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Abstract  

In-situ high-energy X-ray diffraction was used to reveal a novel elastic deformation 

mechanism of the polycrystalline Ti-24Nb-4Zr-8Sn alloy under uniaxial compression. 

These experiments of polycrystal provide direct evidence on anomalous change in full 

widths at half maximum for {110}β peak during elastic deformation, i.e. peak 

broadening during unloading and peak narrowing upon loading, which is attributed to 

the formation of stress-induced irreversible ω phase as clearly demonstrated in single 

crystal during compression. Difference in modulus between ω and β phases induces 

different change in lattice strain causing the broadening and narrowing of diffraction 

peak near {110}β where actually contains {1120}ω under  different  applied  stress.  

This study offers new perspectives to investigate intrinsic mechanism on specific phase 

transformation during elastic deformation. 
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behavior 

1. Introduction  

Several mechanisms have been proposed to explain the anomalous deformation 

behavior of multifunctional gum metals [1] which include the formation of the 

nano-disturbances [2], the deformation twinning [3], the reversible stress-induced 

martensitic transformation [4], and the spatially confined martensitic transformation 

from BCC structure to α'' and δ phases [5,6]. The Ti-24Nb-4Zr-8Sn alloy (abbreviated 

as Ti2448), a kind of gum-like metal, has been investigated in early works [5-7]. 

Previous investigations have been focused on the peculiar properties during tensile 

deformation to clarify the possible physical mechanisms [3-7]. However, the underlying 

physical mechanisms responsible for compression of the Ti2448 alloy that exhibits 

pronounced tension-to-compression asymmetry still remain elusive. Herein we use the 

in-situ synchrotron-based high-energy X-ray (HE-XRD) diffraction to investigate the 

deformation behavior of the polycrystalline Ti2448 alloy under compression. Our 

present investiga- tions are intended to clarify the detailed cyclic compression process, 

which would allow us to understand the anomalous elastic deformation behavior of the 

Ti2448 alloy. 

2. Materials and experimental methods 

Ingot with composition of Ti-24Nb-4Zr-8Sn alloy (in mass%) was processed by 

arc-melting and hot forged at 1123 K into 55 mm in diameter and then hot rolled to 12 

mm in diameter at 1072 K. Single crystal was grown in an optical floating-zone furnace 
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(FZ-T-12000-X- VP-S, Crystal System Inc.) under protection of flowing argon. Uniaxial 

compression tests were conducted in ambient air at room temperature using specimens 

with a rectangular cross-section of 2×2 mm and length of 4 mm at a strain rate of 

1.3×10-4 s-1. The in-situ synchro- tron-based HE-XRD experiments were conducted on 

the 11-ID-C beamline at the Advanced Photon Source, Argonne National Laboratory [8]. 

The size of X-ray beam is 0.5×0.5 mm2 with energy of 115 keV (wavelength ~0.10798 

Å). The X-ray two-dimensional diffraction images were processed by Fit2D image 

processing software. 

3. Results and discussion 

The nominal uniaxial cyclic compression stress-strain (S-S) curves for 

polycrystalline Ti2448 alloy which is a single β phase with BCC structure tested at 

room temperature are shown in Fig. 1(a). The first and second elastic cyclic 

compression curves display almost linear deformation with the Young's modulus of ~50 

GPa. The engineering strains of the first and second cycles are almost fully recovered. 

Plastic deformation occurred when the stress was increased to the compres- sion yield 

strength (~570 MPa) in the third cycle. Lattice strain-stress curves for {110}β, {200}β 

and {211}β planes  along loading direction (LD) under cyclic deformation mode are 

demonstrated in Fig. 1(b–d). The structure evolution can be clearly understood from the 

change in lattice strains (hkl), i.e. εhkl=(dhkl−d0)/d0, where d0 and dhkl correspond to the 

interplanar spacing for different (hkl) crystalline planes without and with an external 

stress, respectively. The diffraction elastic moduli determined from the slope of the 
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lattice strain-stress curves in the linear region up to a stress applied at ~250 MPa remain 

almost constant, which are 45 GPa, 43 GPa, and 47 GPa for the {110}β, {200}β and  

{211}β planes, respectively, as shown in Fig. 1(b). The almost same values for 

diffraction elastic moduli observed in the above mentioned crystalline planes indicate 

that the studied polycrystalline alloy exhibits an isotropic elasticity. 

However, when the applied stress exceeds 450 MPa (slightly smaller than the yield 

strength of ~570 MPa), non-linear lattice strains as a function of applied stress are 

evidenced for {110}β and {200}β planes, as shown in Fig. 1(c) and (d). The diffraction 

elastic modulus of {211}β plane remains constant, but {110}β and {200}β planes show 

moduli stiffening and softening, respectively (Fig. 1(c)). After unload-ing for the second 

and third cycles, the lattice strain of the {211}β remains unchanged, while the lattice 

strains of {110}β becomes tensile and {200}β becomes compressive. 

The evolution of FWHMs for the {110}β, {200}β and {211}β peaks of 

polycrystalline Ti2448 alloy, which provide further understanding of deformation 

mechanisms, are shown in Fig. 2(a–c). Reversible broadening for {200}β and {211}β 

diffraction peak can be observed during the first two cycles, as shown in Fig. 2(a–b). In 

the third cycle, FWHMs of {200}β and {211}β peaks increase rapidly and faster than 

{110}β when the applied stress exceeds the yield strength (~570 MPa). Unloading 

induced a decrease in  FWHMs for {211}β and a plateau for {200}β. Interestingly, the 

FWHM for {110}β diffraction peak increases during loading and still continuously raise 

during unloading in the second and third cycles, which is totally different from that 
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observed for {200}β and {211}β diffraction peaks. And peak narrowing can be found 

during loading of the third cycle when the stress increases to 300 MPa. The FWHM 

curves for the unloading of the second cycle and the loading of the third cycle are 

almost overlapping, as detailed shown in Fig. 2(d). The anomalous change in FWHM, 

i.e. peak broadening during unloading and peak narrowing upon loading, for {110}β 

diffraction peak during elastic deformation is firstly reported so far. 

In-situ HE-XRD compressive experiments were performed on 〈110〉 oriented 

Ti2448 single crystal (with the X-ray beam along [001]β zone axis and LD along [110]β), 

as shown in Fig. 3, to perceive the above-mentioned anomalous elastic deformation 

mechanism. For the virgin single crystal, the primary diffraction spots originate from β 

phase with BCC structure and weak diffuse scattering signals are attributed to small 

amount of nano-sized domains (NDs) of α'' martensite [9] (indicated by red circle in Fig. 

3(a)). While the applied stress exceeds ~478 MPa, ω phase starts to form and α'' 

martensite vanishes (Fig. 3(b)). Furthermore, the newly formed ω phase still remains 

after unloading (Fig. 3(c)). In fact, ω phase is coherent with β phase, obeying a 

crystallographic relationship described as (0001)ω//(111)β, [1120]ω//[011]β [10]. Based 

on the calculation by the PowderCell software, the diffraction profiles of {110}β and 

{1120}ω are given in Fig. 3(d), which indicates that two diffraction peaks are very close. 

Peak broadening of X-ray diffraction can be attributed to two reasons, i.e. the 

decrease in coherent scattering volume and the presence of inhomogeneous strain field 

[11]. Possible physical source  of inhomogeneous strain may be due to the existence of 
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crystal defects, micro-stresses [12], but other sources such as elastic anisotropy [13] 

could also contribute to the peak broadening. In our case, loading induced reversible 

diffraction peak broadening with a similar phenomenon reported in nanocrystalline 

nickel [11]. Our previous investigations on the Ni43Fe18Ga27Co12 single crystal suggest 

that heterogeneous strain field originates from the fluctuation in elastic strain due to the 

formation of the nano-domains of martensite (i.e. confined martensite), which 

contributes to the reversible peak broadening during elastic deformation [13]. Based on 

the in-situ deformation study of Ti2448 single crystal alloy, the anomalous change in 

FWHMs is closely related to the deformation-induced irreversible ω phase. For our 

studied case in polycrystalline Ti2448 alloy, similar to that found in Ni43Fe18Ga27Co12 

single crystal, the peak broadening for three diffraction planes during loading in the 

elastic region originates from an increase in elastic strain heterogeneity inside β phase 

due to deformation-induced confined ω phase. The microstresses, generated due to the 

formation of ω phase and the complex interaction between ω and β phases, lead to the 

additional heterogeneity strain during the cycle unloading. Due to the crystallographic 

orientation relationship between ω and β phases, i.e. (0001)ω//(111)β and [1120]ω//[011]β, 

the diffraction peak near {110}β actually contains {1120}ω. The difference in modulus 

between ω and β phases induces different change in lattice strain causing the broadening 

and narrowing of diffraction peak near {110}β under different applied stress. When the 

stress exceeds yield strength, increase in density of dislocations attributes to 

continuously peak broadening for three planes. The smaller increase of FWHM for 
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{110}β is probably due to lower dislocations density as the modulus stiffening. 

4. Conclusion 

The in-situ synchrotron-based HE-XRD diffraction experiments were employed to 

reveal the novel elastic deformation mechanism of polycrystalline Ti2448 alloy under 

cyclic uniaxial compression. The anomalous change in FWHM for {110}β peak during 

elastic deformation is found. The observed novel elastic behavior is attributed to the 

interaction between the newly formed ω phase and matrix with BCC structure. Our 

finding on new elastic compression mechanism in the gum-type alloy would provide an 

in-depth understanding of the specific phase transformation related elastic deformation 

mechanism. 
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Figure 1. The nominal uniaxial cyclic compression stress-strain (S-S) curves of 

polycrystalline Ti2448 alloy at room temperature (a). The inset in (a) is 1-dimensional 

HE-XRD profile of Ti2448 alloy before compression. The lattice strain-stress curves 

for {110}β, {200}β and {211}β planes: the first cycle (b), the second cycle (c), the third 

cycle (d). 
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Figure 2. Fig. 2. The change in FWHMs for {200}β, {110}β and {211}β peaks of 

polycrystalline Ti2448 alloy as a function of uniaxial cyclic compression: the first 

cycle (a), the second cycle (b), the third cycle (c). The highlighted change in FWHM 

for {110}β peak for the second and third cycles (d). 
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Fig. 3. The HE-XRD patterns for 〈110〉 oriented Ti2448 single crystal with the beam 

along [001]β zone axis under compression mode: before deformation (0 MPa) (a), loaded 

at 478 MPa (b), unloaded at 0 MPa (c), The diffraction profiles of {110}β and {1120}ω 

(d). 


