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Abstract. Ti-6Al-7Nb alloy was quenched below and above the β-phase field and processed by 
high-pressure torsion (HPT) to produce different grain sizes in the ultra-fine range. The influence 
of temperature and strain rate over the superplastic properties, activation energy and strain rate 
sensitivity were evaluated by high temperature tensile tests. The mechanical properties were 
complemented with Vickers microhardness measurement of heat treated and HPT-processed 
samples. The crystallographic analysis was performed through XRD and EBSD studies in the grip 
and tip of the high temperature tensile specimens. Microhardness measurements show significant 
hardening with respect to the imposed strain after HPT. Meanwhile, high superplastic elongation 
of 1200% was accomplished at 850 °C with a strain rate of 2x10-3 s-1. EBSD studies of the failed 
specimens suggest that the tip part exhibited dynamic recrystallization during tensile test, which 
produced a larger grain size of ~5.1 µm and higher fraction of β phase of 3.7%, with respect to the 
grip part under static recrystallization, which attained ~3.4 µm grain size and 3.3% β phase 
fraction.  
Introduction 
Titanium alloys are widely used in aerospace industry and medical implants due to their 
workability [1–3], low density (60% of steel), thermal stability, high mechanical and corrosion 
resistance [4–7]. Titanium alloys are classified according to their crystal structure with respect to 
the presence of phases: α (HCP), β (BCC) and duplex α+β [4–7]. The α+β alloys have enough 
content of β-stabilizer to allow the nucleation of β-phase particles at room temperature, these 
duplex microstructures provide balanced properties and can be modified through heat treatments 
(increases strength 30% to 50% in comparison with annealed condition or overaged) [7]. Ti-6Al-
7Nb is an α+β alloy with enough Nb content to produce a microstructure that can serve as 
replacement to the commonly used Ti-6Al-4V alloy, and avoid the toxicity associated with V+ ion 
release [1–7]. On the other hand, superplastic properties of metals and alloys provide an excellent 
option for fabrication of parts with complex shape at lower temperatures and higher strain rates 
than conventional hot working, which results in lower energy consumption [8]. Superplasticity is 
characterized by high elongation to failure (above 400%) during a high temperature tensile test 
[9]. Superplastic behavior requires three main conditions: (1) high deformation temperature T ˃ 
0.5Tm (Tm: melting temperature), (2) grain size < 10 µm and (3) low strain rate, in the order of  
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10-3 to 10-5 s-1 [10–11]. The strain rate sensitivity index, m, describes the capability of plastic 
deformation. It has been observed that superplastic flow requires m ~ 0.5 [12–14] 
 

Eq. 1 shows the constitutive equation for superplastic behavior of microcrystalline materials, 
equation used to find the activation energy of the process [13–15]. 
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Where 𝜀𝜀 ̇ is the strain rate, A is a dimensional constant, b is the Burger vector, d is the grain size, 

P is the inverse exponent of the grain size, 𝜎𝜎 is the yield stress, 𝐺𝐺 is the shear modulus of elasticity, 
n = 1/m, and e-Q/RT denotes the grain boundary diffusion coefficient, where Q is the activation 
energy, R is the ideal gas constant and T is the temperature. Eq.1 can be rewritten in such a way 
that it becomes a linear equation, as shown by Eq. 2 [13–15].: 
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Severe Plastic Deformation (SPD) methods are an excellent option for producing 

nanostructured alloys with enhanced properties. SPD processing can be described as metal forming 
techniques that induce large shear strains under high hydrostatic pressure at low temperatures 
(commonly less than 0.4T melting temperature), capable of producing ultrafine grained (UFG) 
structures [16–21]. The most effective methods to produce grain refinement is High-Pressure 
Torsion (HPT) [17–20], in which a disc is subjected to torsional straining under a high hydrostatic 
pressure. Several studies reported the superplastic elongation in titanium alloys: 987% in Ti55 
alloy [22], a range between 768% and 2100% for Ti-6Al-4V [23–25] and 820% for UFG Ti-6Al-
4V[26]. UFG Ti-6Al-7Nb produced by HPT attained 930% [27] and 400% [28] of superplastic 
elongation. This work describes the influence of strain rate and temperature over the superplastic 
properties of nanostructured Ti-6Al-7Nb produced by quenching and HPT, through the calculation 
of strain rate sensitivity (m) and activation energy (Q). 
Experimental procedures 
Discs of 10 mm in diameter and 1.5 mm in thickness were sliced from commercial Ti-6Al-7Nb 
bar by electrical discharge machining (EDM). Then the specimens were subjected to heat treatment 
at 700°C for 2 h in air atmosphere and cooled in cold water. The cooling in cold water from 700 
°C did not have a major effect in the microstructure of a slowly cooled Ti-6Al-7Nb, so it is referred 
to as annealed condition (A). Following, samples were heat treated at 1060°C (which is above β-
transus) above martensite start (Ms) for 1 h and quenched in cold water. This condition is referred 
to as quenched (Q). HPT was conducted on 10 mm diameter discs from A and Q conditions at 
room temperature, under 6 GPa for N = 10 revolutions at ω = 1 rpm. Vickers microhardness 
measurements were performed with 500 µm spacing in radial directions from the center of the disc 
for: annealed (A), annealed+quenched (A+Q) and annealed, quenched and HPT-processed 
samples (A+Q+HPT). Tensile test specimens were also extracted by EDM from a location 2 mm 
from the center of the 10 mm disc. The dimensions of the gage section were 1.5 mm length, 0.7 
mm width and 0.5-0.7 mm thickness, as shown schematically in the inset of Fig. 4. High 
temperature tensile tests were conducted in air atmosphere combining temperatures of 700 °C, 750 
°C, 800 °C, 850 °C and 900 °C with initial strain rates of 1x10- 3 s-1, 2x10-3 s-1, 5x10-3 s-1, 1x10-2 
s-1 and 2x10-2 s-1. These tests allowed the calculation of strain rate sensitivity (m) and activation 
energy of Ti-6Al-7Nb for comparison with reported literature and stablish the deformation 
mechanism during tensile test.  
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Metallographic analysis was performed in optical microscope for annealed and quenched 
conditions, the discs were polished to a mirror-like finish and etched with Kroll´s reagent. X-ray 
diffraction (XRD) was carried out to identify the main phases in heat treated, HPT-processed and 
failed tensile specimen samples, using Cu-Kα radiation (λ = 1.54016 Å), scanning step of 0.02° 
and speed of 1°/min. Transmission electron microscopy (TEM) observations were carried out at 
200 kV from 3 mm discs extracted from the periphery of the HPT-processed disks, thinned by 
twin-jet electropolishing in a solution of 90% acetic acid and 10% perchloric acid under 20 V. 
After high temperature tensile test, the failed specimens were selected for crystal structure and 
phase fraction analysis using electron backscatter diffraction (EBSD) in grip and tip sections. 
EBSD samples were mechanically polished to a mirror-like finish followed by electropolishing 
using the same electrolyte and conditions as for the TEM specimens.  
Results and discussion 
Fig. 1a shows the initial microstructure after annealing at 700 °C, which is a typical α+β 
microstructure, consisting of equiaxed grains of α-phase with β-phase particles at grain 
boundaries. Fig. 1b shows the as-quenched condition from 1060 °C, which consists of a 
combination of α grains with regions of basket-weave structure of acicular martensite α´ and β 
platelets. β-transus temperature for Ti-6Al-7Nb is 1010 °C, thus quenching from 1060 °C 
allowed the formation of the martensitic structures [29]. 
 

 
Fig.  1. Ti-6Al-7Nb microstructures after (a) annealed at 700°C and (b) quenched in cold water 

from 1060°C. 
Fig. 2 shows a comparison of XRD profiles of A, A+HPT, A+Q, A+Q+HPT conditions, as well 

as the tip and grip section of A+Q+HPT specimens tested at 850°C with strain rate of 2x10-3 s-1.  
Peaks of α and β are observed in A sample. The intensity of the β-phase peaks is decreased beyond 
the resolution of the XRD for A+HPT sample, which is associated with the refinement of the β-
phase particles by HPT. The A+Q and A+Q+HPT samples, show similar behavior, in this case 
also associated with the fine β platelets that are part of the martensitic structure formed by 
quenching. The presence of α´ is overlapped with the α peaks in these cases as well. Increased 
peak broadening can be observed in the cases after HPT processing due to grain refinement and 
high density of lattice defects [16-18]. The A+Q+HPT tip and grip section profiles show the 
presence of both α and β peaks with less peak broadening due to the recrystallization and grain 
growth that occurs during high temperature tensile test. 
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Fig.  2. XRD profiles before and after HPT and after tensile testing 

Fig. 3 shows Vickers microhardness profiles of A, A+Q, A+HPT and A+Q+HPT samples with 
respect to the distance from the center of the discs. Dotted lines correspond to the hardness levels 
of the microstructures in the initial states (after heat treatment: A and A+Q). The A+Q sample 
attained higher hardness than A, since the resulting microstructure is finer [24]. After HPT, both 
conditions A+HPT and A+Q+HPT exhibited an increase in microhardness up to ~350 HV and 
~400 HV in the edge of the disc respectively, strongly associated with grain refinement provided 
by HPT. Examination of TEM images also shown in Fig. 3, reveal that the A+Q+HPT had a 
smaller grain size with respect to A+HPT, it was estimated ~50-70 nm from dark-field images. 
High temperature tensile test results are shown in Fig. 4a for the case of A+Q+HPT samples 
tested at an initial strain rate of 2x10-3 s-1. This strain rate attained the highest elongations at any 
given temperature, but in general all samples processed by HPT attained superplastic elongation 
> 400%, when tested at 800 °C or higher, as shown by selected samples in Fig. 4b. Superplastic 
elongation increased with testing temperature at the expense of yield stress. Superplastic 
elongation of A+Q+HPT samples between 800 °C and 900 °C increased from 700% up to 1200% 
with maximum magnitude reached at 850 °C with a strain rate of 2x10-3s-1. Meanwhile, A+HPT 
samples tested at 850°C with 2x10-3 s-1 strain rate reached 900% elongation. This suggests there 
are differences in microstructural evolution and grain refinement from the initial microstructures. 
Tensile test at 700°C with a strain rate of 1x10-2 s-1 exhibited the lowest elongation, with not 
much difference with respect to the quenching. 
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Fig.  3. Vickers microhardness (left) and TEM bright-field, dark-field, SAED images (right) of 

heat-treated samples after HPT processing.  
 

 
Fig.  4.  Stress-strain curves at different temperatures and strain rates: a) A+Q+HPT at a strain 

rate of 2x10-3 s-1 and b) A+HPT and A+Q+HPT at 700°C and 850°C at a strain rate of  
1x10-2 s-1 and 2x10-3 s-1 respectively 

Fig. 5a shows the plot for maximum stress versus initial strain rate of each of the testing 
temperatures using logarithmic scale. The best fit lines were estimated for each temperature and 
consequently the strain rate sensitivity parameter was estimated as the slope of each line 𝑚𝑚 =
(𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕/(𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 ̇ )𝜀𝜀,𝑇𝑇. The values obtained were: 0.275, 0.342, 0.390, 0.388 and 0.462 for 700°C, 
750°C, 800°C, 850°C and 900°C respectively. These values are very close to usual magnitudes 
observed in superplastic region of titanium alloys with m ≥ 0.3 and the grain boundary sliding 
deformation mechanism [13,25]. 

Fig. 5b. shows the plot of initial strain rate in logarithmic scale against the inverse of the 
temperature. Following Eq. 2, the data were adjusted to a linear plot in terms of ln(𝜀𝜀 ̇) vs 𝑇𝑇-1, with 
𝜎𝜎 constant so that the activation energy associated with the process can be obtained from the slope 
of the fitted line. For the A+Q+HPT samples, the activation energy achieved 277.89 ± 24.15 
𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚. This result is slightly higher than 174 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 which is ordinarily obtained for Ti-6Al-4V 
α+β alloys [24,30], above self-diffusion of α and β Ti (169 and 153 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 respectively [30]) and 
still below the activation energy for dislocation displacement deformation of α and β Ti (306 and 
317 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 respectively [30]). All this suggests that the deformation process present is driven 
mainly by grain boundary sliding, with a higher activation energy than reported, probably due to 
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other processes that are occurring simultaneously to grain boundary sliding, such as dynamic 
recrystallization and dislocation accommodation.  
 

 
Fig.  5. Linear fit of (a) maximum stress versus initial strain rate in tensile tests at different 

temperatures and of (b) initial strain rate versus inverse of temperature 
 

 
Fig.  6. EBSD for sample A+Q+HPT after tensile stress at 850°C with strain rate of 2x10-3 s-1. 

 
EBSD analysis was performed in the grip and tip sections of the A+Q+HPT specimen after the 

high-temperature tensile test at 850°C and strain rate of 2x10-3 s-1. Fig. 6 shows the corresponding 
phase and orientation mapping results. The tip region exhibited a larger grain size ~5.1 µm when 
compared to the grip region of ~3.4 µm, suggesting that the tip part is subjected to dynamic 
recrystallization during tensile test, and thus higher energy is generated in the fault zone to allow 
the grain growth compared to the non-deformed zone, as well as recrystallization of a higher 
fraction of β phase of ~3.7%, with respect to the grip part of ~3.3%. Therefore, the accommodation 
mechanisms generated when the A+Q+HPT nanostructure recrystallizes to a typical α+β structure 
during tensile test can explain the higher activation energy and increased superplastic elongation 
with respect to the A+HPT condition. 
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Summary 
In this work, Ti-6Al-7Nb alloy was heat treated in two conditions and processed through HPT to 
produce ultrafine-grained structures. Duplex α+β microstructure was observed in annealed 
condition and combination of α grains with regions of acicular grains of martensite α´+ β in 
quenched condition. After HPT processing, both conditions A+HPT and A+Q+HPT exhibited an 
increase of microhardness measurements up to ~350 HV and ~400 HV. High temperature tensile 
tests were conducted at different temperatures and strain rates to calculate activation energy and 
strain rate sensitivity. Superplastic elongation of nanostructured Ti-6Al-7Nb reached 900% and 
1200% for A+HPT and A+Q+HPT samples, respectively with a strain rate of 2x10-3 s-1 at 850°C. 
Activation energy of A+Q+HPT was calculated (277.89 ± 24.15) 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 which suggests grain 
boundary sliding is not the single deformation mechanism assisting the superplastic elongation. 
EBSD analysis suggest the occurrence of dynamic recrystallization during tensile test in the tip of 
failed tensile test specimen, which resulted in larger grain size with respect to the grip part. Thus, 
accommodation of deformation is enhanced by the finer initial microstructure by quenching which 
is refined to smaller grains by HPT processing when compared to the annealed initial condition. 
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