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Abstract 

Metastable β Ti alloys can undergo martensitic transformation under stress. It is shown that such 

stress induced martensitic transformation (SIMT) can significantly facilitate grain refinement by 

severe plastic deformation (SPD), achieving β grain sizes of < 50 nm, compared to > 100 nm in β Ti 

alloys without SIMT. The martensitic α" formed partitions the β grains and blocks dislocation 

movement, but undergoes reverse transformation back into β at large strains, leaving a pure β grain 

structure. The grain refinement can be further enhanced with increasing the strain rate to the order 

of 10–100 s
–1

, leading to β grains of < 10 nm. SPD also has significant effect on the morphology of 

the α precipitates upon ageing, transforming it from acicular to equiaxed. Although the α nucleus 

formed between recrystallised β grains of < ~10 nm follows the Burgers orientation relationship 

(BOR), the semi-coherent interface is lost upon β grain growth during ageing, causing its growth 

into equiaxed shape. 
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1.  Introduction 

Ultrafine/nano grained (UFG/NG) materials have drawn much attention during the last few 

decades thanks to their superior mechanical properties including high strength and superplasticity, 

and unique chemical and physical attributes
[1-8]

. In general, they are produced using either the 

bottom-up or the top-down approach. The former refers to building the UFG/NG structures by 

assembly of atoms or nano particles/layers, while the latter to refining originally coarse grains down 

to < 1 µm (UFG) or < 100 nm (NG). Among the various top-down methods, severe plastic 

deformation (SPD) is widely used to refine grains in metals during which the microstructure 

evolves from dislocation cells to subgrains with low angle boundaries to grains with high angle 

boundaries with increasing strain in simple, single-phase alloys. 

 The effects of SPD on microstructure, however, become more complicated when phase 

transformations are involved, as in the case of Ti alloys. There are three main classes of Ti alloys, 

namely α, α/β and β, with the first two dominated by hcp-structured α and the latter by bcc-

structured β
[9]

. Most research on SPD of Ti is focused on the α and α/β alloys
[10-15]

 which behave 

similarly to other alloys. Here we focus on the metastable β alloys which are unique in that 

martensitic transformation can be induced by plastic deformation which would interact with the 

grain refinement process (unlike in α and α/β alloys, no martensitic transformation occurs upon 

quenching from the β phase field
[16]

). In fact, much finer β grains of < 50 nm have been achieved in 

a metastable β alloy with a relatively low β stability, thanks to stress induced martensitic 

transformation (SIMT), compared to > 100 nm in a more stable alloy without SIMT
[17-19]

. In 

addition, a very recent study
[20]

 conducted by the authors has revealed that grains as small as 5-10 

nm are achievable when severe strains are combined with high strain rates whose effects on grain 

refinement have been largely ignored. 

Besides grain refinement, SPD would have significant effects on α precipitation which can 

be obtained by subsequent aging
[9, 16]

. Instead of the usual acicular shape, equiaxed α is formed in 
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severely deformed β alloys, leading to an ultrafine α/β duplex structure
[21-24]

 with better mechanical 

properties
[25]

. 

In the following sections, we overview the progress and fundamentals in SPD of metastable 

β Ti alloys, focusing on the role played by SIMT in grain refinement, the α" to β reverse 

transformation triggered by SPD, the effects of strain rates, and the influence of SPD on α 

precipitation. 

 

2.  The role of SIMT in grain refinement 

Metastable β Ti alloys can generally be classified as lean and rich 
[16]

, with the former 

experiencing SIMT due to lower β stability, and the latter without SIMT owing to much higher 

content of β stabilising elements 
[9]

. The SIMT produces orthorhombic martensitic α" from the 

parent phase of bcc-β 
[9]

 and significantly influences mechanical properties, including the double-

yielding phenomenon caused by the formation of α" at lower stresses than those required by slip in 

β 
[26]

, the shape memory effect due to α" to β reverse transformation upon unloading 
[27, 28]

, and 

enhanced work hardening rate contributing to better ductility as a result of increased resistance to 

dislocation movement 
[29-31]

. 

Additionally, SIMT plays a significant role in grain refinement during SPD, although the 

mechanism for the substantial grain refinement in the metastable alloys has not been addressed by 

most previous studies. Figure 1 shows the grain sizes achieved in a variety of alloys after SPD at 

room temperature (RT), except for W processed at 290–330 °C < ~0.2 Tm [32]
, to different 

equivalent strains. All the materials are either high purity metals (~99.99%) or single-phase alloys 

before SPD. However, the Ti alloys including Ti-5Al-5V-5Mo-3Cr (wt.%) or Ti-5553, Ti-24.6Nb-

5Zr-3Sn (at.%) or TNZ3S, Ti–29Nb–13Ta–4.6Zr (wt.%) or TNTZ, Ti-36Nb-2.2Ta-3.7Zr-0.3O 
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(wt.%) or TNTZO, and Ti-24Nb-4Zr-7.9Sn (wt.%) or TNZ7.9S would undergo SIMT to form 

martensitic α" during SPD. It should be noted that large strains will ultimately change α" back to β 

[17, 19]
, to be discussed in the next section. Further, although purity of metals 

[33, 34]
 and SPD at > 

0.3–0.4 Tm would influence grain sizes 
[35, 36]

, these two factors are not applicable in Figure 1 since 

the metals are  highly pure and processing temperatures are low (i.e. RT or < 0.2 Tm). It is apparent 

that the smallest grain sizes obtained in single phase alloys are generally larger than 100 nm, while 

the grain sizes in the Ti alloys experiencing SIMT can reach < 50 nm, more than two times finer 

than the grain size of the single β phase Ti-20Mo and Ti-45Nb alloys, indicating that SIMT 

significantly affects the grain refinement in β Ti alloys. 

The role played by α" in grain refinement is illustrated in Figure 2. A dislocation is 

generated at a boundary (solid red in Figure 2a) and travels across the grain to reach the opposite 

side (hollow red) where it decomposes into two other dislocations (blue) and is absorbed into the 

boundary
[3]

.  At the early stages of deformation the rate of dislocation generation is higher than that 

of the absorption, giving rise to an increase in dislocation density, the formation of subgrains, and 

eventually, finer grains with high angle boundaries
[2]

. This process continues until the two rates 

become equal, leading to a steady state with no further grain refinement
[39, 52]

. The grain size at the 

steady state (dS) can be estimated using
[53]

 

   
   

 
            (1)   

where K is a constant normally taken as 10, G the shear modulus, b Burgers vector and τ the shear 

stress with the maximum theoretical value of G/30
[54]

. For Ti-5553, b is calculated to be 0.285 

nm
[20]

, resulting in dS of ~85 nm, close to dS of ~100 nm for Ti-20Mo and Ti-45Nb but coarser than 

< 50 nm observed in the SMIT-involving alloys. Upon being induced by stress, α" can act as an 

obstacle to dislocation movement, resulting in dislocation pileup in front and preventing 

dislocations from reaching the boundary to be absorbed (Figure 2b). Consequently, the equilibrium 
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between the rates of dislocation generation and absorption is disrupted
[17]

, leading to the formation 

of finer (sub)grains thanks to increased dislocation density (Figure 2c). Additionally, any secondary 

α" formed can pin grain boundaries and limit strain-induced coarsening. Studies on Al alloys
[55-57]

 

have confirmed that nano-sized precipitates significantly enhance grain refinement by increasing 

the rate of dislocation multiplication and retarding grain boundary migration. Such compartmenting 

of grains by multiple generations of α" is very effective in refining grains
[17]

. 

 

3. α" to β reverse transformation at large strains 

 It has been shown that the α" formed at early stages of straining disappears when sufficient 

strain is applied, suggesting an α" to β reverse transformation
[17, 19, 51]

. The dissolution of a 

secondary phase after SPD has also been reported in other alloys, including the decomposition of 

cementite in a pearlitic steel during wire drawing
[58]

 and dissolution of θ' in Al-1.7 at.% Cu after 

eight passes of equal channel angular pressing (ECAP)
[59]

. Early studies on β Ti alloys proposed 

that temperature could locally increase to above the austenite start temperature (AS), resulting in the 

reverse transformation
[18, 19, 60]

. Using a model by Pereira et al.
[61]

, we calculated the temperature 

rise to be 41 °C during high pressure torsion (HPT) of Ti-5553 under the experimental conditions 

that led to the reverse transformation
[17]

. This gave rise to a sample temperature of ~66 °C, much 

lower than AS. In addition, α" plates were observed in the alloy even when it was deformed at 

150 °C
[62]

. The assumption that local temperature rise could be responsible for the reverse 

transformation is thus dismissed. Instead, the Gibbs-Thomson effect was evoked to correlate the 

sizes of α" plates to Gibbs free energy, as shown in Figure 3
[17]

. The α" plates are cut constantly by 

severe shearing and their sizes can be reduced to as small as 10-20 nm
[17, 63]

, leading to sharply 

increased energy of the system (Figure 3) and driving α" to transform back to β. This further 

facilitates grain refinement since nano-sized α" particles become β grains of the same size during 

the reverse transformation
[17, 19]

. In other words, the reverse transformation was driven by a high 
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α"/β interfacial area, but in contrast to the conventional Gibbs-Thomson effect in which coarse 

particles grow at the expense of smaller ones, the extremely fine α" would be transformed by 

shearing rather than being dissolved, into the same-sized β grains, keeping the nanocrystalline 

structure. 

 

4. Effects of strain rate on grain refinement 

 As discussed earlier, grain refinement is a result of the competition between the rate of 

dislocation generation and absorption. Any factors which affect these two rates would influence the 

final grain size achievable. Two characteristic times can be considered in this regard, namely the 

time a dislocation takes to generate and travel across a grain until reaching a grain boundary (tP), 

and the relaxation time (tr) during which the dislocation is absorbed by the grain boundary through 

diffusion. When tP = tr, the minimum grain size at the steady state (dS) is obtained and can be 

related to strain rate (  ) by
[64]

 

    
     

  
 

 

 
             (2) 

where Dgb is the grain boundary diffusion coefficient. A higher strain rate would result in a smaller 

minimum grain size since it shortens tP and leaves less time for dislocations to be absorbed at grain 

boundaries, leading to increased dislocation density and enhanced grain refinement. 

 Figure 4 presents the minimum grain sizes obtained by SPD at different strain rates in 

single-phase alloys and in the two Ti alloys involving SIMT. SPD of Ti-5553 at a high strain rate of 

2 s¯
1
, achieved by shear punching

[20]
, leads to much finer grains of ~5-10 nm, compared to 30-50 

nm obtained by HPT at 0.5 s¯
1
, and the grain sizes in other alloys are generally much coarser using 
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strain rates < 0.5 s¯
1
. In contrast to a wide range of strains investigated (Figure 1), the variation in 

strain rate is quite limited and the rates are generally very low (Figure 4). For example, among the 

few studies
[39, 52, 65]

 comparing strain rates, the range used is of the order of 0.01-0.1 s¯
1
, not high 

enough to cause substantial changes in grain size. This is because it is difficult to achieve high 

strain rates in such widely used SPD processes as HPT and ECAP. In fact, most investigations do 

not even report strain rates despite their significant influence on dislocation dynamics (e.g. 

dislocation density, velocity and the rate of overcoming obstructions in the jerky glide regime
[66]

). 

Other than shear punching, dynamic plastic deformation (DPD) is a more recent SPD technique 

capable of producing high strain rates, and remarkably fine grains of < 70 nm have been obtained in 

pure Cu at 10
3
 s¯

1
, although the grain refinement is a result of formation and fragmentation of 

nano-twins at high values of the Zener-Hollomon parameter rather than the effects on dislocation 

dynamics
[67]

. 

The effects of strain rate, however, need scrutiny in light of the observations in our shear 

punch testing (SPT) experiments in which a strain of 40 and strain rates of 0.02 to 200 s¯
1
 were 

nominally applied on β annealed Ti-5553
[20]

. Shear localization during SPT generated one major 

shear band (SB) in the shear zone. A strain rate to 2 s¯
1
 effectively refined the grain sizes inside the 

SB down to 5-10 nm, much finer than 30-50 nm obtained after HPT at a strain rate of 0.5 s¯
1
 to an 

equivalent strain of ~240. Based on Equation 2, the ratio of the steady-state grain size for HPT to 

that for SPT is
[20]

 

       

       
  

     

     
 

 

 
            (3) 

where       and       are the strain rates during SPT and HPT, respectively. Using the nominal 

strain rates of       = 2 s¯
1
 and       = 0.5 s¯

1
, the finest grain size obtained by HPT, dS(HPT) = 30 
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nm, would correspond to dS(SPT) of 19 nm, much coarser than the observed 5-10 nm. This is because 

the actual strain rate inside the SB is much higher, estimated to reach as high as 250 s¯
1
 at the 

applied (nominal) strain rate of 2 s¯
1
, resulting in dS(SPT) of 4 nm. This calculated grain size range of 

4-19 nm is in good agreement with the experimental observations. 

 It should be pointed out that there is a limit to the application of Equation 3. At the 

maximum strain rate of 200 s¯
1
 applied, much larger, elongated grains are observed. This is mainly 

attributed to the much shorter time available for dislocations to rearrange and produce high angle 

grain boundaries
[20]

. It is likely that there is an optimal strain rate in a particular alloy that favours 

dislocation generation over absorption at grain boundaries, leading to more effective grain 

refinement. 

 

5. Formation of equiaxed α in severely deformed β Ti alloys 

Aging β Ti alloys in the α/β phase field leads to the precipitation of hcp-α in bcc-β. It is well 

established that the α/β interface obeys the Burgers orientation relationship (BOR) of         

       and                . The BOR interface is semi-coherent with very low growth rate, 

leading to acicular α precipitates (Figure 5a). However, the morphology of α changes to equiaxed if 

the β phase is severely deformed prior to aging (Figure 5b), although some plate-shaped α with 

semi-coherent interfaces may still be found (arrowed). This morphological transformation occurs if 

α can grow at a high rate in all the directions, accompanied by the disappearance of the BOR. It had 

been speculated that the precipitation of α at grain triple junctions would fulfil this condition
[21, 22]

. 

A recent systematic study conducted by the authors
[24]

, however, shows the α/β interface during 

nucleation of α in a severely deformed Ti-5553 does initially obey BOR, but as illustrated in Figure 

5c and d, β recrystallization and grain growth lead to the destruction of BOR and the replacement of 
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the semi-coherent interfaces with incoherent ones. This allows the α nuclei, often formed at β grain 

boundaries, to grow in all directions at equally high rates when the initial β grains (i.e. before 

significant grain growth) are of the order of 10 nm attainable only by SPD
[24]

. This is consistent 

with the electron backscattered diffraction (EBSD) analysis on an equiaxed α/β structure which 

shows that α is bounded by mostly incoherent interfaces responsible for the formation of equiaxed 

α
[68]

. However, the growth of α becomes slower as aging continues so that it remains in the UFG 

range (i.e. < 1 µm) even after a long time. This can be attributed either to the pinning of the α/β 

interface by the β grains (i.e. Zenner pinning)
[24]

, or to the reduced interface mobility as a result of 

segregation of the β stabilizing elements at the α/β interface
[68]

. Such a change in the morphology of 

α gives rise to an ultrafine structure consisting of soft β grains surrounded by a network of hard, 

equiaxed α grains. Although it is too early to conclude, there is indication that this microstructure 

improves ductility as deformation is transferred from the softer β to the harder α
[25]

.  

 

6.  Mechanical properties and potential biomedical applications 

Regardless of deformation mechanisms, grain refinement induced by SPD leads to grain 

boundary strengthening. Indeed, SPD has resulted in higher values of Vickers hardness (HV) and 

yield strength (YS) in different β Ti alloys, as listed in Table 1, although ductility decreases as in 

other SPD processed alloys.  

 The elastic modulus (E) of β Ti alloys is ~30-80 GPa 
[48, 69, 70]

, much more compatible with < 

30 GPa for bone 
[71]

 than > 100 GPa for α- and α/β alloys currently used for orthopaedic implants, 

which makes them attractive for such biomedical applications, since a large difference in E would 

lead to bone resorption. Additionally, β Ti alloys can be produced using none-toxic elements (e.g. 

those in Table 1), in contrast to Ti-6Al-4V, one of the most commonly used, which contains toxic 

elements of V and Al. However, the low E is only obtainable in single β-phase Ti alloys with low 

strength. SPD processing is therefore desirable as it can greatly increase strength without affecting 

A
ut

ho
r 

M
an

us
cr

ip
t



This article is protected by copyright. All rights reserved 
 

the low E. In fact, SPD can potentially be used to manipulate texture in order to reduce E even 

closer to that of bone. This is particularly achievable if a strong texture along a <100> direction is 

produced 
[47]

, along which E is the smallest 
[72-74]

. 

 In addition to mechanical and chemical biocompatibility of β Ti alloys, a recent study 

showed that SPD can be used for producing porous surfaces, which is crucial for protein adsorption 

and cell functions in orthopaedic implants. In particular, HPT was conducted on Ti-20Mo followed 

by aging at 550 °C to produce a duplex, ultrafine α/β structure 
[75]

. The equiaxed α particles 

produced were attacked more severely by etching, leading to a porous surface which enhanced cell 

growth and osteogenic capacity 
[75]

.  

Table 1 Mechanical properties of a number of β Ti alloys processed by different SPD 

methods to various equivalent strains (εeq.). d denotes grain size (nm), YS yield 

strength (MPa), HV Vickers hardness (MPa), El elongation (%) and HE hydrostatic 

extrusion.  
 

Alloy Process εeq. d YS HV El Ref. 

before 

SPD 

after 

SPD 

before 

SPD 

after 

SPD 

before 

SPD 

after 

SPD 

Ti-45Nb HE 3.5 300 ~450 ~660 150 188 24 20 [46] 

Ti-45Nb HPT 15 - ~450  950 150 240 24 13 [47] 

Ti-45Nb HPT 170 90 ~450  ~1000 150 250 24 8 [47] 

Ti-35Nb-3Zr-2Ta 1 pass of 

ECAP-500 °C  

~2 - ~409 467 193-

195 

203-

216 

46 9 [76] 

Ti-35Nb-3Zr-2Ta 4 passes of 

ECAP-500 °C 

~8 300 ~409 390 193-

195 

216-

224 

46 16.5 [76] 

Ti–29Nb–13Ta–4.6Zr HPT - ~45 565 ~800 ~210 250-

300 

~22 7 [49] 

Ti-24.6Nb-5Zr-3Sn  ECAP - <50 445 920 - - - 5 [77] 

Ti-36Nb-2.2Ta-3.7Zr-

0.3O 

HPT 15 50 - - ~260 290 - - [50] 

 

7. Conclusions 

A
ut

ho
r 

M
an

us
cr

ip
t



This article is protected by copyright. All rights reserved 
 

(1) Significantly smaller grains of < 50 nm have been achieved by SPD in SIMT-involving 

metastable β Ti alloys, compared to those in single-phase alloys (generally > 100 nm). SIMT 

partitions the β grains and the martensitic α" formed blocks dislocation movement, resulting 

in enhanced grain refinement. The α" phase undergoes reverse transformation into β at large 

strains when its size becomes too small to be stable, leading to a nanocrystalline β structure. 

(2) An increase in strain rate to the order of 10–100 s
–1

 has produced further grain refinement to < 

10 nm, revealing the significant effects of strain rate on grain sizes. 

(3) Equiaxed, rather than acicular, α precipitates would form between β grains of < ~10 nm upon 

ageing after SPD. Although the α nucleus obey BOR, subsequent β grain growth would 

destroy the semi-coherent interface formed, causing it to grow into equiaxed shape. 

(4) SPD can lead to effective strengthening without affecting the low elastic moduli in metastable 

β Ti, making them desirable for orthopaedic implants.     
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Figure Captions 

 

Figure 1. Grain sizes (measured by TEM or EBSD) in pure metals and single-phase alloys, as 

well as in Ti-5553, TNZ3S, TNZ7.9S, TNTZ, and TNTZO experiencing SIMT, after 

SPD to different equivalent strains. The finest grains of < 50 nm are achieved in the 

Ti alloys involving SIMT compared to > 100 nm in the other alloys. 

 

Figure 2. (a) Generation of a dislocation at a grain boundary (solid red) that crosses the grain 

to reach the opposite boundary (hollow red) where it decomposes into two 

dislocations (blue) absorbed by the boundary; (b) a pileup of dislocations at an α" 

plate, preventing their absorption and increasing their density, leading to (c) the 

formation of finer (sub)grains (dashed-lines). 
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Figure 3. Gibbs free energy normalized by the α"/β interfacial energy (ΔG/γ) as a function of 

the sizes of α" plates with different aspect ratios (η).
[17] 

 

Figure 4. Grain sizes achieved in different single-phase alloys and those undergoing SIMT (i.e. 

TNZS and Ti-5553) after SPD at different strain rates. 
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Figure 5. (a) Acicular α precipitated after aging at 600 °C for 1 hour in a β annealed Ti-5553 

alloy; (b) equiaxed α/β structure formed after aging at 600 °C for 1 h in an HPT 

processed Ti-5553 showing mostly incoherent but a small number of semi-coherent 

(arrowed) α/β interfaces; illustrations showing (c) nucleation of α at β grain 

boundaries (i.e. grain boundary α or GBA) in a severely deformed β Ti, meeting 

BOR with one of the grains and forming incoherent interface with the other, and (d) 

replacement of the initially semi-coherent interface with an incoherent one (dashed 

line) after growth of grain 1 at the expense of grain 2, leading to the rapid migration 

of the newly formed incoherent interface and formation of equiaxed α
[24]
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The progress and fundamentals in severe plastic deformation (SPD) of metastable β Ti alloys are 

overviewed, focusing on the role played by stress-induced martensitic transformation in grain 

refinement, the α" to β reverse transformation triggered by SPD, the effects of strain rates, and the 

influence of SPD on α precipitation. 
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