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Abstract 

The sequence of activation of deformation mechanisms in a near- Ti-5Al-5Mo-

5V-3Cr alloy quenched from the -field is investigated as a function of strain 

during uniaxial compression at 0.001 s
-1

 up to  = 0.041. Bulk in situ high energy 

synchrotron X-ray diffraction is applied to follow continuously the evolution of 

the microstructure of the alloy during deformation and is complemented with 

                                                 

1
 Present address 

mailto:pere.barrioberovila@dlr.de
mailto:joachim.gussone@dlr.de
mailto:klemens.kelm@dlr.de
mailto:jan.haubrich@dlr.de
mailto:andreas.stark@hzg.de
mailto:norbert.schell@hzg.de
mailto:guillermo.requena@dlr.de


2 

 

metallographic analysis. Stress induced   ″ transformation takes place 

together with grain rotation of  upon reaching the yield stress of the alloy at  = 

0.021. During further loading, formation of  sub-grain cells is activated at  ≥ 

0.03. The stress-induced martensite forms with a strong texture of {200} ″ 

planes perpendicular to the compression direction. 

Keywords:  titanium alloys; deformation; stress-induced martensite; planar slip; 

phase stability; in situ high energy synchrotron X-ray diffraction 

1. Introduction 

 titanium alloys including -rich  + alloys, near- alloys and metastable- alloys  

are primarily used in aerospace and as alternative structural materials for the automotive 

sector owing to their combination of high specific strength and hardening levels with 

acceptable toughness and fatigue resistance [13]. These structural properties are 

essentially defined by a homogeneous distribution of  /  interfaces owing to the 

presence of fine  precipitates embedded in a  matrix. They result from solution plus 

aging treatments that provide high strength in detriment of ductility. The latter justifies 

the necessity to explore strengthening mechanisms alternative to  precipitation, i.e. 

processing routes that imply mechanical and thermal processing by utilizing the stability 

of  at room temperature (RT) and the cold workability of -alloys [4]. Such insights 

into the design of  Ti-alloys can also widen their application to the biomedical sector 

where they are being considered for advanced implants or prostheses due to their 

biocompatibility and low bone-like Young’s modulus [5, 6]  
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Approaches aiming at improving the strength-ductility trade-off of  Ti-alloys have 

been focused on exploiting the deformation mechanisms of  as a function of its 

thermal stability, namely dislocation slip, transformation induced plasticity (TRIP) and 

twinning induced plasticity (TWIP). Alteration of the thermal condition via diffusion-

driven processes (e.g. precipitation of by ageingcan hinder the occurrence of these 

effects [7]. Moreover, a correct knowledge of the sequence of activation of the 

deformation mechanisms is required owing to their relevance on the resulting 

mechanical behaviour [810]. For instance, a combination of TRIP and TWIP during 

deformation of metastable  alloys can lead to improvements in strain hardening and 

enhanced ductility [9, 10]. This indicates that the simultaneous or sequential activation 

of multiple deformation mechanisms during deformation of single- or multi-phase 

alloys can be used as multiple paths for alloy design as has been recently shown for 

systems with coexisting isothermal  and  phases [7]. Also, kinetic variables such as 

strain rate are in some cases capable of changing the sequence of activation of 

deformation mechanisms [11]. This has received less attention (e.g. [10, 12]) although 

this fact constrains the development of knowledge-based processing strategies as well as 

theoretical predictions [5, 13, 14] that require validation by experimental data for the 

design of new -alloys. 

The sequence of deformation mechanisms in -retained Ti-alloys has been mainly 

discussed on the basis of atomistic studies and ex situ experiments. Although important 

insights have been gained in this regard (e.g. [15, 16]), only in situ studies can provide 

conclusive proof on the mechanisms acting at each stage during deformation. In the 

present work, the deformation mechanisms of a -quenched near- Ti-5Al-5Mo-5V-

3Cr alloy commonly employed in aeronautics, e.g. for landing gear components [17], 
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are determined continuously during room temperature uniaxial compression using in 

situ high energy synchrotron X-ray diffraction (HEXRD). The investigations are 

complemented by metallographic analysis. The correlation between the crystal lattice 

evolution during loading / unloading and mechanisms of deformation is provided 

univocally as a function of strain. 

2. Experimental 

2.1. Material 

The composition of the investigated near- titanium alloy Ti-5Al-5Mo-5V-3Cr (Ti-

5553) manufactured by ATI is given in Table 1. The -transus temperature (T) ranges 

between 837  860 °C. Samples of 40 × 30 × 20 mm³ were cut from an as-received 

ingotand were subjected to an isothermal heat treatment at 900 °C (-field) for 20 

minutes in dynamic argon 4.6 atmosphere followed by quenching in RT water. This 

water-quenched condition is the initial condition for the further investigations. 

2.2. Microscopy 

Metallographic examinations prior and after uniaxial compression at RT were 

performed using light optical microscopy (LOM), electron backscatter diffraction 

(EBSD) analysis and transmission electron microscopy (TEM). The specimens were 

prepared for LOM and EBSD examinations by grinding and polishing using a TegraPol 

machine. The samples for LOM were immersed for 1 min in a 5 ml HF + 10 g H2C2O4 

+ 50 ml H2O reagent solution at RT to reveal the microstructural constituents. LOM 

was carried out using a Zeiss LSM 700 laser scanning microscope in visible light mode. 



5 

 

For EBSD, a Zeiss Ultra 55 field emission gun scanning electron microscope (FEG-

SEM) operated at 20 kV was employed in combination with an Oxford Nordlys II 

EBSD detection system using the acquisition software AZtec (Version 3.3). The beam 

step-size, working distance and sample-tilt angle used are 2.2 µm, 10 mm and 70 °, 

respectively. Processing of EBSD data was carried out with the Channel 5 software. 

Thin-foil specimens were prepared for TEM by electropolishing. The samples were 

examined with a Philips Tecnai F30 microscope operated at 300 keV. 

2.3. In situ high energy synchrotron X-ray diffraction  

In situ HEXRD was carried out at the P07-HEMS beamline of PETRA III, Deutsches 

Elektronen-Synchrotron (DESY), Hamburg [18]. The experimental parameters are 

summarized in Table 2. Uniaxial compression of the  water-quenched Ti-5553 alloy 

was performed at RT using a modified dilatometer Bähr 805A/D equipped with a 

deformation unit [19]. Cylindrical samples of 4 mm diameter and 8 mm length were 

deformed at a strain rate of 0.001 s
-1

 up to a true strain of 0.041 using colloidal graphite 

based lubricant and Mo foils between the Si3Ni4 pushrods of the dilatometer and the 

sample to minimize friction. The sample dimensions were limited by the maximum 

force of the dilatometer and no buckling failure of the samples was observed during 

deformation. The specimens were machined via spark wire erosion. The effect of the 

dilatometer stiffness on the phase’s macrostrains is assumed to be negligible. The 

incident X-ray beam was positioned at the centre of the samples before and during 

deformation. Image sequences of complete Debye-Scherrer rings from the bulk of the 

samples were recorded in transmission mode (sample thickness = 4 mm) during uniaxial 

compression using an image-plate detector (see Table 2). Figure 1 is an illustrative 

diagram of the experimental setup. 
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2.3.1. Data processing 

Qualitative analysis of the evolution of the diffraction patterns during uniaxial 

compression was carried out by unrolling the Debye–Scherrer rings, i.e. converting 

them into Cartesian coordinates (Azimuthal angle , 2-Theta). Subsequently, two 

separate procedures were performed using the software ImageJ [20]: 

 Projection of the maximum intensity of Bragg reflections on the 2-Theta axis. 

 Projection of the maximum intensity of Bragg reflections on the Azimuthal axis.  

Quantitative phase analysis of the diffraction patterns was carried out using the Rietveld 

method as implemented in the software Maud [21]. An E-WIMV algorithm integrated 

in this software was used for texture analysis. The instrumental parameters of the 

HEXRD setup were obtained using a LaB6 powder standard. The lattice strains in each 

phase were calculated parallel (axial) and perpendicular (radial) to the loading direction 

from 2-Theta variations of individual {hkl} reflections considering cake portions of 10 ° 

(see Figure 1) according to: 

 𝜀𝑖 =
𝑑𝑖−𝑑0

𝑑0
 (1) 

where εi and di are the strain and the interplanar distance of the lattice at the 

deformation step i, respectively. The d-spacing obtained for the initial condition of the 

alloy before deformation was used as d0 for the β phase. The initial d-spacing at the 

onset of ″ formation, i.e. that obtained when ″ reflections begin to form during 

deformation, was taken as d0 for this phase. This analysis represents an incremental 

evaluation of the strain during deformation. 
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3. Results 

3.1. Initial microstructure 

Figure 2 a) shows that the initial microstructure of the Ti-5553 alloy is formed by a 

matrix of metastable, equiaxed  grains with a mean diameter ~ 350 µm. The selected 

area electron diffraction (SAED) pattern of Figure 2 b) was obtained from the interior of 

a  grain.  spots can be clearly identified together with low intensity reflections 

interconnected by diffuse scattering that are associated with the presence of athermal  

phase (ath) [17]. Particles of this phase of ~ 1 – 2 nm are visible in the TEM dark field 

image of Figure 2 c) obtained using the (100)  reflection indicated in Figure 2 b). No 

other phases such as ″ were detected in the initial condition of the Ti-5553 alloy. 

3.2. In situ deformation during HEXRD 

Figure 3 shows the evolution of a quarter portion of complete Debye-Scherrer rings 

during uniaxial RT compression as well as after unloading for  0, 700, 930 MPa and 

 15 MPa, respectively. These conditions are indicated in the true stress-strain (-) 

diagram shown in this figure. Before deformation, the presence of the  reflections 

{110}, {200}, {211}, {220} and {310} is evident in Figure 3 a). The low number of 

grains in the relatively small gauge volume used during HEXRD is reflected in the 

discontinuous Debye-Scherrer rings obtained. The reflections {110} and {200} of ″ 

martensite form at ~ 700 MPa, pointing to a stress-induced   ″ transformation 

during compression (Figure 3 b). This stress is close to the yield stress of 720 MPa 

reported for the investigated -water-quenched condition [22]. Moreover, a local 

minimum in the second derivative of the - curve is observed at this point ( 700 
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MPa, ) as indicated by data shown as red points and the green curve. Further 

compression up to the maximum deformation applied ( 930 MPa, 0.041) results 

in an increase of intensity and consolidation of ″ reflections (Figure 3 c). During 

unloading, a decrease of intensity of ″ reflections can be generally observed as 

indicated by the arrows in Figure 3 d). Nevertheless, a fraction of the ″ formed during 

deformation remains upon unloading indicating that the stress-induced   ″ 

transformation is only partially reversible. 

Figure 4 shows the evolution of {hkl} reflections of ″ and  in the axial direction 

during uniaxial compression and subsequent unloading. The scale of the x-axis is 

adapted to the number of XRD images measured i.e. differs to that of Figure 3 obtained 

from dilatometer data. Initially, the {110}, {200} and {211} reflections of  are present. 

A shift towards higher 2-theta positions occurs for the reflections and, thus, a 

consequent decrease of d-spacing during deformation up to  ~ 700 MPa /  ~ 0.021, 

where plasticity becomes clear Reflections of ″ begin to form at this stage, coexisting 

with  reflections during further compression and remaining visible upon unloading. 

The 2-Theta position of all presented ″ and  reflections decreases rapidly once the 

stress is released. 

Figure 5 b) and c) show the evolution of the volume fractions of ″ and  as well as of 

the axial lattice strains of {200} ″, {100} , {200}  and radial {200}  as a function 

of strain (Figure 5 a), respectively. The error bars associated with the determination of 

the lattice strains are comprised within the symbols. A decrease and increase of ~ 30 

vol.% in the volume fractions of  and ″, respectively, takes place from  ~ 700 MPa / 
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 ~ 0.021 up to  930 MPa / 0.041, reflecting the previously mentioned stress-

induced   ″ transformation during compression of the -quenched Ti-5553 alloy.  

Figure 5 c) shows that the axial lattice strains of {110}  and {200}  (A-110 and A-

200) gradually increase during the first stage of the deformation up to the onset of the  

 ″ transformation ( ~ 700 MPa /  ~ 0.021). As the deformation increases, A-110 

remains practically constant at ~ - 0.01 up to the maximum stress applied, while A-200 

gradually increases to - 0.021 at  = 0.03, when a sudden strain drop of ~ 0.004 takes 

place. At this point, the axial lattice strain of {200} ″, ″A-200, undergoes a slight 

increase down to -0.0017. This suggests a load partitioning between ″ and , 

considering as well that the planes {200} ″ and {200} are parallel according the 

orientation relationship (OR) ʺ- [6]. The strains A-200 and ″A-200 decrease at similar 

rates down to - 0.007 and 0.007 during unloading remaining in compressive and tensile 

state after deformation, respectively. Further examples of load partitioning during 

stress-induced martensite transformation were reported between austenite-martensite for 

austenitic stainless- and duplex steels [23].  

Figure 6 a) and b) show the evolution of {200}  and {200} ″ during uniaxial 

compression and unloading. In most of the cases, ″ reflections emerge at positions 

where  reflections are present owing to the OR between these lattices. At stresses 

above the onset of the   ″ transformation, a displacement towards increasing 

Azimuthal angles for {200}  and {200} ″ indicate that grain rotation [24] is a 

relevant deformation mechanism for both phases. Emergence and vanishing of specific 

 and ″ reflections (pointed for few examples by arrows), respectively, can be 

observed in the unloading stage of the experiment as a consequence of ″   
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reversion. The effects described for Figure 6 a) and b) can be visualized in more detail 

in Figure 6 c) and d), where magnifications of the dashed rectangular regions in Figure 

6 a) are shown. The spreading of single  spots into cone-shaped reflections observed in 

Figure 6 c) for  > 0.03, indicate the formation of  sub-grain cells [24] as a further 

mechanism of deformation for this phase. Thus, the sequence of occurrence of plastic 

deformation mechanisms observed by HEXRD can be summarized as: 1)   ″ 

transformation plus grain rotation for  and ″ as the yield point is reached, 2) 

formation of  sub-grain cells at  > 0.03. During unloading, 3) partial ″   

reversion takes place in the elastic regime. 

3.3. Microstructure after uniaxial compression 

Figure 7 shows light optical micrographs of the alloy after uniaxial compression. Slip 

lines (SL), indicated by white arrows, can be generally observed within -grains, mostly 

extending from their boundaries. Straight SL can extend across  grains as can be 

inferred by its change of orientation (Figure 7 a) and b) at  grain boundaries. The 

interaction of SL with  grain boundaries leads to the formation of zig-zag profiles 

(Figure 7 c). Acicular ″ martensite plates extending from  grain boundaries (GB) can 

be identified in Figure 7 d), where ″ units appear partially distorted and twinned 

between SLs. Probably, they belong to the same colony since a relatively parallel 

arrangement between planes and twins is observed. No damage was observed in the 

microstructure after deformation. 

Figure 8 shows EBSD analyses of the  phase for the alloy after deformation. Figure 8 

a) shows a forescatter detector image where the SLs described for Figure 7 are also 

visible. The inset of this figure shows that martensite can form along SLs. The white 
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domains in Figure 8 b)d) indicate ″ martensite regions. The inverse pole figure (IPF) 

map of Figure 8 b) shows slight misorientations within  grains, particularly at SLs (see 

Figure 8 a). The intra-granular misorientation of  can reach up to ~ 8 ° as shown in the 

quaternion-based colouring misorientation map of Figure 8 d). The black arrows in 

Figure 8 b) and d) indicates formation of a subgrain. The Kernel average 

misorientation (KAM) map of Figure 8 c) shows local misorientations in of ~ < 2.5 ° 

(average misorientations below the subgrain angle) mainly decorating grain boundaries 

and slip lines. The equivalent KAM map for ″ provided as Figure 13 in the 

supplementary material shows similar local misorientations of ~ < 2.5 °, where regions 

with minimum and maximum variations are shown in blue and green, respectively. 

Figure 9 a) shows the ″ and  phases (in blue and red, respectively) obtained from 

EBSD analysis of the same region given in Figure 8. ″ is usually found close to –or 

apparently extending from– grain boundaries. The IPF map for ″corresponding to the 

selected region of this figure is presented in Figure 9 b). Here, different colours indicate 

different variants of martensite colonies within  grains, which can present internal 

strain distributions as shown in the KAM map of Figure 9 c) for the single colony 

contained in the framed region of Figure 9 b). The pole figures in Figure 9 d), obtained 

from the interior of the grain pointed in Figure 9 b) (see arrow), evidence the parallel 

correlation between {100} // {100} ″ and {110} {010} ″ // {001} ″ planes, 

i.e. a classical OR between these phases as reported for other  titanium alloys [6, 25]. 

Three different ORs associated with the   ″ transformation were identified in 

previous studies: (a) (001)″ // (110) and [101]″ // [111], (b) (020)″ // (112̅) 

and [001]″ // [11̅0], (c) [100]″ // [100], [010]″ // [101] and [001]″ // 
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[110] [25]. The {100} ″ planes of both variants are parallel and oriented nearly 

perpendicular to the compression direction. This, together with the alternation of 

position between {010} ″ and {001} ″ observed for each variant, indicates that there 

exists a relative rotation of 90 ° in the x-axis between the ″ variants. 

Figure 10 shows the pole figures of {200} ″, {020} ″ and {002} ″ reconstructed 

from the Debye-Scherrer rings acquired by HEXRD after deformation. A strong 

preferential orientation of {200} ″ planes perpendicular to the compression direction is 

observed in the bulk of the alloy. 

4. Discussion 

4.1. Deformation mechanisms of  

Stress-induced   ″ transformation takes place during uniaxial compression of the 

Ti-5553 alloy at  > 700 MPa /  > 0.021, i.e. upon reaching the yield stress of the alloy 

[22]. This is evidenced in the qualitative as well as quantitative analysis of phase 

transformation presented as a function of strain in Figure 3 to Figure 6. To the best of 

our knowledge, evidences of this transformation under similar conditions, i.e. low strain 

rates such as 0.001 s
-1

,have not yet been reported for this alloy. However, previous 

works suggested its occurrence from ex situ investigations carried out after extreme 

deformation processes: high pressure torsion of an analogous Ti-5553 alloy [26], shock-

induced deformation of a Ti-5Al-5Mo-5V-3Cr-1Fe alloy [27, 28] and high-pressure 

deformation of a VT-22 alloy [29].  

-grain rotation begins simultaneously with the   ″ stress-induced transformation 

(Figure 6) as the yield point is reached. Both effects coexist up to the maximal applied 

strain  = 0.041. Thereafter, formation of -subgrain cells becomes relevant at  > 800 
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MPa /  < 0.03 (Figure 6 c). These three deformation mechanisms identified in situ by 

HEXRD indicate that plasticity in the -water quenched alloy is governed by a 

combination of transformation induced plasticity (TRIP), observed for other  

metastable alloys [e.g. 10, 11, 30], and dislocation-driven plasticity. 

According to texture analysis shown in Figure 10, {200} ″ planes are preferentially 

oriented perpendicular to the compression direction after deformation. In other words, 

the ″ orthorhombic lattice (see crystallographic data in [31]) forms during deformation 

with its x-axis parallel to the compression axis following the classical OR with  

(Figure 9 d). This is in accordance with the fact that load partitioning is only observed 

along the axial direction (see Figure 5 c), and therefore,  grains accordingly oriented 

i.e. with {200} planes perpendicular to the compression axis are expected to undergo 

preferential stress-induced   ″ transformation during deformation. The resulting 

texture obtained agrees well with that reported for a near- Ti-5Al-2Sn-4Zr-4Mo-2Cr-

1Fe (-CEZ) alloy after tensile testing [32]. 

The selected KAM map for ″ of Figure 9 c) (see complete image in Figure 13 of 

supplementary material) shows internal strain distributions (local misorientations of the 

same magnitude observed for ) within martensite colonies, suggesting that plastic 

deformation of this phase occurs during compression. Since the highest local 

misorientations of ″ (in green) are mainly located next to GBs, these sites may be 

contemplated as preferred sites for load transfer. This is in accordance with the twinning 

of martensite plates next to GB observed in Figure 7 d). Owing to the fewer slip systems 

of the orthorhombic ″structure, accommodation of plastic deformation is more difficult 

than for the bcc β-matrix [27].  
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The dislocation activity is evidenced by the SLs observed within -grains (see LOM 

micrographs of Figure 7). TEM investigations of the Ti-5553 alloy after compression 

reveal extensive presence of dislocation channels (DC) as shown in the examples of 

Figure 11 a) and b), indicating that plastic flow within slip bands is carried by 

dislocation slip. Slip band interfaces (observed as DCs by TEM) are associated with 

local stress concentrations [15], seen as green strain-concentrated stripes within the 

matrix in the KAM map of Figure 8 c). Indeed, KAM values are associated with the 

density of geometrically necessary dislocations (GNDs) in the investigated region [33]. 

Planar slip may be influenced by the massive presence of fine ath particles detected 

within metastable  grains (Figure 2 c) [34]. 

Thus, continuous formation of dislocation channels leading to dislocation structures that 

create angular distortions within  grains can be expected during compression with 

increasing plastic strain. Figure 7 shows different interactions between SL and GBs, 

namely: (a) SLs in the interior of  grains, (b) SLs extending across fragmented  

grains, as well as (c) formation of GBs with zig-zag profiles. According to previous 

studies of  titanium alloys after deformation [15], the associated microscopic 

phenomena equivalent to these SL-GB interactions, may be the following: (a) DCs 

blocked by GBs creating stress concentrations at the DC tip, (b) slip transmission, 

where a dislocation channel in one grain continues into a connected dislocation channel 

in the neighbouring grain, and (c) slip along the grain boundary with associated surface 

relief or trajectory offset of GBs. 

Generation of  sub-grain cells is revealed by HEXRD during deformation of the Ti-

5553 alloy. This effect is a consequence of dislocation slip and can be correlated with 
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EBSD analysis tracing limits of internal misorientation contrast (see arrows in Figure 8 

b) and d), and the localized strain along the same limits in the KAM map of Figure 8 c). 

The TEM analysis of the deformed condition of the Ti-5553 alloy summarized in Figure 

11 c) – e) shows that formation of ″ can also take place along dislocation channels. 

This finding correlates with the presence of this phase observed along SLs revealed by 

the EBSD investigations shown in the inset of Figure 8 a). Thus, it is suggested that 

besides GBs, the network of dislocations generated by planar slip within  grains can 

also provide sites for ″ formation. 

4.2. ″   reversion 

Partial reversion of ″ martensite to  occurs upon unloading: the volume fraction of ″ 

decreases from ~ 30 down to 12 vol.% during stress releasing after compression (see 

Figure 5 b). Evidences of this effect are also pointed qualitatively in Figure 3 and Figure 

6. In this last figure, the emergence and vanishing of specific  and ″ reflections (see 

arrows), respectively, can be observed as a consequence of ″   reversion. It is 

important to note that some  grains form at new orientations, i.e. at Azimuthal 

positions where reflections of this phase are not present before or during deformation. 

The ″   reversion occurs as a displacive transformation driven by the elastic stress 

relaxation during unloading. It seems reasonable to argue that ″ units with different 

degrees of plastic deformation accommodate differently the strain mismatch between ″ 

/  during unloading.  
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4.3. The stability of : the 𝑩𝒐̅̅ ̅̅ -𝑴𝒅̅̅ ̅̅ ̅ diagram 

The 𝐵𝑜̅̅̅̅ -𝑀𝑑̅̅̅̅̅ diagram aims at establishing a systematic method for the design of titanium 

alloys [13]. It is based on the calculation of the alloying parameters Bo and Md for bcc 

-Ti: namely, the strength of the covalent bond Ti-alloying metal, and the d-orbital 

energy level of the alloying metal, respectively [13, 35]. This diagram reflects an 

attempt to define the boundaries of different deformation mechanisms as a function of 

these electronic properties of -Ti by using experimental data from a variety of alloying 

systems [35, 36]. The average values of these parameters according to the methodology 

described in [13, 37] are the following for the studied Ti-5Al-5V-5Mo-3Cr alloy: 𝐵𝑜 ̅̅̅̅̅= 

2.765, 𝑀𝑑̅̅̅̅̅ = 2.359. As shown in Figure 12, Ti-5553 is located in the + field of the 

𝐵𝑜̅̅̅̅ -𝑀𝑑̅̅̅̅̅ diagram (only a representative portion is presented here) close to the  / + 

border and just below the Ti-10V-2Fe-3Al alloy with 𝐵𝑜 ̅̅̅̅̅= 2.769, 𝑀𝑑̅̅̅̅̅ = 2.355 [13]. 

Recent investigations proposed an extension of the martensite field (see Figure 12) 

based on the deformation mechanisms identified for a Ti-10V-3Fe-3Al alloy with 

respect to the reported behaviour of other alloys [36]. For instance, this alloy stays in 

the twinning field and presents a combination of martensite and twinning deformation 

mechanisms. The boundary compositions of the diagram are determined by evaluation 

of the dominant mechanism of deformation of particular alloys and –although different 

combinations of these mechanisms are possible– all the alloys are located in one field 

associated with one mechanism, usually, the dominant one. This is not the case for the 

water-quenched near- Ti-5553 (this study) and -CEZ (𝐵𝑜 ̅̅̅̅̅= 2.763, 𝑀𝑑 ̅̅ ̅̅ ̅= 2.391) [32, 

38] alloys which can undergo stress-induced martensite transformation as well as planar 

slip although they remain in the + region. Therefore, a reconsideration of the diagram 

is proposed to extend the martensite- and slip boundaries. Besides the results presented 
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in this work, determination of the new limits needs to be based on more experimental 

data representing further stability investigations of near- alloys. 

5. Conclusions 

The sequence of deformation mechanisms of a near- Ti-5Al-5Mo-5V-3Cr alloy 

quenched from the -field has been determined in situ as a function of strain during 

room temperature uniaxial compression at 0.001 s
-1

 up to  ~ 0.041, using high energy 

synchrotron X-ray diffraction (HEXRD) and metallographic analysis. The following 

conclusions can be drawn from the investigations: 

 Stress-induced   ″ transformation and grain rotation of  take place 

simultaneously upon reaching the yield stress of the alloy and coexist up to the 

maximal strain applied ( ~ 0.041). ″ martensite forms with a strong variant 

selection of {200} ″ planes preferentially oriented perpendicular to the 

compression direction. Internal strain distributions observed within ″ colonies 

indicate that plastic deformation can be also assumed by this phase. 

 Dislocation-driven plasticity occurs during compression as revealed by the 

generalized presence of slip lines within -grains observed upon unloading. The 

extensive presence of dislocation channels or slip band interfaces observed by 

TEM, indicates that plastic flow is carried out by dislocation slip within slip 

bands. The results show that formation of ″ can occur along slip lines. 

 Formation of  sub-grain cells observed by HEXRD as spreading of single  

reflections into new Bragg spots takes place at  ≥ 0.03. 

 Load partitioning between {200} orientations of ″ and  takes place in the 

compression direction for  ≥ 0.03. 
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 Upon unloading, ″ undergoes a decrease of ~ 18 vol.% as a consequence of ″ 

  martensite reversion. This process leads to the formation of new  grains 

that can present different orientations with respect to the originally undeformed 

-matrix. 

 The results obtained point to a reconsideration of the deformation mechanisms 

presented in the 𝐵𝑜̅̅̅̅ -𝑀𝑑̅̅̅̅̅ diagram for near- alloys. This may imply extension of 

the martensite- and slip fields. 
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Figure captions 

 

Figure 1. Schematic representation of the experimental setup used for in situ high 

energy synchrotron X-ray diffraction during uniaxial compression at RT. 

 

Figure 2. a) LOM image of the initial water-quenched microstructure of the Ti-5553 

alloy formed by a matrix of metastable  grains of equiaxed morphology. b) selected 

area electron diffraction (SAED) pattern of the [011]  zone axis from a region located 

in the interior of a grain. c) TEM dark field image using a (100) reflection of  

indicated in b).  
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Figure 3. Evolution of a quarter portion of Debye-Scherrer rings during uniaxial 

compression and unloading at RT for  = a) 0 MPa, b) 700 MPa, c) 930 MPa and d) 15 

MPa as indicated in blue by the corresponding true stress-strain (-) curve (left axis). 

A plot of the second derivative of this curve is shown in red and the corresponding 

smoothed curve in green. 

 

Figure 4. Colour-coded 2D plot of the evolution of {hkl} reflections of ″ and  in the 

loading direction during uniaxial compression and unloading at RT for a representative 

2-Theta range of 2.5 – 6 °. 
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Figure 5. a) True stress-strain curve, b) evolution of phase volume fractions and c) 

evolution of characteristic lattice strains of ″ and  phases obtained during uniaxial 

compression and subsequent unloading. 
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Figure 6. Colour-coded 2D plots corresponding to the evolution of {200}  and {200} 

″ Bragg reflections for the Azimuthal ranges a) 0 – 180 ° and b) 180 – 360 ° during 

uniaxial compression and unloading. c, d) Magnification of the regions indicated in a). 

The associated macroscopic true stress-strain curve is shown on the right side of the 2D 

plots. The axial and radial directions are indicated as A and R, respectively. 
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Figure 7. Light optical micrographs of the Ti-5553 alloy after uniaxial compression: a), 

b) widespread and c, d) more local observations of the microstructure showing slip 

lines, grain fragmentation and acicular ″ martensite plates.   
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Figure 8. EBSD of the Ti-5553 alloy after uniaxial compression: a) forescatter detector 

image and corresponding maps for  of the b) inverse pole figure (IPF), c) Kernel 

average misorientation (KAM) and d) Quaternion-based colouring disorientation with 

black lines indicating high angle grain boundaries (misorientation > 15 °). The inset of 

a) corresponding to the framed region shows formation of ″ along slip lines. 
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Figure 9. EBSD of the same region shown in Figure 8: a) phase map, where black lines 

indicate high angle grain boundaries (misorientation > 15 °), b) IPF map for ″ of the 

region marked in a), c) KAM map for ″ of the region indicated in b), and pole figures 

for {100} {110}  {100} ″, {010} ″ and {001} ″ obtained from the grain 

pointed by an arrow in b). Orientations associated with the  matrix and two variants of 

martensite are shown in black and green / magenta, respectively.  

 

Figure 10. Pole figures of {200}″, {020}″ and {002}″ reconstructed from the 

Debye–Scherrer rings acquired by HEXRD after deformation. 
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Figure 11. a) TEM of the initial microstructure of the Ti-5553 alloy after uniaxial 

compression up to  = 0.041 and subsequent unloading at RT: a), b) bright field images 

showing dislocation channels, c) electron diffraction pattern of the [100]  zone axis 

taken from the framed region in a) (″ reflections are labelled by arrows), and d) bright 

field of the framed region in a) with its corresponding dark field image in e) using the 

encircled (02̅1) reflection of ″ indicated in c). 

 

Figure 12. Portion of the Bo̅̅̅̅ -Md̅̅ ̅̅  diagram adopted from [13] indicating the modification 

proposed by [36] and the position of the studied Ti-5553 alloy. 
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Supplementary file captions 

 

Figure 13. EBSD-KAM map for ″ of the initial microstructure of the Ti-5553 alloy 

after uniaxial compression up to  = 0.041 and subsequent unloading at RT. Black lines 

indicate high angle grain boundaries (misorientation > 15 °). 
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