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Abstract 1000, 1100 and 1150 °C isothermal sections of
the Ti-Al-Nb system were studied using x-ray diffraction,
scanning electron microscopy and electron probe micro-
analysis. A small island-like region of single [, is present
at 1000, but absent at 1100 and 1150 °C. vy, is not a
stable phase at 1000 and 1150 °C. Three three-phase
fields (oo + Bop + o, Bo+ o + v and o, + By + v) are
identified in the 1000 °C isothermal section (30-60 at.%
Ti content). The 1100 °C isothermal section is firstly
studied completely. It includes six three-phase and thir-
teen two-phase fields. Two three-phase fields  + o, + v
and B+ o + y are identified in the isothermal sec-
tion (30-60 at.% Ti content) at 1150 °C. These data are
helpful to the fabrication of the TiAl and Ti,AINb
intermetallics.

Keywords intermetallics - microstructure - phase
diagram - TiAl alloy
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1 Introduction

Ti-Al intermetallic phases have excellent mechanical
properties and good oxidation resistance up to 700 °C.!'=%
The alloying element Nb is used to enhance their oxidation
resistance, hot formability and creep resistance.[” ' The
ternary Ti-Al-Nb system also contains many intermetallics
which have a potential for producing alloys with various
mechanical properties.*! Recently, advanced materials
based on the Ti-Al-Nb alloys that can be used at temper-
atures above 800 °C have been investigated.!"*! The alloys
normally show multiple-phase microstructures consisting
of y-TiAl, on-TizAl, O-Ti,NbAl, 6-Nb,Al and B-ordered
solid solution, i.e. BOAM’M*M]

The fundamental knowledge, e.g. the information about
phase equilibria in the Ti-Al-Nb related systems is indis-
pensible for the design and fabrication of these intermallic
based alloys.!'”! Phase diagrams of the three constituent
binary systems, i.e., Ti-ALU'*72% Ti-Nb,1*'2* and Al-
Nb,”?! have been well investigated and assessed.

Hellwig '** studied partial isothermal section at 1000
and 1200 °C. Leonard'®' studied partial isothermal section
at 1100 °C. Chen'®® and Ding!*” studied the isothermal
section at 1000, 1150 and 1400 °C by diffusion couples.
Jewett'”® commented Chen’s WOI‘k,[26] and their results
about v, phase are different. There are also some literature
regarding the calculation of the Ti-Al-Nb ternary phase
diagram  using  thermodynamic  methods.?%->*-*9—2]
Witusiewicz!**! and Cupid'*! independently optimized the
Ti-Al-Nb ternary phase diagram using the CALPHAD
(Calculation of Phase Diagrams) method in 2009. Witu-
siewicz re-evaluated the AL-Til'”' and AI-Nb'*¥ binary
systems. Crystal structures of phases in the Ti-Al-Nb
ternary system are summarized in Table 1.
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Table 1 The phase designations most often used in literature for the AI-Nb-Ti system along with crystal structure data

[23]

Phase (designation) Pearson symbol Space group Strukturbericht designation Prototype
(Al)(aAl), fec_Al cF4 Fm-3m Al Cu
o, (oTi), hep_A3 hp2 P63/mmc A3 Mg
o, TizAl hP8 P6;/mmc D0y, Ni3Sn
B, (BTi), bcc_A2 cl2 Im-3m A2 w
Bo, bcc_B2 cl2 Pm-3m B2 CsCl
v, YTiAl, TiAl tP4 P4/mmm L1, AuCu
5, Nb3Al cP8 Pm-3n AlS CsSi
€, (Ti;_xNby)Al;, TiAl3(h), NbAlj tI8 I4/mmm DO0,, TiAl;(h)
(1), TiAlz(1) tI32 I4/mmm TiAl;(1)
G, TioyxAls_x tP28 P4/mmm TirAls
n, TiAl, tI24 14,/amd HfGa,
o, Nb,Al tP30 P4,/mnm D8, oCrFe
TizAls tP32 P4/mbm TizAls
04, O, Oy(h), Ti,NbAl oC16 Cmcm NaHg
0,, O,(r), Ti,NDbAI oC16 Cmcm NaHg
T, TisNbAl3 hP6 P63/mmc B3, Ni,In
v1-TigsNbsAlg tP16 P4/mmm v1-TigNbsAlg
cT:r:iaeoszitiEg;nzllltb?(;l&; oC Number Alloy, at.% Phase equilibrium Phase composition, at.%
measured with EPMA method Al Ti Nb  Phase 1/Phase 2/Phase 3 Phase 1 Phase 2 Phase 3
Al Ti Al Ti Al Ti
#A1 237 325 438 B/élc 248 587 21.0 312 295 29.8
#A2 26.8 458 274 e 250 59.1 225 493 30.1 333
#A3 343 500 157 oo/ Bo/c 331 553 341 509 332 36.7
#A4 389 515 96 oo/ Boly 344 562 345 53.0 441 46.6
#A5 18.0 220 60.0 p/o 70 29.1 183 219
#A6 16.8 164 66.8 p/o 57 214 182 175
#A7 13.0 160 71.0 p/o 47 17.6 18.1 13.8
#A8 21.1 6.1 72.8 dlc 213 64 303 6.5
#A9 42,5 53.1 44 oLly 356 60.1 459 495
#A10 36.5 335 30.0 vlc 453 409 339 30.7
#A11 46.0 35.0 19.0 vlc 47.1 378 341 273
#A12 50.0 28.0 22.0 vlc 519 253 359 139
#A13 407 17.6 41.7 vlc 514 2311 355 134
#A14 63.0 11.5 255 v/ole 542 220 37.1 129 729 34
#A15 58.2 10.8 31.0 v/ole 546 217 360 11.6 73.1 2.7
#A16 63.0 20.0 17.0 ely 72,5 6.1 553 304
#A17 652 287 6.1 vim/e 573 37.0 652 314 731 14.9
#A18 68.5 263 52 n/e 65.6 328 743 147
#A19 37.8 435 187 Bo/y/c 344 505 440 44.6 337 36.3
#A20 335 55 11.5 oo/ Bo 326 57.6 335 53.0
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The Nb concentration in each phase can be calculated as 100—(Al concentrationin at.% + Ti concentration

in at.%)
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Fig. 1 EPMA images and XRD results of typical alloys after (e) the microstructure of alloy #A19, (f) the XRD result of alloy
annealing at 1000 °C, which contain three phases after quenching: #A19, (g) the microstructure of alloy #A15 and (h) the XRD result
(a) the microstructure of alloy #A3, (b) the XRD result of alloy #A3, ofalloy #A15

(c) the microstructure of alloy #A4, (d) the XRD result of alloy #A4,
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Fig. 2 EPMA images and XRD results of typical alloys after annealing at 1000 °C, which contain two phases after quenching: (a) the

microstructure of alloy #A13 and (b) the XRD result of alloy #A13

However, there are many differences between the
experimental results. For example, Chen®® and Ding"?”!
found that there is a vy, phase existing in this ternary sys-
tem. However, this phase has not been found by Hellwig.
Hellwig found that a small island-like region of single By is
a stable phase at 1000 °C, however it was not found by
Chen*®! and Ding."*”) For this reason, the phase equilibria
at 1000, 1100 and 1150 °C in the Ti-Al-Nb system was re-
investigated using SEM (Scanning Electron Microscope),
EPMA (Electron Probe Microanalysis) and XRD (x-ray
diffraction) in this work.

2 Experimental

More than 35 samples have been prepared to measure the
isothermal section of Ti-Al-Nb ternary system at 1000,
1100 and 1150 °C. The starting materials Ti, Al and Nb
(purity of all 99.99%) supplied by China Jinyu Materials
Technology Co., Ltd. were used to prepare the experi-
mental alloys. The weight of each sample was limited to
about 6 g. Predetermined amount of each raw material was
weighted by analytical balance, and followed by arc-

@ Springer

melting on a water-cooled copper crucible under argon
atmosphere. The hot/liquid titanium has been used as
oxygen getter. To ensure a good homogeneity of the
samples, each obtained button was turned over and re-
melted at least three times. The weight losses did not
exceed 1%. The obtained button alloys were sealed in a
silica capsule back-filled with high purity argon, and then
annealed at 1000 °C for 1440 h, 1100 °C for 1080 h or
1150 °C for 360 h in diffusion furnace. After annealing, the
alloys were quenched into ice water.

The annealed specimens were polished and their
microstructure were investigated using electron probe
microanalysis (EPMA) (JEOL JXA-8530F). Standard
deviations of the measured concentration is £ 0.5 at.%.
The total mass of Ti, Al and Nb in each phase is in the
range of 97-103%. No silicon was found in the samples, so
the effect of reactions between the samples and silica
capsules could be neglected. XRD was also performed for
phase identification in some selected annealed alloys using
a Cu Ko radiation on a Rigaku D-max/2500 x-ray
diffractometer operated at 40 kV and 200 mA. Phase
identification and calculation of the lattice parameters of
each phase were carried out using the Jade 6.0 program.



J. Phase Equilib. Diffus. (2018) 39:549-561

553

0
100

—— Tie-lines

—— Tie-triangles
— Single phase

50 75

L] A, ] ,';*";'*‘;’1

: R YT

?" a R TiAl
?".-. TiAln+y

o

FA
o

Fig. 3 The 1000 °C isothermal section of the Ti-Al-Nb system:
(a) the tie-lines, the tie-triangles and the measured 1000 °C isothermal
section in the present work, (b) the experimental results from Chen’s

3 Results and Discussion
3.1 Isothermal Section at 1000 °C

The nominal chemical compositions of the alloys and the
measured chemical compositions of individual phases by
EPMA at 1000 °C samples are given in Table 2.

Figure 1(a) shows the microstructure of alloy #A3,
which contains o, (gray phase), By (light gray phase) and &
(bright phase) based on the XRD result (see Fig. 1b).

oooo

R ) i
= c+’}f1+ﬂ-_'-:e_\\- -
=

—

work, %! (c) the experimental results from Ding’s work®” and (d) the
experimental results from Hellwig’s work!?¥

Whereas, the alloy #A4 is located in the o, + Bo + v
three-phase area (see Fig. 1c and d). Figure 1(e) illustrates
the EPMA micrograph of the alloy #A19, which featured a
three-phase o + y 4+ Py that agrees with the XRD result
shown in Fig. 1(f). Figure 1(g) shows the microstructure of
alloy #A15, which contains ¢ (dark gray phase), v (light
gray phase) and & (bright phase).

Figure 2(a, b) shows the EPMA micrograph and XRD
result of the alloy #A13, which featured a two-phase
equilibrium c + 7.
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Table 3 Equilibrium

compositions at 1100 °C Number Alloy, at.% Phase equilibrium Phase composition, at.%
measured with EPMA method Al Ti Nb  Phase 1/Phase 2/Phase 3 Phase 1 Phase 2 Phase 3

Al Ti Al Ti Al Ti

#B1 237 325 438 B/dlc 184 435 210 28.8 289 27.3

#B2 26.6 48.6 24.8 o/ Plo 257 587 243 485 30.1 323

#B3 343 512 145 o/G 343 527 335 351

#B4 39.1 432 177 op/y/c 374 485 452 400 345 30.6

#B5 42,5 53.1 44 op/y 36.2 599 47.1 482

#B6 180 220 60.0 B/d 9.7 299 185 218

#B7 16.8 164 66.8 B/d 79 188 182 15.1

#B8 11.3 164 723 B/d 63 162 17.7 134

#B9 240 16.0 60.0 dlo 209 17.0 30.0 15.7

#B10 46.0 35.0 19.0 v/o 464 37.1 350 275

#B11 50.0 28.0 22.0 v/o 50.2 289 359 18.8

#B12 49.7 241 262 v/o 520 249 369 15.1

#B13 420 145 435 v/c 529 231 373 133

#B14 58.2 10.8 31.0 v/ole 534 239 382 121 722 4.0

#B15 50.0 6.3 437 ole 362 89 703 2.7

#B16 63.0 20.0 17.0 vle 55.7 287 72.1 7.1

#B17 702 244 54 n/e 65.7 323 738 16.7

The Nb concentration in each phase can be calculated as 100—(Al concentrationin at.% + Ti concentration

in at.%)

Based on the tie-lines and tie-triangles identified by the
present work, the isothermal section at 1000 °C was thus
constructed as illustrated in Fig. 3(a).

Figure 3(b, ¢ and d) shows the experimental results of
the 1000 °C isothermal section by Chen,”® Ding"?”! and
Hellwig'?*. Chen'®! and Ding'*"! reported the existence of
1 phase, while Hellwig'**! didn’t found it. The present
result is consistent with Hellwig’s result,[24] and a two-
phase ¢ + v field in this area. In the Ti 30-60 at.% region,
Chen® and Ding™"" reported two three-phase fields
(B 4+ vi + o and o, + y; + v) and one two-phase field
(0, 4+ v1). However in this composition range Hellwig!*¥
reported three three-phase fields (o, + Bo + o, Po-

4+ o+ v and o, + Pg + y), three two-phase fields
(0 + PBo» Po + o and By + y) and one single-phase field

@ Springer

(Bo)- The phase relationship of the present work is con-
sistent with Hellwig’s work.!*¥!

3.2 Isothermal Section at 1100 °C

The nominal compositions of the alloys investigated in this
work and chemical compositions of the individual phases
at 1100 °C samples as determined by EPMA are given in
Table 3.

Figure 4(a) shows the three-phase microstructure of
B 4+ o + o for alloy #B1, and the XRD result is showed in
Fig. 4(b). The existence of the three-phase field f + os.
+ o and its location are also established based on the
SEM, EPMA and XRD data of alloy #B2 in Fig. 4(c, d).
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Fig. 4 EPMA images and XRD results of typical alloys after
annealing at 1100 °C, which contain three phases after quenching:
(a) the microstructure of alloy #B1, (b) the XRD result of alloy #B1,
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(c) the microstructure of alloy #B2, (d) the XRD result of alloy #B2,
(e) the microstructure of alloy #B4 and (f) the XRD result of alloy
#B4
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Fig. 5 EPMA images and XRD results of typical alloys, which contain two phases after quenching: (a) the microstructure of alloy #B3, (b) the
XRD result of alloy #B3, (c) the microstructure of alloy #B10 and (d) the XRD result of alloy #B10
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Fig. 6 The 1100 °C isothermal section of phase diagrams: (a) the tie-lines, the tie-triangles and the 1100 °C isothermal section of phase diagram
constructed by the present work and (b) Experimental isotherm of Leonard’s work®! accomplished with experimental data of Kattner>>
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gjﬁLeo;ti]sgslallltb?lu 5n(1) oC Number Alloy (at.%) Phase equilibrium Phase composition (at.%)
measured with EPMA method Al Ti Nb  Phase 1/Phase 2/Phase 3 Phase 1 Phase 2 Phase 3
Al Ti Al Ti Al Ti

#Cl1 237 325 438 B/dlc 18.7 395 209 258 29.1 24.5

#C2 39.1 432 177 Blylc 36.1 457 448 406 35.1 329

#C3 389 515 96 oo/ By 37.5 531 360 526 447 46.1

#C4 42,5 531 44 olp/y 37.8 579 456 502

#C5 13.0 23.0 63.0 B/6 86 231 18,6 173

#C6 13.0 160 71.0 B/d 6.7 165 18.0 132

#C7 21.1 6.1 728 d/c 200 52 299 49

#C8 46.0 35.0 19.0 v/o 473 358 352 267

#C9 50.0 28.0 22.0 v/o 50.6 282 36.6 19.2

#C10 420 145 435 v/o 532 22,6 37.8 133

#C11 63.5 13.0 235 yle 548 21.1 720 45

#C12 63.0 20.0 17.0 yle 569 27.7 72.1 74

#C13 685 263 52 yimle 624 414 648 405 727 18.6

#C14 319 58.1 10.0 on/B 31.5 600 323 562

#C15 379 4777 144 Bly 358 495 443 437

#C16 346 425 229 B/o 347 474 339 342

#C17 572 113 315 y/ole 54.1 21.0 37.7 125 720 44

The Nb concentration in each phase can be calculated as 100—(Al concentrationin at.% + Ti concentration

in at.%)

Based on the XRD and EPMA results (see Fig. 4e and f),
the c + v + o, equilibrium is observed.

Figure 5(a) shows the two-phase o, + © microstructure
for alloy #B3 that agrees with the XRD result presented in
Fig. 5(b). Figure 5(c) illustrates the y + G microstructure
for alloy #B10, and the XRD result is shown in Fig. 5(d).

Figure 6(a) shows the tie-lines and tie-triangles for
isothermal section at 1100 °C identified by the present
work. Six three-phase and thirteen two-phase fields exit in
the isothermal section (0-70 at.% Al content). Fig-
ure 6(b) shows the experimental isotherm of Leonard’s
work!*> accomplished by experimental data of Kattner.**!

3.3 Isothermal Section at 1150 °C

Phases occurring in various samples annealed at 1150 °C
are summarized in Table 4. Figure 7(a) exhibits
microstructure image of alloy #C1, where three phases can
be observed, including dark B, dark gray ¢ and white J that
agrees with the XRD results shown in Fig. 7(b). Two three-
phase B + o + y and o, + B + v equilibria are found in
the alloy #C2 and alloy #C3 (Fig. 7c and e) and the XRD
patterns of them are shown in Fig. 7(d, f).

Two-phase equilibrium of ¢ + v was found in the alloy
#C10 (Fig. 8a) and XRD spectrum is shown in Fig. 8(b).
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Fig. 7 EPMA images and XRD results of typical alloys, which #C2, (d) the XRD result of alloy #C2, (e) the microstructure of alloy
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Fig. 8 EPMA images and XRD results of typical alloys, which contains three phases after quenching: (a) the microstructure of alloy #C10 and

(b) the XRD result of alloy #C10

The identified tie-lines, tie-triangles, and the 1150 °C
isothermal section of phase diagram constructed in the
present work are illustrated in Fig. 9(a). Figure 9(b and c)
shows the experimental results of the 1150 °C isothermal
section from Chen’s work®® and Ding’s work.”?’! Fig-
ure 9(d) shows the experimental result of the 1200 °C
isothermal section from Zhao’s work.**! The data in the
previous work of isothermal section at 1150 °C is limited.
Chen’s”®® and Ding’s”?’! experimental results support
existence of y; phase, while according to the present work
exits one two-phase field (o + 7) in this area. Two three-
phase fields (B + o, + v, B + o + v) are identified in Ti
30-60 at.% in the present work. The three-phase field

B 4+ & + o is also identified in the present work. Phase
relationships between Zhao’s work'>*! and present wok is
quite similar.

4 Conclusions

The isothermal sections of the Ti-Al-Nb ternary system at
1000, 1100 and 1150 °C were determined using electron
probe microanalysis and x-ray diffraction.

1. A small island-like region of single B, present at 1000
°C, but absent at 1100 and 1150 °C. y; is not a
stable phase at 1000 and 1150 °C.
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Fig. 9 The of phase diagrams: (a) the tie-lines, the tie-trianges and
the 1150 °C isothermal section of phase diagram constructed by the
present work, (b) the experimental 1150 °C isothermal section from

2. Three three-phase fields (o + Bo + o, o+ 0 + 7
and o, + Bp + y) are identified in the 1000 °C
isothermal section (30-60 at.% Ti content).

3. The 1100 °C isothermal section is firstly studied
completely. Six three-phase and thirteen two-phase
fields exit in the isothermal section (0-70 at.% Al
content).

4. Two three-phase fields (B + o, + v, P+ o + 7) are
identified in the isothermal section (30-60 at.% Ti
content) at 1150 °C.
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Chen’s work,*®! (c) the experimental 1150 °C isothermal section
from Ding’s work!?”) and (d) the experimental 1200 °C isothermal
section from Zhao’s work!**!
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