

Al Nb a c

B5 Ti-25.4Al-23.6Nb (bTi,Nb) 25.4 ± 0.2 23.6 ± 0.3 100 cI2 n.d

B6 Ti-30.7Al-23.9Nb (bTi,Nb) 30.7 ± 0.2 23.9 ± 0.3 100 cI2 n.d

B8 Ti-32.8Al-16.8Nb (bTi,Nb) 32.8 ± 0.2 16.8 ± 0.2 100 cI2 3.228

B9 Ti-37.5Al-9.5Nb (bTi,Nb) 37.5 ± 0.2 9.5 ± 0.1 100 cI2 n.d

B11 Ti-39.5Al-9.7Nb (bTi,Nb) 39.5 ± 0.2 9.7 ± 0.2 100 cI2 3.212

B12 Ti-39.8Al-19.4Nb (bTi,Nb) 39.8 ± 0.3 19.4 ± 0.2 100 cI2 n.d

B13 Ti-44.4Al-4.8Nb (aTi) 44.1 ± 0.2 4.7 ± 0.1 93 hP2 b

TiAl 48.8 ± 0.9 4.7 ± 0.1 7 tP4 4.003a 4.060a

B14 Ti-45.5Al-5.7Nb (aTi)b 44.0 ± 0.2 5.5 ± 0.2 66 hP2 b

TiAl 48.6 ± 0.3 5.4 ± 0.2 34 tP4 4.004a 4.069a

B15 Ti-44.2Al-12.1Nb (aTi)b 43.2 ± 0.6 11.7 ± 0.2 6 hP2 b

(bTi,Nb) 40.8 ± 0.8 13.1 ± 0.2 40 cI2 3.217

TiAl 46.8 ± 0.6 11.4 ± 0.2 54 tP4 4.013 4.074

aLattice parameter determined by XRD measurement
b(aTi) undergoes a phase transformation to Ti3Al during quenching. Therefore, no lattice parameters could be determined

Fig. 6 DTA heating curves of alloys B2 and B3 showing the

decomposition of Ti3Al ending at 985 �C (B3) and 995 �C (B2). The

grey dashed lines indicate the baselines

562 J. Phase Equilib. Diffus. (2022) 43:554–575

123



close to the (bTi,Nb)o ? Ti3Al side of the tie-triangle

reported by Hellwig et al.[13] Therefore, the position of this

tie-triangle is adopted in the present isothermal section at

1000 �C (Fig. 13). The values reported by Li et al.[11] are

again shifted compared to the results of Hellwig et al.[13]

and those presented here.

At 1100 �C, the phase field of the isolated (bTi,Nb)o
phase is enlarged compared to 1000 �C. In the literature,

there are contradicting reports about the presence of this

isolated phase field at 1100 �C. In the study by Li et al.[11],

the isolated (bTi,Nb)o phase field is no longer present at

1100 �C. Instead, they report the tie-triangle Ti3-
Al ? TiAl ? Nb2Al (in an alloy with the composition Ti-

39.1Al-17.7Nb) alongside the tie-triangle (bTi,Nb) ? Ti3-
Al ? Nb2Al (already reported at 1000 �C). The tie-triangle
Ti3Al ? TiAl ? Nb2Al must have formed as a result of a

ternary peritectoid reaction (Ti3Al ? TiAl ? Nb2-
Al ? (bTi,Nb)o). However, the composition of alloy B12

is located within this tie-triangle. Therefore, a thermal

effect should be observed in the DTA measurement

because of this invariant reaction. As can be seen from

Fig. 17 this is not the case. Additionally, the tie-lines

measured for alloy B7 at 1000 and 1100 �C have a similar

inclination (Fig. 13 and 14). This suggests that the

observed phase equilibria belong to the same phases and no

significant change of the Nb contents is observed, which

Fig. 7 (a) BSE image of alloy B4 (Ti-24.6Al-14.9Nb) heat-treated at

1000 �C with a two-phase microstructure consisting of (bTi,Nb)
(bright) and Ti3Al (dark); (b) respective HEXRD pattern (with

logarithmic intensity scale) confirming the microstructural results;

(c) BSE image of alloy B6 (Ti-30.0Al-25.0Nb) heat-treated at

1000 �C showing a three-phase microstructure consisting of Nb2Al

(bright), Ti3Al (dark) and (bTi,Nb) (grey); (d) respective HEXRD

pattern (with logarithmic intensity scale) confirming the microstruc-

tural results
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would be the case if the isolated (bTi,Nb)o phase field and

the (bTi,Nb) solid solution merge into one phase field, as it

is observed at 1200 �C (Fig. 15). Furthermore, experi-

mental results of Bendersky et al.[40,41] for two alloys (Ti-

37.5Al-20Nb and Ti-37.5Al-12.5Nb) heat-treated at

1100 �C show the presence of two tie-triangles

((bTi,Nb)o ? Ti3Al ? TiAl and (bTi,Nb)o ? TiAl ?

Nb2Al), which agree with the here presented results and

Fig. 8 BSE images of (a) alloy B7 (Ti-32.8Al-12.2Nb) and (b) alloy B8 (Ti-32.4Al-17.3Nb) heat-treated at 1000 �C showing a two-phase

microstructure between (bTi,Nb) (bright) and Ti3Al (dark)

Fig. 9 BSE image of (a) alloy B9 (Ti-37.2Al-10.0Nb) and (b) alloy

B11 (Ti-39.6Al-10.0Nb) heat-treated at 1100 �C showing a three-

phase microstructure composed of TiAl (dark), Ti3Al (grey), and

(bTi,Nb)o (matrix); c,d): intensity over temperature plots of (c) the

(001) and (110) peak of TiAl, showing the dissolution of TiAl at

about 1150 �C in alloy B9 (Ti-37.2Al-10.0Nb), and d) the (001)

superstructure reflection of (bTi,Nb)o showing the disordering of

(bTi,Nb)o at 1222 �C (data obtained by in situ HEXRD

measurements)
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contradict those from Li et al.[11] . From the results pre-

sented, it is concluded that at 1100 �C (bTi,Nb)o still exists
as an isolated phase field. This conclusion also agrees with

the results from Eckert et al.[14].

4.1.2 The (bTi,Nb) Solid Solution

In addition to the isolated (bTi,Nb)o phase field, there

exists a large phase field of the disordered (bTi,Nb) solid
solution in the isothermal sections at 1000 (Fig. 13) and

1100 �C (Fig. 14), which extends starting from the binary

Ti-Nb system far into the ternary composition triangle.

Above a certain Al content (roughly about 20 at. % at

1000 �C and 25 at. % at 1100 �C), the bcc-type solid

solution becomes B2-ordered. The maximum Al solubility

of the (bTi,Nb) solid solution at 1000 and 1100 �C corre-

sponds to the composition of the ordered (bTi,Nb)o phase
in the three-phase equilibrium with Ti3Al and Nb2Al (see

Fig. 13 and 14). At 1000 �C, alloy B6 lies in this tie-

triangle and a solubility of 29.1 at. % Al is obtained for the

(bTi,Nb)o phase (Table 2). This value increases only

slightly at 1100 �C (Fig. 13). The maximum values for the

Al solubility reported in the literature vary between 20-30

at. %, and the corresponding values for Nb are in the same

range.[11,13]

At 1200 and 1300 �C (Fig. 15 and 16), only one

(bTi,Nb)/(bTi,Nb)o phase field is observed, which is the

consequence of a reaction between the two tie-triangles

Ti3Al ? Nb2Al ? (bTi,Nb)o at an unknown temperature

between 1100 and 1200 �C. The calculations of Witusie-

wicz et al.[24] predict a eutectoid reaction

(bTi,Nb)o ? Nb2Al ? Ti3Al with a reaction temperature

of 1073 �C. However, as shown in the preceding sec-

tion 4.1.1, this temperature must lie above 1100 �C. Since
the two tie-triangles (bTi,Nb)o ? Ti3Al ? Nb2Al are very

close to each other at 1100 �C (Fig. 14), the reaction

temperature is estimated here as 1110 ± 10 �C.
The solubility of Al in (bTi,Nb) reaches more than 40

at.% Al (alloy B15) at 1300 �C (Fig. 16 and Table 5),

which is in agreement with the values reported in the lit-

erature.[9,15,27] The stability range of the B2-ordered

(bTi,Nb) phase was investigated by DTA in our preceding

study Ref. 38, and the respective composition ranges are

marked by dotted lines in the isothermal sections in

Fig. 13-15. With increasing temperature, the compositional

range of the B2-ordered (bTi,Nb) phase narrows, and at

1200 �C the (bTi,Nb)o phase field separates the disordered

(bTi,Nb) phase into two fields (Fig. 15). The ordered

(bTi,Nb)o phase is stable up to a maximum temperature of

about 1250 �C, which is reached at a composition on the

line Ti2(Al,Nb) as described in Ref. 38.

4.2 Phase Fields of (aTi) and Ti3Al

4.2.1 The Ti3Al phase Field

At 1000 �C, Ti3Al is stable in a composition range of Ti-

(23-37) Al-(0-15)Nb with the maximum Nb content

reached in the three-phase equilibrium with (bTi,Nb) and
Nb2Al (Fig. 13). This agrees with the results shown in

Refs. 11, 13, where the same solubility value of 15 at. %

Nb was reported. At 1100 �C, the maximum Nb content in

Ti3Al remains the same, but considered as a function of Al

content, the Nb solubility shows a very particular beha-

viour. As is well visible in the isothermal section in

Fig. 14, there is a local solubility minimum of only 5.5 at.

% Nb located at 35.0 at. % Al, which is related to the

growing (bTi,Nb)o phase field. The respective two-phase

equilibrium (bTi,Nb)o ? Ti3Al is observed in alloy B16

(see Table 3 and Fig. 18). At higher Al contents, the Nb

solubility increases again up to * 8 at. % (reached in the

three-phase equilibrium (bTi,Nb)o ? Ti3Al ? TiAl that

occurs in alloys B9 and B11 (Table 3 and Fig. 9a,b). In the

isothermal section at 1100 �C presented by Li et al.[11], the

Ti3Al phase field has a qualitatively very similar shape

with a local minimum of the Nb content at intermediate Al

contents. However, this minimum appears to be less pro-

nounced than indicated in the present results, which is

related to the absence of the isolated (bTi,Nb)o phase field

in the isothermal section shown by Li et al.[11].

In the isothermal sections at 1200 and 1300 �C (Fig. 15

and 16), Ti3Al is no longer present (except for a single

point at the Ti-Al binary boundary at 1200 �C) as also

reported by Kainuma et al.[15]. However, there are two

Fig. 10 Plot of the in situ HEXRD measurement (heating rate 2 �C/
min) of alloy B11 (Ti-39.6Al-10.0Nb) in the Temperature range

between 1000 and 1200 �C showing the presence of TiAl ? Ti3
Al ? (bTi,Nb)o above 1000 �C. The (100) and (101) superstructure

reflections of Ti3Al are observed up to * 1175 �C. At higher

temperatures (aTi) is stable instead
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Fig. 11 BSE image of alloy B12 (Ti-39.8Al-19.9Nb) heat-treated at

(a) 1100 �C showing a three-phase microstructure between TiAl

(dark), Nb2Al (bright) and (bTi,Nb) (grey), and (b) 1200 �C showing

the same three phases but with the (bTi,Nb) phase being disordered

now according to the DTA results

Fig. 12 BSE image of (a) alloy B13 (Ti-43.4Al-4.9Nb) heat-treated

at 1100 �C showing a two-phase microstructure consisting of TiAl

(dark) and Ti3Al (bright); (b) alloy B13 heat-treated at 1200 �C
showing a two-phase microstructure consisting of TiAl (dark) and

(aTi) (bright); (c) alloy B14 (Ti-45.8Al-5.9Nb) heat-treated at

1300 �C showing a two-phase microstructure consisting of TiAl

(dark) and (aTi) (bright); d) alloy B15 (Ti-44.7Al-12.3Nb) heat-

treated at 1300 �C showing the three-phase equilibrium between TiAl

(dark), (aTi) (grey) and (bTi,Nb) (bright)

566 J. Phase Equilib. Diffus. (2022) 43:554–575

123



other studies that propose a stable Ti3Al phase field at

1200 �C extending into the ternary composition

space.[26,42] Based on the accepted decomposition of Ti3Al

at 1200 �C in the binary Ti-Al system[8,25] this phase field

must be connected to the binary system at a single point

(composition of Ti3Al in the binary). In order to study the

possible existence of a Ti3Al phase field in the ternary

system at 1200 �C in more detail, the two alloys B16 and

B17 were synthesized. Both alloys were found to be single-

phase after quenching from 1200 �C (with compositions of

Ti-34.6Al-6.5Nb and Ti-37.0Al-6.5Nb), and from in situ

HEXRD measurements of alloy B16 it is concluded that

this alloy is single-phase (bTi,Nb)o at 1200 �C. This is

evident from the intensity of the (200) and (201) peaks of

Ti3Al, which vanish at an extrapolated temperature of

about 1175 ± 10 �C (Fig. 18b). However, this does not

completely rule out the existence of a Ti3Al phase field at

1200 �C, since it is still possible that this phase field is

stable at Nb contents below 6 at. % and therefore was not

found in the alloys studied here. Unfortunately, there is no

Fig. 13 Partial isothermal

section at 1000 �C based on the

experimental results tabulated in

Table 2. The measured overall

compositions of the heat-treated

samples are indicated by black

stars, grey stars represent

nominal or as-cast composition,

the yellow lines mark the three-

phase equilibria, and blue

symbols and lines mark the

results from bulk alloys and the

resulting phase boundaries

Fig. 14 Partial isothermal

section at 1100 �C based on the

experimental results tabulated in

Table 3 (symbols see Fig. 13)
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data available in literature that would give indications

about the existence of Ti3Al at 1200 �C at this low Nb

levels. In Fig. 19, the just described possibility of the

existence of Ti3Al at 1200 �C is superimposed on the

isothermal section from Fig. 15 with black dashed lines. If

such a phase field exists at 1200 �C, and since this is the

decomposition temperature in the binary system, a Ti3Al

island in the ternary composition space must exist at tem-

peratures just above 1200 �C, i.e., the maximum stability

of Ti3Al would be reached in the ternary system near, but

not at, the binary boundary. Although this possibility

cannot be ruled out, it should be considered less likely, and

we assume that the isothermal section presented in Fig. 15

is more realistic.

Fig. 15 Partial isothermal

section at 1200 �C based on the

experimental results tabulated in

Table 4 (symbols see Fig. 13)

Fig. 16 Partial isothermal

section at 1300 �C based on the

experimental results tabulated in

Table 5 (symbols see Fig. 13)
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4.2.2 The (aTi) Solid Solution

In the binary Ti-Al system, the (aTi) solid solution has two

separated single-phase fields (at low temperatures and low

Al contents, and at high temperatures and intermediate Al

contents).[8,25] which also affects the ternary Ti-Al-Nb

system.

The Ti-rich (aTi) solid solution is stable up to 1170 �C
in the binary Ti-Al system and decomposes at this tem-

perature by a peritectoid reaction into (bTi,Nb) ? Ti3-
Al.[8,25] If the same shrinking of the phase field also occurs

in the ternary system, the Nb solubility in (aTi) must

decrease with increasing temperature compared to the

value of 3.7 at. % measured at 900 �C for alloy B1.[34] This

assumption is supported by the observation that alloy B1 at

1000 �C no longer contains the (aTi) phase, which is more

and more displaced by the growing (bTi,Nb) phase field as

the temperature increases. For the isothermal sections at

1000 and 1100 �C in Fig. 4 and 13, tentative values of 2

and 1 at. %, respectively, were estimated for the solubility

of Nb in the shrinking phase field of (aTi).
The Al-rich (aTi) solid solution forms at 1120 �C in a

eutectoid reaction from Ti3Al and TiAl in the binary Ti-Al

system.[8,25] It is observed at 1200 �C in the ternary alloys

B11, B13, and B14 (Fig. 15). The solubility of Nb is 8.3 at.

% at 1200 �C and increases to 11.7 at. % at 1300 �C (Fig. 3

and Tables 4 and 5). The values reported in the literature

differ between 11 and 16 at. % Nb, while the associated Al

content always agrees (about 43-44 at. %).[9,15,27] A pos-

sible reason for the differences in Nb content could be the

oxygen content, as discussed in Ref. 43 The eutectoid

formation temperature increases with increasing Nb con-

tent of the three alloys B13, B14, and B11 (1143 �C,

1159 �C, and 1171 �C, respectively; see Ref. 38 where the

corresponding alloy designations are A1, A2, and A3). This

increase in temperature is also consistent with other

experimental results from the literature on alloys with

different compositions.[24,44-47]

4.3 Invariant Reactions and Reaction Scheme

The reaction scheme (sometimes called ‘‘Scheil scheme’’

after his inventor Erich Scheil[48]) of the Ti-Al-Nb system

is presented in Fig. 20, and a list of all invariant reactions is

given in Table 7. Since in the current work no reactions

with the liquid phase (L) were studied, the respective

information was adopted from the scheme presented by

Witusiewicz et al.[24] The binary phase Ti2?xAl5-x is not

considered as an equilibrium phase in the assessed Ti-Al

phase diagram[8,25] and, therefore, the transition reaction

(L ? TiAl ? TiAl3 ? Ti2?xAl5-x) shown in the reaction

scheme of Witusiewicz et al.[24] is excluded here. Types

and temperatures of reactions which take place in the

temperature range from 700 to 1300 �C are based on the

experimental results discussed here and in our preceding

publications.[34,38] The reaction temperatures in the binary

systems are taken from the recent assessments of these

systems.[8,25,39,49] For consistency, the phase designation

‘‘(bTi,Nb)’’ is also used in the binary systems. All phases

that occur in the ternary system and are not listed in

Table 1 in Ref. 34 are summarized with some crystallo-

graphic information in Table 6. The two binary phases

TiAl3 and NbAl3 have the same tetragonal crystal structure

and share a common phase field that connects both binary

systems along a constant Al content of 75 at.%. Therefore,

this phase is designated as (Ti,Nb)Al3 in the ternary

system.

4.3.1 B2-Ordering of (bTi,Nb)

Witusiewicz et al.[24] assume that B2-ordering of (bTi,Nb)
occurs already in the binary Ti-Al system. However, since

there is no experimental evidence for this[25] it is assumed

here that the B2-ordered (bTi,Nb)o phase field is restricted

to the ternary composition space with a composition range

as described in section 4.1 and shown in the isothermal

sections in Fig. 13-15. Therefore, three reactions (ec1 to

ec3, see Table 7) are necessary where the ordered phase

field contacts with the respective phase boundary of a two-

phase field. The eutectoid character of these reactions is a

result of the growth of the (bTi,Nb) phase field in each

direction with increasing temperature. The temperatures of

these reactions are estimated based on the disordering

temperatures determined in Ref. 38 and the isothermal

sections presented here. At 1200 �C (Fig. 15), the (bTi,Nb)
solid solution is separated into two separated fields by a

Fig. 17 DTA heat flow measurement of alloy B12 (Ti-39.8Al-

19.9Nb) showing no peak between 1000 and 1100 �C, which

indicates that no invariant reaction takes place in this temperature

interval. At higher temperatures, the disordering of (bTi,Nb)o at

1199 �C and the dissolution of TiAl at 1224 �C and Nb2Al at 1253 �C
are visible
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B2-ordered (bTi,Nb)o phase field. Therefore, the three

reactions (ec1 to ec3) must take place above 1200 �C. The
disordering temperature of (bTi,Nb) in alloy B6 (alloy A10

in Ref. 38) is 1243 �C. Based on this temperature and the

fact that the maximum disordering temperature is

1248 �C[38] in an alloy with slightly higher Al content, it is

estimated that the reaction (bTi,Nb) ? Nb2-
Al ? (bTi,Nb)o (ec1) takes place at 1245 ± 2 �C. From

Fig. 18 (a) BSE image of alloy

B16 (Ti-35.0Al-5.0Nb) heat-

treated at 1100 �C showing a

two-phase microstructure

between (bTi,Nb)o (bright) and
Ti3Al (dark), (b) intensity of the

(200) and (201) HEXRD peaks

of Ti3Al showing that Ti3Al is

no longer present above

1175 ± 10 �C in alloy B16

Table 6 Crystallographic information for the phases which are not already listed in Table 1 of Ref. (34)

Phase Crystal system Pearson symbol Space group Strukturbericht designation Reference

TiAl2 tetragonal tI24 I41/amd … [50]

TiAl3/NbAl3 (Ti,Nb)Al3 tetragonal tI4 I4/mmm D022 [51]

Table 7 List of invariant

reactions in the ternary Ti-Al-

Nb system with corresponding

reaction type (E,e = ternary

(E) or pseudo-binary

(e) eutectic/eutectoid reaction;

P, p = ternary (P) or pseudo-

binary (p) peritectic/peritectoid

reaction; U = transition type

reaction; the addition of ‘‘c’’ to

a reaction underlines the

‘‘chemical ordering’’ taking

place in these reactions (order/

disorder of (bTi,Nb)) and is

adopted from Witusiewicz

et al.[52]

Reaction Type Temperature, �C Ref

L ? Nb3Al ? Nb2Al ? (bTi,Nb) U1 1930 [24]

L ? Nb2Al ? (bTi,Nb) ? TiAl P1 1739 [24]

L ? (Ti,Nb)Al3 ? TiAl e1 1585 [24]

L ? Nb2Al ? (Ti,Nb)Al3 ? TiAl E1 1558 [24]

L ? (bTi,Nb) ? TiAl ? (aTi) P2 1518 [24]

(bTi,Nb) ? Nb2Al ? (bTi,Nb)o ec1 1245 ± 2 [38], This work

(bTi,Nb) ? (aTi) ? (bTi,Nb)o ec2 1230 ± 5 [38], This work

(bTi,Nb) ? (bTi,Nb)o ? TiAl ec3 1220 ± 5 [38], This work

(bTi,Nb) ? TiAl ? (aTi) ? (bTi,Nb)o Uc1 1201 [38], This work

(bTi,Nb) ? Nb2Al ? (bTi,Nb)o ? TiAl Ec1 1199 [38], This work

(bTi,Nb) ? (aTi) ? (bTi,Nb)o ? Ti3Al Ec2 1190 ± 10 [38], This work

(aTi) ? (bTi,Nb)o ? Ti3Al ? TiAl U2 1175 ± 10 This work

(bTi,Nb)o ? Nb2Al ? Ti3Al e4 1110 ± 10 This work

Nb2Al ? (bTi,Nb)o ? Ti3Al ? O P3 970 ± 5 [38], This work

Nb2Al ? (bTi,Nb)o ? (bTi,Nb) ? O Uc2 955 ± 15 This work

Nb2Al ? (bTi,Nb) ? Nb3Al ? O U3 930 ± 10 This work

Nb2Al ? (bTi,Nb)o ? TiAl ? xo P4 920 ± 10 [38], This work

(bTi,Nb)o ? Ti3Al ? TiAl ? xo P5 920 ± 10 [38], This work

Nb2Al ? Ti3Al ? (bTi,Nb)o ? O U4 898 ± 1 [34]

Nb2Al ? (bTi,Nb)o ? O ? xo U5 897 [34]

(bTi,Nb)o ? Ti3Al ? O ? xo U6 897 [34]

(bTi,Nb)o ? (bTi,Nb) ? Ti3Al ? O Ec3 880 ± 10 [34]

(bTi,Nb)o ? O ? xo e6 850 ± 45 [34]

(bTi,Nb)o ? TiAl ? xo e7 \ 790c [34]
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the disordering temperature (1237 �C) measured for alloy

B7 (alloy A5 in Ref. 38), the temperature of reaction ec2 is

estimated to be 1230 ± 5 �C. The approximate value of

the reaction temperature of (bTi,Nb) ? (bTi,Nb)o ? TiAl

(ec3) is based on the disordering temperature of alloy B10

(alloy A6 in Ref. 38) and is 1220 ± 5 �C. As a result of

reaction ec3, two (bTi,Nb)/(bTi,Nb)o second-order transi-

tion points exist on the phase boundary between the

(bTi,Nb) solid solution and the two-phase field

(bTi,Nb) ? TiAl. With decreasing temperature the Nb-

lean (bTi,Nb)/(bTi,Nb)o transition point shifts towards the

tie-triangle (bTi,Nb) ? TiAl ? (aTi). This tie-triangle is

observed in alloy B11 at 1200 �C (Table 4) and the dis-

ordering temperature of (bTi,Nb)o is measured to be

1201 �C (alloy A3 in Ref. 38). This temperature represents

the reaction temperature of the transition-type reaction

(bTi,Nb) ? TiAl ? (aTi) ? (bTi,Nb)o (Uc1). The Nb-

rich (bTi,Nb)/(bTi,Nb)o ? TiAl line ‘‘shifts’’ towards the

tie-triangle (bTi,Nb) ? TiAl ? Nb2Al observed in alloy

B12. The disordering temperature in this alloy is 1199 �C
(alloy A12 in Ref. 38), which corresponds the reaction

temperature of the eutectoid type reaction

(bTi,Nb) ? Nb2Al ? (bTi,Nb)o ? TiAl (Ec1). The

invariant reaction Ec2 is assumed to take place between

reactions Ec1 and U2 because otherwise very complex

reactions including Ti3Al and (bTi,Nb)o would be neces-

sary. The reaction temperature 880 ± 10 �C for reaction

Ec3 ((bTi,Nb)o ? (bTi,Nb) ? Ti3Al ? O) is based on

in situ HEXRD measurements of alloy B4, which show that

above 880 �C the (100) superstructure reflex of (bTi,Nb)o
phase occurs for the first time.

4.3.2 Reactions Involving (aTi) and Ti3Al

Witusiewicz et al.[24] conclude from their experimental

results that there should be a shallow temperature maxi-

mum on the eutectoid line involving (aTi) ? Ti3-
Al ? TiAl. The composition of this maximum is not given

but results in a ternary eutectoid reaction

(aTi) ? Ti3Al ? (bTi,Nb)o ? TiAl (cf. reaction Ed1 in

Fig. 11 of Ref. 24) at 1164 �C. However, based on our

experimental results we assume a reaction sequence with a

transition-type reaction instead of the eutectoid reaction

proposed by Witusiewicz et al.[24] This also excludes the

shallow temperature maximum.

As a result of the eutectoid reaction (aTi) ? Ti3-
Al ? TiAl at 1120 �C, the tie-triangle (aTi) ? Ti3-
Al ? TiAl must be present at higher temperatures. At

1200 �C, the tie-triangle (aTi) ? (bTi,Nb)o ? TiAl is

observed instead (Fig. 15). This tie-triangle is assumed to

have formed as a result of the transition reaction

(aTi) ? (bTi,Nb)o ? Ti3Al ? TiAl involving the just

mentioned tie-triangle (aTi) ? Ti3Al ? TiAl and the tie-

triangle Ti3Al ? (bTi,Nb)o ? TiAl found at 1100 �C in

alloys B9 and B11 (Table 3). This reaction is estimated to

take place at 1175 ± 10 �C, corresponding to the trans-

formation temperature determined by in situ HEXRD in

alloy B11 (Fig. 10). This type of reaction was already

proposed by Takeyama et al.[42] and was observed between

1140 and 1200 �C in the chemically related system Ti-Al-

V (V and Nb both are group 5 transition metals) by

Shaaban et al.[53] As a result of the transition-type reaction,

a second tie-triangle (aTi) ? Ti3Al ? (bTi,Nb)o exists

above the transformation temperature. However, since

Ti3Al is assumed to decompose at 1200 �C (see sec-

tion 4.2.1), this three-phase equilibrium is not observed in

the present experiments.

4.3.3 Reactions Involving Ternary Intermetallic Phases

Most of the reactions involving the two intermetallic

compounds xo (hexagonal, hP6, P63/mmc) and O

(orthorhombic, oC16, Cmcm) in the Ti-Al-Nb system were

already discussed in Part I (Ref. 34) dealing with the phase

equilibria between 700 and 900 �C and/or in our preceding

article Ref. 38 about the kinetics of the reactions involving

these two phases. Therefore, here we only add some brief

information about the estimation of the remaining reaction

temperatures of the invariant reactions.

From the experimental results discussed in Ref. 34 it is

concluded that two separate phase fields of the xo phase

exist at 900 �C (cf. Figure 15 in Ref. 34). The dissolution

temperatures of the Nb-lean and Nb-rich xo phase field are

based on the temperatures determined in Ref. 38 for alloys

B7 (alloy A5 in Ref. 38) and B12 (alloy A9 in Ref. 38),

respectively. Two peritectoid reactions P4/P5 facilitate this

dissolution at around 920 ± 10 �C (Table 7). In a similar

type of reaction (Nb2Al ? (bTi,Nb)o ? Ti3Al ? O, P3)

the O phase decomposes. The reaction temperature is

estimated to be 970 ± 5 �C which is slightly above the

highest temperature measured (963 �C in alloy A10 in Ref.

38) for the dissolution of the O phase. For this reaction to

Fig. 19 Possible Ti3Al phase field at 1200 �C (black) superimposed

on an enlarged part (25-55 at.% Al and 0-10 at.% Nb) of the

isothermal section (grey) from Fig. 15
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Fig. 20 Reaction scheme of the Ti-Al-Nb system from the liquid

phase down to 600 �C. Reactions including the liquid phase are based

on Witusiewicz et al.[24] The other reactions are based on the here

presented results and the results discussed in Ref. 34, 38. Dashed lines

mark reactions related to ordering/disordering of the (bTi,Nb) phase

(it should be noted that due the second-order nature of these reactions,

the dashed lines do not correspond to new three-phase tie-triangles

but instead represent new two-phase equilibria. This is described in

detail by Witusiewicz et al.[52]
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take place the two tie-triangles (bTi,Nb) ? Nb3Al ? O

and Nb3Al ? Nb2Al ? O present at 900 �C (cf. Figure 15

in Ref. 34) need to undergo a transition type reaction (U3)

which is estimated to take place at 930 ± 10 �C since they

are already very close together at 900 �C. For this reaction
Witusiewicz et al.[24] calculated a reaction temperature of

971 �C, however, they did not consider the ordering of the

(bTi,Nb) phase, which is necessary for reaction P3 to take

place. Furthermore, the transition temperatures determined

for the O to (bTi,Nb) transition in Ref. 38 are all below

970 �C which means that the ordering needs to take place

between reactions U3 and P3. Therefore, the reaction

temperature of Uc2 is estimated to be 955 ± 15 �C.

5 Conclusions

Partial isothermal sections of the Ti-rich corner of the Ti-

Al-Nb system at 1000, 1100, 1200, and 1300 �C, covering
the composition range (0-60) at.% Al and (0-50) at.% Nb,

were determined based on experimental investigations of a

series of heat-treated alloys by EPMA, (in situ HE)XRD,

and DTA.

The results confirm that an isolated (bTi,Nb)o phase

field coexists with a (bTi,Nb) solid solution at 1000 and

1100 �C. The isolated (bTi,Nb)o phase field extends par-

allel to the Ti-Nb axis between 11 and 18 at.% Nb at

1000 �C and 6.5 and 20 at.% Nb at 1100 �C, with Al

contents between 32 and 36 at.%. It merges with the phase

field of the (bTi,Nb)/(bTi,Nb)o solid solution phase above

1100 �C because of a eutectoid reaction (bTi,Nb)o-
? Nb2Al ? Ti3Al. The maximum solubility of Al in

(bTi,Nb) increases up to 40 at.% at 1300 �C.
The Nb solubility in Ti3Al is maximum at 1000 and

1100 �C reaching a value of about 15 at.%. The above

mentioned fast growing homogeneity range of the

(bTi,Nb)o phase also affects the phase field of Ti3Al and

leads to a local minimum of the Nb content (6.5 at.%)

around 35 at.% Al at 1100 �C. At temperatures above

1100 �C, the Nb solubility rapidly decreases and Ti3Al is

no longer stable above 1200 �C. The Al-rich (aTi) phase
forms from the binary Ti-Al system at 1120 �C and its

phase field grows further into the ternary composition tri-

angle with increasing temperature.

Finally, a reaction scheme for the Ti-Al-Nb system has

been prepared, which is intended to be an improvement of

the earlier version presented by Witusiewicz et al.[24] and is

based on our combined results on phase transformations

and phase equilibria between 700 and 1300 �C reported in

Ref. 38, in Part I.[34] and in the present investigations.
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