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Abstract: Influence of severe cold deformation of titanium alloy Ti−1.5%Al−6.8%Mo−4.5%Fe in metastable β condition on the 
evolution of phase composition, microstructure, and tensile properties during continuous rapid heating was studied. As-deformed 
alloy was characterized by quasi-amorphous single-phase β condition with an abnormal temperature dependence of electric resistance 
that was normalized after 48 h exposure at room temperature as a result of isothermal ω phase precipitation. Subsequent rapid 
heating with a rate of 5 °C/s caused recovery and recrystallization. Tensile properties of the alloy after different treatments were 
determined and discussed. 
Key words: titanium alloy; severe cold deformation; rapid heating; recovery and recrystallization; phase composition; microstructure; 
mechanical properties 
                                                                                                             
 
 
1 Introduction 
 

Titanium alloys comprise a unique group of 
structural materials for many applications due to their 
high specific strength, good hardenability, excellent 
fatigue/crack-propagation and corrosion resistance [1,2]. 
The best combination of high strength with other 
important properties can be achieved in metastable β 
titanium alloys of which superiority over other titanium 
base structural materials is most pronounced in the solid 
solution treated and aged (STA) conditions with a fully 
β-transformed, fine-grained and precipitation-hardened 
microstructure [3,4]. After STA, the ductility of these 
alloys is essentially determined by β grain size, so that 
for the same strength finer grains result in higher tensile 
elongation and reduction of area [5]. As the size of β 
grains in titanium alloys can be reduced only by 
deformation and recrystallization processes due to 
comparatively low volume changes at α↔β phase 
transformation [1], plastic deformation is a 
technologically inevitable stage for grain refinement. 
Therefore, the ability of metastable β alloys to undergo 
cold deformation (CD) with high reductions in 
metastable single-phase β condition is of great 
importance [2,6]. Severe CD (with up to 90% reduction 

in cross section) combined with subsequent 
recrystallization upon continuous rapid heating (RH) 
allowed to form a unique fine-grained microstructure, 
with an excellent balance of extremely high strength, 
acceptable ductility and fatigue strength [7−9]. 
IVASISHIN et al [7,8] reported that higher CD 
reductions led to the formation of finer β grains after 
recrystallization. This was attributed to the decrease in 
distance between primary β grain boundaries at which 
new grains nucleated during recrystallization. Some 
metastable β alloys, including Ti−1.5%Al−6.8%Mo− 
4.5%Fe (TIMETAL-LCB), can be subjected to severe 
CD due to their high ability to accommodate plastic 
deformation via the development of subgrain/cell 
substructure [6], so, very fine grains (about 2 m in 
diameter [10]) can be formed upon recrystallization. At 
the same time, when grain size in titanium alloys is 
below 1 μm (sub-micron scale microstructure), various 
physical and mechanical properties are significantly 
improved [11,12]. The present work concerned the 
possibility to employ cold deformation with reduction 
over 90%, followed by recovery/recrystallization 
induced with rapid continuous heating, aiming at the 
formation of a fine β-grain microstructure in 
TIMETAL-LCB alloy. Tensile properties of the material 
with such microstructure are assessed. 
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2 Experimental 
 

Ti−1.5%Al−6.8%Mo−4.5%Fe (TIMETAL-LCB) 
alloy was received as a hot-rolled d25 mm rod from 
Perryman Company (USA). A 250 mm-long piece was 
cut out of the rod, solid solutionized at 900 °C for 1 h 
and water quenched in order to eliminate any impact of 
previous processing history and to form a single β-phase 
state with average grain diameter of about 200 μm [6,7]. 
The first CD step consisted of multi-pass rolling from 
d25.0 mm to d8.0 mm at room temperature using 
industrial-scale rolling mills, as it was done in Refs. 
[6−8]. The second CD step comprised rolling from d8.0 
mm to d1.3 mm with fine-scaled “jewelry mills” 
application. So, at the first stage the reduction of 
cross-section area was about 90% (true deformation 
|ε|=2.28), and after the second stage it equaled 97% 
(|ε|=3.63). Thus, the total reduction from the initial 
diameter (25.0 mm) to the final one (1.3 mm) was about 
99.9% (|ε|=5.91), which is even higher than the 
reductions typical for various techniques of severe plastic 
deformation [11,13]. After CD, 300 mm-long wire 
samples were rapidly heated at a rate of 5 °C/s by 
resistance heating (50 Hz, air cooling) at various peak 
temperatures, with parallel in situ measurements of 
electric resistance [14]. After reaching peak temperatures, 
the samples were immediately water quenched in order 
to fix actual phase and microstructural state. Then some 
of the samples were subjected to aging either at 538 °C 
or 520 °C, in order to achieve the highest strengthening 
effect [15]. Also a part of aged specimens were polished 
with a diamond paste to enhance the surface smoothness. 
In this case, final wire diameter was 1.1 mm. The alloy 
microstructures at different treatment stages were 
examined by light microscopy (LM) and transmission 
electron microscopy (TEM). Phase composition of the 
samples was determined by standard X-ray diffraction 
(XRD) technique, and special orientation XRD analysis 
was employed to detect phases with low volume 
fractions [6]. Tensile tests of d1.3 mm and d1.1 mm wire 
specimens were conducted in accordance with ASTM 
E8M standard using an INSTRON 3376 machine with a 
tension rate of 8×10−4 s−1. 
 
3 Results and discussion 
 

The microstructure of TIMETAL-LCB after the first 
CD step is shown in Figs. 1(a) and (b). The β grains of 
40−80 μm in diameter with a well-developed 
substructure inside, elongated in the rolling direction, 
were observed (Fig. 1(a)). High-density dislocations 
assembled in elongated cells were detected inside these 

grains (Fig. 1(b)). XRD analysis revealed the β phase 
with a small amount (about 3% in volume fraction) of 
athermal ω phase, which is consistent with earlier 
obtained data [6,7]. Subsequently, the second CD step 
caused the formation of much finer (thickness below a 
couple of micrometers) elongated β grains (Fig. 1(c)). 
Dislocations density inside these β grains also increased, 
and their distribution became random (Fig. 1(d)). Ring 
smearing of BCC lattice reflections on SAD patterns  
(Fig. 1(e)) was observed, indicating the formation of 
nanocrystalline or even quasi-amorphous condition. The 
XRD pattern of as-rolled material indicated completely 
single-phase β state (Fig. 2, curve a), whereas 48 h 
keeping of the same sample at room temperature resulted 
in the appearance of ω-phase reflections and an increase 
in relative intensity of the β-phase reflections (Fig. 2, 
curve b). Therefore, severe plastic CD (|ε|=5.91) at room 
temperature led to the dissolution of athermal ω phase 
formed in the quenching and remained during the first 
CD step. This is consistent with the results in Ref. [16] 
where volume fraction of the ω phase in solution treated 
TIMETAL-LCB and β21s alloys reduced after room 
temperature deformation under compression, reaching 
zero at high strains. The disappearance of ω phase at true 
strains ε>0.04 was also reported for a metastable β 
Ti−12% Mo alloy in Ref. [17], and it was explained by 
the destruction of ω-phase particles by shear bands. 

Subsequent continuous RH of as-rolled material 
became abnormal for this alloy (as well as for all 
metastable β alloys quenched from the β field [7]) 
changes in electric resistivity within the temperature 
range of 200−600 °C (Fig. 3, curve a). After reaching 
820 °C, which temperature corresponded 
recrystallization completion in this alloy cold-rolled with 
90% reduction (|ε|=2.28) [7], on further cooling the 
resistometric curves were typical for the smooth shape of 
β alloys with the minimum about 500 °C. Unlike 
as-rolled material, the resistivity curves of the samples 
held after CD for 48 h at room temperature changed 
during both continuous heating and cooling in a way 
typical for the metastable β alloys [7], namely the abrupt 
drop at 200−400 °C upon heating was absent (curve b in   
Fig. 3). 

Continuous RH of rolled material led to 
considerable changes in its microstructure. In the 
samples heated up to 400 °C a tendency toward the 
formation of cellular dislocation substructure was 
observed (Fig. 4(a)), which was accompanied by 
transformation of diffraction rings (Fig. 1(e)) into 
separate slightly smeared reflections on the SAD patterns 
(Fig. 4(b)). After RH up to 500 °C, substructure further 
evolved towards the formation of cells (about 100 nm in 
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Fig. 2 XRD patterns of TIMETAL-LCB under different 
conditions: (a) As-rolled; (b) Exposed for 48 h at room 
temperature after CD; RH (5 °C/s) to 400 °C (c), 600 °C (d) 
and 700 °C (e) 

 
Fig. 3 Temperature dependency of relative electric resistance 
(RH at 5 °C/s followed by air cooling) of TIMETAL-LCB 
under different conditions: (a) Immediately after CD; (b) 
Exposed for 48 h after CD at room temperature 

 
 
Fig. 1 Microstructures of TIMETAL-LCB 
after CD 90% (|ε|=2.28) (a, b), and 99.9% 
(|ε|=5.91) (c, d, e): (a, c) LМ; (b, d, e) TEM 
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diameter), but the cell boundaries were still rather 
diffused (Fig. 4(c)). The samples quenched after RH up 
to 600 °C consisted of a complex microstructure that 
comprised several components: subgrains with residual 
dislocations of relatively high density, fine recrystallized 
(about 100 nm) β grains with low defect density, and few 

rather coarse β grains formed, obviously, by the 
coalescence of subgrains (Fig. 4(d)). 

Extension of RH up to 700 °C led to the completion 
of recrystallization (Fig. 4(e)) with β grain diameter of 
200−300 nm, whereas after RH up to 800 °C β grain  
size increased up to 400−500 nm (Fig. 4(f)). It is worth  

 
Fig. 4 Microstructures of TIMETAL-LCB after CD 
99.9% (|ε|=5.91) and 48 h exposure at room 
temperature followed by RH at 5 °C/s to 400 °C 
(a, b), 500 °C (c), 600 °C (d), 700 °C (e), 800 °C (f), 
and RH at 5 °C/s to 800 °C + aging 538 °C, 6 h, 
TEM (g): (a, c−g) Bright field images; (b) Selected 
area electron diffraction patterns, a part of reflections 
corresponding to [111]β zone axis are indexed) 
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mentioning that for the TIMETAL-LCB cold-rolled with 
90% reduction (|ε|=2.28) and then rapidly heated at     
5 °C/s the temperature of recrystallization finish was  
815 °C [7], so the increase of true deformation from 2.3 
to 5.9 reduced this temperature by about 100 °C. XRD of 
the samples heated up to various temperatures (Fig. 2) 
revealed gradual dissolution of the ω phase and α phase 
precipitation that appeared after 48 h holding at room 
temperature. The latter was not observed unequivocally 
in a conventional TEM study, presumably because during 
the heating nanosized α precipitates nucleated 
heterogeneously at ω particles [7,18,19]. It should be 
also noted that increasing the RH peak temperature 
above 400 °C was accompanied by an increase in the 
intensity of β phase peaks (curves d and e in Fig. 2). This 
may be explained by the reduction of average crystalline 
size, occurred at initial stages of recovery and 
recrystallization according to Ref. [20]. 

The data depicted above can be rationalized as 
follows. While the as-quenched material contained 
athermal ω phase inside coarse β grains, intense cold 
deformation led to the shearing of ω particles by gliding 
dislocations up to their complete breakdown/dissolution. 
Reappearance of the ω phase reflections after 48 h 
exposure at ambient temperature looks somewhat 
astonishing, because isothermal ω phase usually 
precipitates in the metastable β alloys at higher 
temperatures (250−400 °C) [7,21]. Nonetheless, 
extremely high density of defects after severe cold 
deformation, probably, could enhance diffusion 
processes even at room temperature, similarly to     
that in Ref. [20], where isothermal β→ω transformation 
at ambient temperature has been observed in-situ under 
electron irradiation in a TEM column. The abnormal 
drop in relative resistance of as-rolled samples upon 
subsequent RH can be attributed to extensive recovery, 

while after preliminary room-temperature exposure for 
48 h the ω precipitation led to stress relaxation and 
pinning up of dislocations. Eventually the phase 
composition and substructure of unexposed and exposed 
at room temperature samples equalized upon further 
heating, and their resistivity again coincided above 600 
°C. 

The results of tensile tests (Table 1) are consistent 
with the data and considerations stated above. Both 
specimens as-rolled and exposed for 48 h at room 
temperature had a relatively low yield strength (YS in 
Table 1, and curves a and b in Fig. 5), which can be 
attributed to easy initiation of plastic flow due to a high 
density of dislocations, including glissile ones. At the 
same time, tensile strength (TS) was rather high because 
of a significant cold-work strengthening, and the gap 
between YS and TS was unusually wide, being an 
evidence of residual potential of this material to subject 
further plastic deformation [6]. While 48 h pause 
between CD and tensile tests caused a negligible increase 
in TS, it was accompanied by an essential raise of YS 
(more than 100 MPa) and drop in ductility, which can be 
again explained by the ω phase precipitation that 
impeded dislocation motion. The specimens after CD 
held for 48 h at room temperature also had somewhat 
higher elastic modulus compared with as-rolled ones, 
which had been caused supposedly by isothermal 
ω-phase precipitation. The ω-phase elastic modulus was 
found to be approximately 4 times higher compared with 
the β-phase [22]. 

Upon the RH to 400 °C the difference between YS 
and TS decreased (Table 1), while both strengths slightly 
increased, and the ductility dropped dramatically. 
Presumably, this is a result of formation of a specific 
metastable condition, characterized by a superposition  
of two parallel processes: ω particles dissolution, and 

 
Table 1 Tensile properties of TIMETAL-LCB specimens under different conditions 
No. Condition YS/MPa TS/MPa El/% RA/%

1 Just as-rolled 1000 1595 5.6 16

2 Exposure for 48 h after CD 1109 1605 3.9 15

3 Exposure for 48 h after CD+RH(5 °C/s) to 400 °С 1605 1620 1.7 8

4 Exposure for 48 h after CD +RH (5 °C/s) to 500 °С 1410 1422 2.6 7

5 Exposure for 48 h after CD+RH (5 °C/s) to 600 °С 1365 1380 7.2 9

6 Exposure for 48 h after CD+RH (5 °C/s) to 700 °С 1095 1105 10.2 10.5

7 Exposure for 48 h after CD+RH (5 °C/s) to 800 °С 1086 1100 11.4 12

8 Exposure for 48 h after CD+RH (5 °C/s) to 700 °С+(538 °С, 6 h) 1586 1621 6.8 8.2

9 

Wire d1.3 mm, 
Ra=0.36 μm 

Exposure for 48 h after CD+RH (5 °C/s) to 800 °С+(538 °С, 6 h) 1525 1570 8.1 9

10 Exposure for 48 h after CD+RH (5 °C/s) to 700 °С+(538 °С, 6 h) 1592 1634 8.9 12.5

11 

Wire d1.1 mm, 
Ra=0.09 μm 

(after surface polishing) Exposure for 48 h after CD+RH (5 °C/s) to 700 °С+(520 °С, 6 h) 1690 1728 7.4 11.2
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dislocation structure transformation from a chaotic to 
cellular one (Fig. 4(c), and curve c in Fig. 2). Further 
heating resulted in a gradual reduction of strength and 
increase in ductility (Table 1). For instance, the 
specimens rapidly heated up to 800 °C, where 
recrystallization had competed and the β grains slightly 
had grown (Fig. 4(f)), had TS above 1000 MPa and 
elongation over 11% (Table 1 and curve 3 in Fig. 5). 
These changes in tensile properties after RH can be 
attributed to the processes mentioned above. Dissolution 
of isothermal ω phase precipitated at room temperature, 
recovery and cell substructure formation in the β phase, 
followed by recrystallization and grain growth. It is 
notable that tensile properties of recrystallized material 
with 100 nm (RH to 700 °C) and with 300 nm (RH to 
800 °C) β-grain size were quite similar to those 
determined earlier for the same alloy cold-rolled (with 
|ε|=2.28) and then rapidly recrystallized (final β grain 
size below 10 μm), but measured on standard specimens 
with a gage of d4 mm [15]. 
 

 
Fig. 5 Engineering tensile stress−strain curves of TIMETAL- 
LCB under different conditions: (a) As-rolled (CD); (b) 
Exposed for 48 h at room temperature after CD; (c) After 
subsequent RH at 5 °C/s to 800 °C (The YS values relevant to 
each curve are denoted by square symbols and arrows) 
 

As the metastable β titanium alloys are employed 
predominantly in an aged condition (Fig. 4(g)), the 
tensile properties of the samples after ageing were 
assessed. The aging of recrystallized samples at 538 °C 
for 8 h led to an attractive combination of strength and 
ductility. Again, the properties of aged material did not 
change significantly with more than a tenfold β-grain 
size reduction (Table 1). For instance, the samples after 
RH up to 700 °C and ageing had TS=1621 MPa, which is 
higher only by 110 MPa than that at the same alloy with 
a grain size of about 8 mm, but with a noticeable 
worsening of ductility [15]. Taking into account that 
titanium alloys in highly strengthened condition are very 
sensitive to stress concentrators [2], we assumed that in 

the present case, tensile properties could be 
underestimated because of relatively rough (Ra=0.36 μm) 
surface of the d1.3 mm wire obtained by rolling. From 
our point of view, such relatively strong roughness for 
this small wire diameter plays the role of a stiff enough 
surface stress concentrator, causing early failure of the 
material. Our attempts to improve the surface quality via 
electropolishing were unsuccessful, whereas mechanical 
polishing of the wire with a diamond paste allowing to 
reduce the surface roughness to 0.09 μm. As a result, 
both strength and ductility of the alloy aged at 538 °C 
were noticeably improved (Table 1), i.e., surface 
polishing allowed to reveal the real balance of 
mechanical properties of the alloy after this treatment. 
This effect allowed us to apply more “stiff” regime of 
aging at a lower temperature of 520 °C. The balance of 
tensile properties (TS=1728 MPa, and El=7.4% in Table 
1) is prominent for this alloy, and may find a practical 
use, e.g. for the alloy used as a material reinforcing fibers 
for composites or in the wire ropes production. 
 
4 Conclusions 
 

Severe cold deformation applied to titanium 
TIMETAL-LCB alloy in metastable β condition led to 
the formation of a specific phase (because of athermal ω 
phase dissolution) and microstructural (extremely high 
density of dislocations) state, unstable to β→ω 
transformation even at room temperature. Subsequent 
rapid continuous heating allowed to control recovery and 
recrystallization processes at relatively low temperatures, 
and to form submicron microstructures with average β 
grain size of about 100 nm. As a result, an attractive 
combination of high strength and acceptable ductility 
was attained after aging; however, special attention 
should be paid to the surface conditions from the 
viewpoint of stress concentration mitigation. A wire with 
such a combination of high strength and acceptable 
ductility is promising for certain practical applications. 
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快速连续加热过程中剧烈冷变形亚稳 β钛合金 
显微组织、相组成和拉伸性能的演变 
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摘  要：研究连续快速加热条件下亚稳 β Ti−1.5%Al−6.8%Mo−4.5%Fe 钛合金剧烈冷变形对其显微组织、相组成

和拉伸性能演变的影响。轧制态合金具有准非晶单相 β结构，其电阻率与温度的关系呈现异常；将轧制态合金在

室温下冷却暴露 48 h，由于等温 ω相的析出，电阻率与温度的关系恢复正常。随后，将合金以加热速率为 5 °C/s

进行快速热处理，导致回复和再结晶发生。测定和讨论了不同处理后合金的拉伸性能。 

关键词：钛合金；剧烈冷变形；快速加热；回复和再结晶；相组成；显微组织；力学性能 
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