
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Cyclic deformation and lattice strain distribution
of high Nb containing TiAl alloy

Ding, Jie; Shi, Shan; Dong, Zhili; Lin, Junpin; Ren, Yang; Wu, Xiaodong; Chang, Hui; Zhou,
Lian

2020

Ding, J., Shi, S., Dong, Z., Lin, J., Ren, Y., Wu, X., . . . Zhou, L. (2020). Cyclic deformation and
lattice strain distribution of high Nb containing TiAl alloy. Materials Science and
Technology, 36(14), 1507–1515. doi:10.1080/02670836.2020.1795994

https://hdl.handle.net/10356/144616

https://doi.org/10.1080/02670836.2020.1795994

© 2020 Institute of Materials, Minerals and Mining. All rights reserved. This paper was
published in Materials Science and Technology and is made available with permission of
Institute of Materials, Minerals and Mining.

Downloaded on 23 May 2023 01:37:25 SGT



1 
 

Cyclic deformation and lattice strain distribution of high Nb containing TiAl 

alloy 

Jie Dinga,b, Shan Shia, Zhili Dong b, Junpin Linc, Yang Rend, Xiaodong Wua,b*, Hui 

Changa*, Lian Zhoua 

a Tech Institute for Advanced Materials, College of Materials Science and 

Engineering, Nanjing Tech University, Nanjing 210009, China 

b School of Material Science and Engineering, Nanyang Technological University, 50 

Nanyang Avenue, Singapore 639798, Singapore 

c State Key Laboratory for Advanced Metals and Materials, University of Science and 

Technology Beijing, Beijing 100083, China 

d X-ray Science Division, Advanced Photon Source, Argonne National Laboratory, 

Argonne, IL 60439, USA 

 

Abstract 

Low cycle fatigue of lamellar TiAl with 8.5 at.% Nb was studied with a total strain 

amplitude of 0.28% at three temperatures: room temperature, 750 and 900 °C. At room 

temperature, the material exhibited cyclic hardening and the fracture mode was mainly 

interlamellar. At 750 and 900 °C, the material showed cyclic softening and the fracture 

mode was translamellar. The lattice strain in γ phase was almost tensile and larger 

tensile lattice strain in γ phase seems detrimental. Besides, opposite direction of {201}γ 

and {100}α2 lead to crack propagation along α2/γ interfaces. B2/βo phase always 

suffered compressive lattice strain in the tests. The destruction of lamellar 

microstructure was the reason for colony refinement at 750 °C and 900 °C.  

Keywords: TiAl alloys; low cycle fatigue; cyclic stress-strain behavior; 

recrystallization; phase transformation; fracture behavior 

1. Introduction 

γ-TiAl alloys are one of the most promising lightweight structural materials, due to their 

low density and excellent high temperature mechanical properties [1-5]. They have 

been investigated in order to replace nickel-based superalloys, for use in both the 

turbine and compressor stages of engines in the field of aerospace, automotive and 
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energy industries [6-8]. To date, the third generation γ-TiAl alloys containing high Nb 

addition, with higher oxidation and creep resistance, are expected to be served at higher 

operational stresses and temperatures, to 750 °C or higher, compared with the previous 

generation of TiAl-based alloys [9-11], which have received considerable attention in 

recent years. The properties of γ-TiAl in comparison with Ti6Al4V and Inconel 718 are 

summarized in Table 1. 

Table 1 Properties of TiAl in comparison with Ti6Al4V and Inconel 718 [1, 4, 6, 8, 9] 
Property γ-TiAl Ti6Al4V Inconel 718 

Density (g/cm3) 3.9-4.2 4.4 8.2 

Maximum operating temperature 

(°C) 

750 315 650 

RT-yield strength (MPa) 1265 880 1170 

RT-ultimate tensile strength 

(MPa) 

1334 950 1350 

RT-ductility (%) 2.4 14 16 

Thermal conductivity (W/mK) 16-26 (100-900 °C) 4-17 (300-800 °C) 11-22 (25-900 °C) 

Specific 1000h rupture stress 

(MPa/g cm-3) 

20-100 (600-800 °C) 45-150 (100-400 °C) 55-110 (500-600 °C) 

As parts of aero and automotive combustion engines, γ-TiAl alloys are subjected to 

fluctuating or cyclic loading at high temperature. The occasional large mechanical or 

thermal transients during service may give rise to amount of plastic deformation, which 

is commonly referred to as low cycle fatigue (LCF). For such loading conditions, 

microstructure and mechanical properties should be maintained during service. The 

studies to capture microstructure evolution after low cycle fatigue of TiAl alloy have 

already been performed [12-14]. Furthermore, the relation between cyclic stress-strain 

(CSS) behavior and microstructure evolution was investigated [15-17]. However, the 

micro-mechanical behavior of high Nb-containing TiAl alloys after cyclic deformation 

have not been considered widely. In our previous study [18], the lattice strains have a 

big influence on fracture behavior. Large differences of the lattice strains in the γ phase 

and α2 phase resulted in crack nucleated at and propagated along the α2/γ lamellar 

interface. A viewpoint is also emerging that the fatigue performance of TiAl alloy 

couple with understanding of the residual lattice strain/stress and microstructure in 

cyclic failed samples at different service temperatures.  
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This paper will present information regarding the residual lattice strain/stress of high 

Nb containing TiAl alloy after low cycle fatigue at room temperature, 750, and 900 °C 

with a total strain amplitude of Δεt/2 = ±0.28%. The microstructure evolution, the α2/γ 

lamellar colony refinement, and fracture behaviors will be also investigated. 

2. Experimental procedure 

The high Nb-containing TiAl alloy with a nominal composition of Ti-45Al-8.5Nb-

0.2W-0.2B-0.02Y (at. %) [18-22] investigated in this study was produced by a plasma 

arc cold hearth process with an ingot size of 730 × 340 ×900 mm. Cylindrical samples 

with a gage section of 14 mm in diameter and 100 mm in length were cut from the ingot 

by electro-discharge machining (EDM) process. To obtain the fully lamellar 

microstructure, cylindrical samples were heat treated within the single α phase field at 

1340 °C for 24h under argon atmosphere, followed by furnace cooling. Button-ended 

cylindrical fatigue samples with a gauge diameter 6 mm, gauge length 32 mm, and total 

length 90 mm were prepared as shown in Fig. 1. Prior to fatigue tests, the final surface 

of the tested pieces was achieved by mechanical polishing, using the 2000 grit SiC 

papers, to minimize the effects of irregularities on fatigue lives. The strain-controlled 

low cycle fatigue tests referred to ASTM E606/E606M-12 <Standard Test Method for 

Strain-Controlled Fatigue Testing > were conducted on MTS 810 servohydraulic 

machine at room temperature, 750 °C and 900 °C in air. All the total strain amplitude 

was kept constant as well as strain rate of 5×10-3 s-1. The signal was triangular, and the 

loading cycle was symmetrical (Rε =εmin/εmax= -1). Three thermocouples were used to 

monitor the homogeneity and stability of the temperature during testing. 

Microstructures after low cycle fatigue tests were examined on field emission scanning 

electron microscopy Zeiss SUPRA 55 instrument (SEM), using the backscattered 

electron mode (BSE) and secondary electron mode (SE). Sub-microstructures were 

examined on a Tecnai G2 F30 instrument, and the thin foils were cut perpendicularly to 

the loading direction on the gage length of fatigue samples. Micro-strains were obtained 

by ex-situ synchrotron-based high-energy X-ray diffraction (HE-XRD) technique, 

which was conducted at the Advanced Photon Source, beamline 11 ID-C, at Argonne 

National Laboratory, IL, USA. The experimental setup was schematic represented in 
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Fig. 2. The distance from sample to a two-dimensional detector was approximately 2.5 

m. The incident X-ray wavelength was 0.1173-Å, and the beam could be focused to a 

spot size of 50 ×50 μm. A ceria sample was tested for calibration, while an as-received 

sample (heat treated) was also measured to obtain the initial data. Debye rings were 

transferred into one-dimensional diffraction patterns by FIT2D software. 

 

Fig. 1 (a) Actual solid specimen; (b) detailed dimensions of specimen (dimension in 

mm). 

 

Fig. 2 Schematic representation of the experimental setup used for HE-XRD 

experiments on high Nb-containing alloy. 

3. Results and discussion 

3.1 Cyclic stress-strain behavior 

Fig.3a presented the cyclic stress-strain (CSS) behavior of the fully lamellar high Nb-

containing TiAl alloy, i.e., the variation of the stress amplitude Δσ/2 measured as a 

function of the number of cycles at room temperature, 750 °C, and 900 °C. The total 

strain amplitude of Δεt/2 = ±0.28% was selected to analyze the effect of the temperature 

on fatigue property. Accordingly, the material exhibited a slight cyclic hardening at 

room temperature, while a significant cyclic softening at 750 and 900 °C. However, the 

fatigue life of sample cyclic deformed at 900 °C was shorter than that of 750 °C. This 
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may mainly due to the higher accumulated plastic strain in the sample cyclic failed at 

900 °C than at 750 °C, as showed in Fig. 3b. Fig.3b showed the plastic deformation 

accumulated in a cycle of the high-Nb containing TiAl alloy. The plastic strain 

amplitude Δεp/2 was a slight decrease at room temperature and increased at 750 °C and 

900 °C. It was indicated that at room temperature, the material exhibited cyclic 

hardening, but cyclic softening at 750 °C and 900 °C. It seems that the investigated 

material was more suitable to serve at 750 °C, because the fatigue life was longer and 

the plastic strain amplitude was lower than that at room temperature and 900 °C. Plenty 

of studies have shown that cyclic hardening typically occurred in TiAl alloys at room 

temperature [23, 24], and cyclic softening was also observed at 850 °C with total strain 

amplitude of Δεt/2 = ±0.28% in our previous study [18], which was similar with the 

result in the present study.  

   

Fig. 3 Fully lamellar Ti-45Al-8.5Nb-0.2W-0.2B-0.02Y alloy cyclic deformed with 

total strain amplitude of Δεt/2 = ±0.28% at room temperature, 750 °C, and 900 °C: (a) 

cyclic stress-strain behavior, (b) accumulated plastic strain in a cycle. 

3.2 Distribution of lattice strains after low cycle fatigue at evaluated temperatures 

In order to understand the distribution of lattice strains, a gage length scan was 

performed on the failed high Nb-containing TiAl samples after cyclic deformation, with 

the scattering vector parallel to the loading direction (LD). The lattice strains measured 

by high-energy X-ray diffraction were phase-based strains, and were the average value 

in the X-ray beam focused spot size of 50 ×50 μm area. In order to involve more grains 

in the diffraction, fatigue samples were spinning during the HEXRD tests.  
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In this work, the ex-situ high-energy X-ray diffraction tests were conducted on 4 

different samples, referred to the as-received sample, RT-0.28%, 750 °C-0.28%, and 

900 °C-0.28%. The interplanar spacing of the undeformed TiAl alloy (the as-received 

sample), which referred as d0 (Fig. 4a), was obtained from the sample after heat 

treatment and machined into the geometry mentioned in experimental procedure. 

Samples after cyclic deformation were failed almost at the middle of the gage length, 

and the d0 values of the constituent phases were scanned along the same orientation and 

over the same length scale on the as-received sample. The dhkl, which presented for the 

interplanar spacing of the {hkl} plane, was obtained from samples under the given strain 

loading level at tested temperatures, and was calculated through Bragg's law, i.e., λ=2 

dhkl sinθhkl, where λ was the wavelength and θhkl was the diffraction angle of a Debye 

cone. Then the phase-based lattice strain εhkl were calculated by the equation of εhkl = 

(dhkl- d0)/ d0.  

The lattice strain distributions obtained with {201}γ, {100}α2, and {220}βo reflections 

were shown in Fig. 4b-d. The positive values of the lattice strains indicated tensile 

lattice strains, whereas the negative values indicated compressive lattice strains. As can 

be seen from Fig. 4b, the lattice strains of {201}γ were fluctuated at zero and almost 

positive with a total strain amplitude of Δεt/2 = ±0.28% at 750 and 900 °C, while the 

lattice strains of {100}α2 were almost compressive and fluctuated. Moreover, the values 

of lattice strains of γ phase was positive and larger in the sample cyclic deformed at 

900 °C than that in samples cyclic deformed at room temperature and 750 °C. Similarly, 

larger compressive lattice stain in α2 phase can be found in samples fatigued at 900 °C, 

as showed in Fig. 4c. It is may mainly due to the α2/γ lamellae structure that the direction 

of lattice strains in α2 and γ phase were opposite. This was also observed in the 

interrupted fatigue samples which cyclic deformed at 850 °C in our previous study. 

Furthermore, the lattice strains in βo phase were always compressive at evaluated 

temperatures. It seemed that larger positive lattice strains in γ phase was detrimental to 

TiAl alloy, which resulted in a shorter fatigue life. As most successful application of 

residual stress was introduced into the surface layer of various components to improve 

their fatigue life [25–27], this result may be a guidance for TiAl alloys to take advantage 
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of the residual stress, and it was agreed with the investigation on pre-torsional TiAl 

alloy, which improved both of strength and ductility [28]. 

 

   

Fig. 4 Distribution of γ, α2, and βo residual strains revealed by sample gage length 

scanning with total strain amplitude of Δεt/2 = ±0.28% at room temperature, 750 °C, 

and 900 °C: (a) the d0 data taken from the as-received alloy; (b) {201}γ (c) {100}α2; 

(d) {220}βo. 

3.3 Microstructure stability after cyclic deformation at evaluated temperatures 

Changes in microstructure after low cycle fatigue with total strain amplitude of Δεt/2 = 

±0.28% at room temperature, 750 °C, and 900 °C were studied, as showed in Fig. 5a-

d. It can be seen that the fully lamellar microstructure of high Nb containing TiAl was 

mainly destroyed by γ grains and some discontinuous network B2/βo phases separating 

along α2/γ lamellar colony boundaries compared with the as-received fully lamellar 

microstructure. Grains shown by capital letter A in Fig. 6a and B in Fig. 6b surrounded 

by α2/γ lamellar colonies were the recrystallized γ grains which may destroy lamellae 

structures during cyclic deformation. The γ phase, according to Song ever reported [29], 
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possesses low stacking fault energy of 80±5 mJ/m2, which can readily experience 

discontinuous dynamic recrystallization (DDRX). Dislocations and twins formed 

during low cycle fatigue can provide the driving force for dynamic recrystallization 

which becomes the main softening mechanism [30], this was also agreed with the CSS 

behavior of TiAl alloy cyclic deformed at 750 and 900 °C (Fig. 3). Moreover, γ 

recrystallized at twin-twin intersection were both observed at 750°C and 900 °C, as 

well as 850 °C in our previous study [18]. As demonstrated in Fig. 6c, dislocation walls 

can be found in sample cyclic deformed. It indicated that strain accommodation in 

recrystallized grains is provided by dislocation glide and climb leading to the formation 

of sub-grain boundaries. Rearrangement of sub-boundaries may lead to repeated γ 

recrystallization in recrystallized grains. 

Another change on microstructure referred to the phase transformation process. 

Compared with Fig.5b-d, the α2/γ lamellar colony size was larger in sample fatigued at 

room temperature than those cyclic deformed at 750 and 900 °C. This may mainly due 

to γ → α2 phase transformation in the recrystallized γ phase and became a new α2/γ 

lamellar colony, as showed in Fig. 6a marked by capital letter C. Furthermore, 

accompanied by α2 → B2 phase transformation (Fig. 5b marked by capital letter D and 

Fig. 5d marked by capital letter E), the original α2/γ lamellar colony was destroyed, 

which may broke into small size colonies. The moving dislocations in the γ phase can 

be absorbed at the α2/γ interfaces resulting in the rearrangement of the mismatch 

interfacial dislocations to accommodate the new interfacial misfit [31]. Then the density 

of ledges may increase and semi-coherent α2/γ interfaces were formed. Based on this 

point, possible lamellar refining mechanisms were proposed for the investigated TiAl 

alloy low cycle fatigued at 750 and 900 °C. The microstructure degradation of TiAl 

alloy cyclic deformed at room temperature may mainly resulted from stress-induced γ 

→ α2 phase transformation process, which also reported by Wang et al. [32]. 
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Fig. 5 SEM images of TiAl alloy (a) the as-received fully lamellar microstructure; and 

after low cycle fatigue with total strain amplitude of Δεt/2 = ±0.28% at (b) room 

temperature; (c) 750 °C; and (d) 900 °C. 

 

Fig. 6 Magnification SEM images of TiAl alloy after low cycle fatigue with total 

strain amplitude of Δεt/2 = ±0.28% at (a) 750 °C; (b) 900 °C; and TEM bright field 

observation of dislocation walls at (c) 750 °C. 
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3.4 Fracture surface examination 

Fig. 7a-c shows the fracture morphologies of the as-cast TiAl samples with total strain 

amplitudes of Δεt/2 = ±0.28% after low cycle fatigue tests at room temperature, 750 °C, 

and 900 °C. After cyclic deformed at room temperature, the fracture surface was 

relatively smooth and the propagation was mainly interlamellar with some translamellar 

cracking zones, while fracture surfaces were tough and mainly translamellar after cyclic 

failed at 750 °C and 900 °C. Besides, the fatigue cracks initiated at the interior of the 

sample failed at room temperature, whereas samples cyclic deformed at high 

temperatures, the cracks were preferentially initiated on the surface. Cui et al. [33] have 

reported that the crack nucleation site was a titanium-rich area, and the hardness of the 

titanium-rich area was lower than that of the nearby γ and/or α2 areas, thus fatigue crack 

preferred to initiate at the titanium-rich area. Furthermore, secondary cracks were 

widely found between the γ/α2 lamellar interfaces (Fig. 8a), which was mainly due to 

the opposite lattice strain directions in γ phase and α2 phase. The microstructure 

degradation of γ recrystallization was harmful to TiAl alloy low cycle fatigue 

deformation, because cracks prefer to propagate along γ grain boundaries (Fig. 8b) due 

to the stress accumulation caused by tangled dislocations, as showed in Fig. 8c. 

 

Fig. 7 Fracture surfaces of low cycle fatigue TiAl samples with total strain amplitude 

of Δεt/2 = ±0.28% at (a) room temperature; (b) 750 °C; (c) 900 °C. 
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Fig. 8 Fracture morphologies of low cycle fatigue TiAl samples with total strain 

amplitude of Δεt/2 = ±0.28% at 900 °C: (a) secondary crack; (b) crack morphology of 

γ grains; and (c) TEM image of tangled dislocations at recrystallized γ grain 

boundary. 

4. Conclusions 

The low cycle fatigue deformation process in Ti-45Al-8.5Nb-0.2W-0.2B-0.02Y alloy 

with a fully lamellar microstructure was systematically investigated in this work. The 

cyclic stress-strain behavior, lattice strains of {100}α2, {201}γ, and {220}βo planes, 

microstructure stability, and fracture behavior with total strain amplitude of Δεt/2 = 

±0.28% at room temperature, 750 °C, and 900 °C were discussed. The following 

conclusions are drawn: 

1) The material exhibited cyclic hardening at room temperature while cyclic softening 

at 750 °C and 900 °C with total strain amplitude of Δεt/2 = ±0.28%. 

2) The different lattice strain directions in γ and α2 phase resulted in crack propagation 

along the γ/α2 interface. The lattice strains in βo phase were always compressive in the 

present study and tensile lattice strain in γ phase was detrimental to TiAl low cycle 

fatigue. 

3) The fully lamellar microstructure was mainly destroyed by γ recrystallization and 



12 
 

phase transformations. The process of γ → α2 phase transformation in the recrystallized 

γ phase and α2 → B2 phase transformation in the original α2/γ lamellar colony may be 

the two reasons proposed for lamellar refinement cyclic deformed at 750 °C and 900 °C. 

4) The fatigue fracture mode was mainly interlamellar and crack initiated at sub-surface 

of the sample cyclic deformed at room temperature, whereas translamellar and crack 

initiated at surface of the sample cyclic deformed at 750 °C and 900 °C. 
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