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ABSTRACT:	� In this work, a modification of the microstructure of a commercial Ti-6Al-7Nb alloy was accomplished 
by high-pressure torsion (HPT) at room temperature, to produce a bulk nanostructure on discs of 10 mm 
diameter and ~0.8 mm thickness. The metallographic analyses of the discs were performed by optical 
microscopy and scanning electron microscopy with energy dispersive spectroscopy. The results confirmed 
the presence of aluminum (Al) and niobium (Nb) as the sole alloying elements, promoting a duplex (α + 
β) titanium (Ti) microstructure prior to HPT processing. After HPT processing, nanostructure refinement 
was attained, reflected in the X-ray diffraction profiles as broadening of the α-Ti and β-Ti peaks and the 
appearance of the ω-Ti phase. Transmission electron microscopy confirmed a grain size < 100 nm after HPT 
processing for N = 5 revolutions. Microhardness increased significantly with straining by HPT, which can be 
attributed both to the grain refinement and the formation of the ω-Ti phase.

KEYWORDS:	� Titanium-aluminum-niobium, omega (ω-Ti) phase, high-pressure torsion, nanostructure,  
solid-state transformation

1  INTRODUCTION

Because of a good combination of corrosion resist-
ance, mechanical strength, biocompatibility and 
moderate Young’s modulus, Ti-6Al-4V alloy is one 
of the most popular metallic biomaterials in orthope-
dics. These properties have established this alloy as 
a preferred material for orthopedic implants, as well 
as other medical devices, such as artificial hip and 
dental implants, for several decades [1–4]. However, 
it has been shown that the release of V+ ions in con-
centrations above 10 μg/ml is cytotoxic for tissues 
near an implant. More recently, new alloy designs 
have been proposed using Nb as replacement for 
V+ [5–6]. Niobium does not produce this harmful 
effect, but rather is considered a vital element. Good 
compatibility with real bone and biocompatibility 
has been observed using a honeycomb structure of 
Ti-6Al-7Nb [7, 8]. These designs of Ti-6Al-7Nb alloys 

have a similar duplex (α + β) structure and mechani-
cal properties equivalent to Ti-6Al-4V alloys, with a 
lower risk of cytotoxicity [9, 10]. Two characteristic 
phases have been identified experimentally for this 
kind of duplex Ti alloy at room/ambient temperature 
and pressure: an alpha (α-Ti) phase with a hexago-
nal close packed (HCP) crystal structure, and a high 
temperature beta (β-Ti) phase with a body-centered 
cubic (BCC) crystal structure. Both phases can coexist 
at room temperature due to the presence of α-Ti and 
β-Ti phase stabilizers such as Al and Nb, respectively. 
The maximum solubility of Nb in the α-Ti matrix is 
2.2 ± 0.5 at%. Concentrations of Nb above this value 
result in the appearance of the β phase leading to the 
α + β two-phase region [11–13]. The α + β duplex 
structure provides these alloys with an appropriate 
combination of strength and ductility, which may 
be ideal for applications such as implants and other 
medical devices [14, 15].

Besides the transformation of α-Ti to β-Ti crystal 
structure at high temperature, the similar allotropic 
phase transformation occurs from the α-Ti phase 
to the omega (ω-Ti) phase by application of high 
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pressure in Ti and Ti-based alloys. The ω-Ti phase has 
been observed above 5 GPa at room temperature and 
it is said to be metastable after the pressure is released 
[16]. The ω-Ti phase has had positive and negative 
implications for application in the aerospace industry 
because the ω-Ti phase can precipitate during aging 
treatments, and while it decreases the toughness and 
ductility of Ti alloys, particularly of β-Ti alloys, it 
has been shown to retard fatigue crack growth [17]. 
Nevertheless, no study has been available for inves-
tigating the possibility to nucleate and disperse fine 
particles of this ω-Ti phase uniformly in the duplex 
matrix. 

Severe plastic deformation (SPD) methods, such 
as high-pressure torsion (HPT), have been shown to 
enhance the mechanical properties of bulk metallic 
materials, due to the significant grain refinement of 
conventional pure metals and alloys down to nano-
sizes [18, 19]. Figure 1 shows a schematic illustration 
of the HPT facility where high pressure and torsional 
strain can be applied concurrently on a disc sample 
using upper and lower anvils that can rotate with 
respect to each other [20].

High-pressure torsion processing allows process-
ing of Ti-based alloys, such as Ti-6Al-4V and Ti-6Al-
7Nb, to achieve grain refinement and enhance their 
mechanical properties such as microhardness and 
superplasticity [6, 21]. Also, the formation of ω-Ti 
phase has been observed during HPT processing of 
commercial purity Ti at pressures > 4 GPa [22] and in 
Ti-6Al-7Nb at 6 GPa [1]. Thus, the aim of this work 
is to study the effect of intense torsional strain on the 
phase composition and the microhardness of a com-
mercial Ti-6Al-7Nb alloy using the HPT technique in 

order to evaluate the microstructure evolution and the 
degree of nanostructuring.

2  EXPERIMENTAL PROCEDURES

A set of 10 mm discs with a thickness of ~1 mm was 
sliced from a commercial rod of Ti-6Al-7Nb by electri-
cal discharge machining (EDM). After grinding both 
sides of the discs to remove the surface oxidized lay-
ers, they were placed between the anvils of the HPT 
facility as shown in Figure 1. The discs were processed 
at room temperature under an applied pressure of 
6 GPa with a rotation speed of 1 rpm for N = 1, 5 and 
15 revolutions. After HPT processing, the thickness of 
the discs was ~0.8 mm.

The HPT processed discs were prepared for metal-
lographic analysis and Vickers microhardness mea-
surements (Mitutoyo HM-101 durometer). For this 
purpose, the surface was further ground mechani-
cally with waterproof emery papers from 500 up to 
4000 grit and then polished to a mirror-like surface 
using an alumina suspension containing 0.3 µm 
particle size. Microhardness indentations were per-
formed in 12 radial directions from the center of the 
discs with a 500 µm spacing using a load of 0.2 kgf 
for 15 s. To reveal the phase composition and the 
grain sizes, the samples were etched with 10% HF(ac) 
as chemical reagent. The overall metallographic 
observations on the etched surfaces of the discs were 
performed by optical microscopy (OM) at several 
distances from the center of the discs. To obtain more 
detail in the phase morphology, scanning electron 
microscopy (SEM) images of the sample surfaces 
were obtained using a Hitachi TM-1000 tabletop 
microscope at an acceleration voltage of 15 kV. The 
chemical composition of the alloy was also verified 
with energy dispersive spectroscopy (EDS) during 
the SEM observations.

Further microstructural studies were carried out by 
X-ray diffraction (XRD) using a PANalytical Empyrean 
diffractometer with Cu-Kα (λ = 1,54016 Å) radiation. 
Scans were performed in the range of 2θ = 30°–90° 
with a scan step of 0.003° and a scan speed of 45 s/step. 
The microstructure of the HPT-processed sample for 
N = 5 revolutions was observed by transmission elec-
tron microscopy (TEM) using a JEOL JEM-2100 micro-
scope with an acceleration voltage of 200 kV. For this 
purpose, a 3 mm disc was punched out from the disc 
and ground with waterproof emery papers (2000 grit) 
down to a thickness of 0.2 mm. The disc was further 
thinned to electron transparency by twin-jet electropo-
lishing at 18 °C, using a solution of 90% acetic acid and 
10% perchloric acid under an applied voltage of 20 V. 
Selected area electron diffraction (SAED) patterns 
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Figure 1  Schematic diagram of high-pressure torsion (HPT) 
technique.
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were recorded from an area ~1 μm in diameter, and 
images were recorded in bright- and dark-field modes.

3  RESULTS AND DISCUSSION 

Figure 2 shows an EDS profile after HPT process-
ing for N=5 revolutions. The characteristic X-ray 
radiation peaks of Ti, Al and Nb were identified and 
labeled accordingly in the spectrum. The quantita-
tive analysis revealed a composition of 7.1% Al, 7.1% 
Nb and 85.9% Ti, which is within the specification of 
this alloy. No major impurities were detected. The 
presence of these alloying elements in Ti promotes 
the presence of a two-phase, or duplex (α + β) crys-
tal structure, as it is known for Ti-6Al-7Nb [23, 24]. 
Since Al is an α-Ti (equilibrium) phase stabilizing 
element, and Nb is a β-Ti (high temperature) phase 
stabilizing element, both phases can coexist at room 

temperature and ambient pressure conditions [25]. 
The EDS results confirm no major impurities or con-
tamination of the specimen occurred because of HPT 
processing, which is an important characteristic of 
this process [18].

Figure 3 shows the microstructure of the alloy in 
the condition prior to the HPT processing. Figure 3a 
corresponds to an OM micrograph where a two-
phase structure can be z`appreciated from the image 
but the morphology of individual crystals is diffi-
cult to resolve at low magnification. Figure 3b cor-
responds to a backscattered electron image from an 
enlarged region of the sample in Figure 3a. Thus, 
the phase contrast in SEM is inverted with respect to 
the OM micrograph, which allows appreciating that 
the microstructure of the α-Ti phase is composed of 
equiaxed micron-sized grain structure and particles 
of the β-Ti phase with 1–3  μm size [1]. The magni-
fied region in Figure 3c shows that the β-Ti particles 
are mostly present in the grain boundaries of the α-Ti 
phase, and some particles within the grains were 
observed. This is due to the nucleation of some α 
grains from β particles suspended in the melt during 
the casting process. 

Figure 4 shows SEM images of the microstructures 
after HPT processing. Figure 4a is from a sample 
processed for N = 1 revolutions, while Figure 4b is 
from a sample processed for N = 5 revolutions and 
Figure 4c is from a sample processed for N = 15 
revolutions. The microstructure shown in Figure 4a 
shows that after N=1 revolutions the structure has not 
been altered much from the condition prior to HPT 
shown in Figure 3c. On the other hand, in Figure 4b, 
the development of a preferred orientation can be 
appreciated in some regions after N = 5 revolutions 
by the elongation of β-phase shown in bright contrast. 
However, in the image shown in Figure 4c, which 
was recorded at higher magnification, such preferred 
orientation of the crystals is not so clear, which sup-
poses that a more homogeneous deformation of the 
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Figure 2  Energy dispersive spectroscopy (EDS) profile of 
Ti-6Al-7Nb sample processed by HPT for N = 5 revolutions.
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Figure 3  Micrographs of Ti-6Al-7Nb prior to HPT processing: (a) optical microscopy and (b,c) scanning electron microscopy.
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microstructure has occurred after N = 15 revolutions. 
In the case of Figure 4b, deformation patterns are 
clear as elongated bands, but in the case of Figure 4c, 
a more randomly distributed orientation of the pat-
terns seems to have occurred. Also, the refinement 
of the structure is evidenced with the increase in the 
number of revolutions; particularly the decrease in 
the size of the β-phase particles can be observed. It is 
expected that the β phase is fragmented into smaller 
particles [6, 26]. However, the actual grain size cannot 
be appreciated from the images in Figure 4, probably 
because the structure has been refined to an ultrafine- 
or nano-grained structure, which is characteristic of 
the HPT process [18].

Figure 5a shows the Vickers microhardness plot-
ted as a function of the distance from the disc center. 
The hardness is more or less constant with the distance 
from the center but the hardness level is invariably 
higher with an increase in the number of revolutions 

from N = 1 through 5 to 15. The average hardness val-
ues are ~ 305 HV prior to HPT processing, 361,7 HV for 
N = 1, 377 HV for N=5 and 397.1 HV for N = 15 revolu-
tions. A maximum value of 405 HV was achieved in a 
region near the edge of the disc processed for N = 15 
revolutions, which is consistent with the condition 
of higher strain by HPT. Figure 5b shows the depen-
dency of the hardness with respect to the equivalent 
strain by HPT [20]. It has been reported that in alloys, 
hardness follows a unique function with respect to the 
equivalent strain due to the nature of the straining by 
HPT processing, which is consistent with the data in 
Figure 5b. Some deviations from this general trend in 
hardness can occur, however, in hard materials such as 
Ti alloys [1]. 

Figure 6 shows the XRD profiles from samples in 
the as-received (N=0) condition, and after HPT pro-
cessing for N = 1, 5 and 15 revolutions. The refer-
ence data for the α, β and ω-Ti phases are shown as 
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Figure 4  SEM images of Ti-6Al-7Nb after HPT processing for (a) N = 1, (b) N = 5 and (c) N = 15 revolutions.
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Figure 5  Vickers microhardness of Ti-6Al-7Nb prior to HPT processing and after N = 1, 5 and 15 revolutions plotted against 
(a) distance from center and (b) equivalent strain.
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dotted lines at their corresponding values of 2θ. The 
pattern for N=0 shown in Figure 6 corroborates the 
presence of the α phase with diffraction peaks at 2θ 
= 40.17° (101), 35.09° (100) and 62.94° (110). Likewise, 
the β phase is present with diffraction maxima at 2θ 
= 38.84° (110), 56.10° (200) and 70.33° (211). The XRD 
profiles of the samples after N = 1, N = 5 and N = 
15 revolutions show significant peak broadening due 
to the grain refinement and the formation of a high 
density of lattice defects such as vacancies and dis-
locations [20]. Additionally, there is a peak overlap 
between the α and β phases around 2θ = 39° due to 
the accumulation of intense strain by lattice defects, 
including ultrafine grains.

Diffraction peaks at 2θ = 31.71° and 2θ = 39.01° cor-
respond to the (001) and (101) crystallographic planes 
of the ω phase, respectively, and they appeared in both 
the samples processed by HPT for N=5 and N=15 
revolutions. This result clearly shows that a phase 
transformation from α phase to ω phase occurred after 
HPT processing under 6 GPa for at least N=5 or higher 
numbers of revolutions. The most important result 
from this analysis is that the coexistence of the three 
phases (α + β + ω) can be realized after HPT process-
ing of the Ti-6Al-7Nb alloy, even though the ω phase is 
metastable at ambient temperature and pressure. As is 
known from earlier publications [16, 17, 22], the α to ω 
transformation results in an increase in the hardness, 
so that the microhardness increase shown in Figure 5 
may involve the contribution from this phase transfor-
mation. However, at this moment it is difficult to make 
a quantitative estimation of the contribution from the 
ω-phase transformation. 

Figure 7 shows TEM images corresponding to 
(a) bright-field and (b) dark-field images, along with an 
SAED pattern in the inset of Figure 7a. The SAED pat-
tern exhibits a ring-like form, indicating the presence of 
a nanocrystalline structure with high angles of misori-
entation [20]. The bright-field image in Figure 7a shows 
that a large number of defects are present as distorted 
grain boundaries. The dark-field image in Figure 7b, 
taken from the diffracted beam pointed out by an arrow 
in the SAED pattern, corresponding to the α-Ti phase, 
shows that the structure is composed of crystals with 
sizes finer than 100 nm. The grain size was calculated by 
measuring the average grain diameter from the discrete 
regions in bright contrast in the dark-field images shown 
in Figure 7(b). Further analyses by TEM are required to 
identify the morphology of the β- and ω-phase structures.

In summary, it can be stated that after HPT process-
ing under 6 GPa, a microstructural refinement was 
achieved by shearing of the original duplex structure, 
and appreciable peak broadening occurred in the dif-
fractions corresponding to the α-Ti and β-Ti phases. 
Additionally, there was a transformation in the ω-Ti 
phase after processing for N=5 and N=15 revolutions 
under the pressure of 6 GPa. Transmission electron 
microscopy (TEM) revealed that nano-grained struc-
tures formed in the periphery of the disc after pro-
cessing for N=5 revolutions. It is considered that the 
hardness increase should be attributed both to the 
grain refinement in the original (α+β) structure and to 
the appearance of the ω-Ti phase after higher numbers 
of revolutions in the HPT processing.

4  CONCLUSIONS

In this work, a modification of the microstructure of 
a commercial Ti-6Al-7Nb alloy was accomplished 
by high-pressure torsion (HPT) at room temperature 
to produce a bulk nanostructure on discs of 10 mm 
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shown as inset in (a).
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diameter and thicknesses of ~0.8 mm. The following 
conclusions can be drawn from the results shown:

1.	Metallographic and X-ray diffraction analyses 
revealed the presence of aluminum and nio-
bium as the sole alloying elements, promoting 
a duplex titanium microstructure prior to HPT 
of two phases in the crystalline structure: a pri-
mary α-Ti phase and a β-Ti phase at the α-grain 
boundaries. It was observed that deformation 
patterns were generated in greater proportion 
by increasing the number of revolutions.

2.	X-ray diffraction profiles showed peak broad-
ening as structure refinement produced by 
HPT processing. Additionally, the phase trans-
formation of α to ω phase was detected in the 
samples processed by HPT for N=5 and N=15 
revolutions. 

3.	The TEM observations and SAED pattern anal-
yses showed nanostructuring of this alloy was 
achieved with grain sizes below 100 nm and a 
complex defect structure was generated after 
HPT processing for N=5 revolutions. 

4.	HPT processing significantly increases the 
microhardness with an increasing number of 
revolutions, from an average level of ~ 305 HV 
prior to HPT processing to an average level of 
~ 400 HV after HPT processing for N=15 revo-
lutions, possibly due to grain refinement, the 
generation of a defect structure and the forma-
tion of the hard ω phase. 
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