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In this work, the ternary Ti-19.7Nb-5.8Ta (at.%) alloy for biomedical applications was studied. The ingot
was manufactured by vacuum arc melting with a consumable electrode and then subjected to hot forging.
Specimens were cut from the ingot and processed by cold rolling with e = 0.37 of logarithmic thickness
reduction and post-deformation annealing (PDA) between 400 and 750 �C (1 h). Selected samples were
subjected to aging at 300 �C (10 min to 3 h). The influence of the thermomechanical processing on the
alloy�s structure, phase composition, and mechanical and functional properties was studied. It was shown
that thermomechanical processing leads to the formation of a nanosubgrained structure (polygonized with
subgrains below 100 nm) in the 500-600 �C PDA range, which transforms to a recrystallized structure of
b-phase when PDA temperature increases. Simultaneously, the phase composition and the b fi a¢¢
transformation kinetics vary. It was found that after conventional cold rolling and PDA, Ti-Nb-Ta alloy
manifests superelastic and shape memory behaviors. During aging at 300 �C (1 h), an important quantity
of randomly scattered equiaxed x-precipitates forms, which results in improved superelastic cyclic prop-
erties. On the other hand, aging at 300 �C (3 h) changes the x-precipitates� particle morphology from
equiaxed to elongated and leads to their coarsening, which negatively affects the superelastic and shape
memory functional properties of Ti-Nb-Ta alloy.
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1. Introduction

Ti-based alloys have been recognized for many years as
excellent materials for biomedical implants mainly because of
their low density, high corrosion resistance, and biocompati-
bility combined with low Young�s modulus (Ref 1-3). Based on
the formation of stable (a, a + b) and metastable (b) phases in
these alloys, a wide variety of mechanical properties mimicking
those of biological tissues (e.g., superelasticity) can be
obtained. This is the main reason behind significant interest
in novel titanium metastable alloys containing exclusively
biocompatible elements, such as Nb, Ta, Zr, or Mo (Ref 4, 5).

Given that tantalum and niobium are considered as the
strongest beta-stabilizing biocompatible metals, ternary or
quaternary Ti-Nb-based shape memory alloys are being widely
studied (Ref 6-8). The structure and properties of these alloys
depend on a complex sequence of phase transformations, which
are influenced by thermomechanical processing conditions,
such as severity of plastic deformation, post-deformation
annealing (PDA) temperature, and cooling rate (Ref 9, 10). In
this work, Ti-19.7Nb-5.8Ta (at.%) shape memory alloy samples
subjected to thermomechanical processing including cold
rolling (CR), PDA, and aging (AG) are characterized by
TEM and x-ray diffraction techniques, microhardness, single-
and multi-cycle isothermal tensile testing, and strain/stress
recovery measurement techniques.

2. Experimental Procedure

2.1 Casting

Ti-Nb-Ta ingots were cast by vacuum arc melting with a
consumable electrode in a ‘‘VDP-0.02’’ furnace. The electrode
was made from bars of pure Ti and Nb-Ta master alloy. Hot
forging of the 7-kg, 80-mm-diameter ingot was carried out at
900-950 �C in air. As a result, a 51-mm-diameter cylinder was
obtained. The surface layer of the cylinder was removed by
machining the cylinder to 50 mm diameter. Chemical analysis
performed after this treatment across the cylinder cross section
showed that the impurities� content (including oxygen) corre-
sponded to grade 1, ASTM F67-00 (see Table 1). For a
subsequent study, the ingot was cut into 8-mm-thick disks, and
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then into 2-mm-thick—30-50-mm long plates. Based on the
data of Table 1, the Ms temperature was estimated as being
close to +50 �C (Ref 7).

2.2 Thermomechanical Processing

After four-pass cold rolling to logarithmic thickness reduction
of e = 0.37, Ti-Nb-Ta plates were EDM cut to form 191.59 50
(mm) specimens and subjected to PDA at 400, 450, 500, 550,
600, 650, 700, and 750 �C (all 1 h) followed by water quenching
to room temperature (RT). After PDA at 500 �C (1 h), aging at
300 �C for various times (10 min, 30 min, 1 h, and 3 h) was
performed to estimate the effect of x-phase precipitation on the
functional properties of the studied alloy.

3. Experimental Methods

The effect of thermomechanical processing on the micro-
structure and functional (shape memory) properties of Ti-Nb-Ta
alloy was studied using the following TEM and x-ray
diffraction analyses and mechanical and thermomechanical
testing routines.

• TEM analysis of selected samples subjected to CR
(e = 0.37) + PDA (500, 600, 650, and 750 �C, all 1 h)
and CR (e = 0.37) + PDA (T = 500 �C, 1 h) + aging at
300 �C (1 and 3 h) was carried out using ‘‘JEOL
2100CX’’ transmission electron microscope. Thin foils for
TEM were prepared from 0.1-mm-thick platelets by elec-
tropolishing at -38 �C using 15% HNO3 spirit solution
and ‘‘TENUPOL-5’’ equipment (Struers, Denmark).

• X-ray diffraction phase analysis of selected samples sub-
jected to CR (e = 0.37) + PDA (500, 600, and 750 �C, all
1 h) and CR (e = 0.37) + PDA (T = 500 �C, 1 h) + aging
at 300 �C (1 and 3 h) was performed using an ‘‘Ultima IV
Rigaku’’ diffractometer (monochromatic CuKa-radiation).
The samples for x-ray analysis were mechanically pol-
ished and chemically etched using an acid solution of the
following composition: 2HF:1HNO3:17H2O.

• Microhardness measurements were performed using an
‘‘INSTRON Wilson Tukon 2100’’ (500 g, 10 s) instrument;
five HV measurements were performed for each thermo-
mechanical processing condition, and mean and standard
deviation values were calculated.

• Single- and multi-cycle isothermal tensile testing was car-
ried out at RT and at 40 �C using an ‘‘MTS Mini Bionix’’
system. Single-cycle testing consisted of loading up to 2%
of strain and then unloading down to zero load with strain
rate of 0.002 s�1. During multi-cycle testing, a constant
strain of et = 2% was applied in each cycle to specimen

failure. The number of cycles to failure was measured,
and the characteristic features of a superelastic loop, such
as transformation yield stress rtr

A fi M, Young�s modulus,
and accumulated strain, were identified.

• Constant-strain temperature scanning was performed on
selected samples using a LAMSI tensile testing bench.
The samples subjected to CR (e = 0.37) + PDA (T = 450,
500, 600, and 700 �C, all 1 h) and CR (e = 0.37) + PDA
(T = 500 �C, 1 h) + AG at 300 �C (1 h and 3 h) were
cooled down to -150 �C, then stretched to a 2.5% strain,
fixed, heated up to 200 �C, and cooled back to �150 �C.
The recovery stress generation-relaxation diagrams during
heating and cooling were plotted.

• Shape recovery testing was carried out on selected samples
after e = 0.37 and PDA (T = 450, 500, 600, 700 �C, 1 h)
as well as after CR (e = 0.37) + PDA (T = 500 �C,
1 h) + AG at 300 �C (1 and 3 h). The samples were bent at
�196 �C around cylindrical mandrels of different radii and
heated up by hot air to a complete shape recovery. The

Table 1 Ti-Nb-Ta ingot composition

Element wt.% at.%

Ti 55.4 74.5
Nb 28.4 19.7
Ta 16.2 5.8
O 0.039± 0.008 …
N 0.0075± 0.0021 …
H 0.00556± 0.00087 …
C 0.009± 0.002 …

Fig. 1 X-ray diffractograms of Ti-Nb-Ta alloy subjected to CR
e = 0.37 (a), e = 0.37 + PDA (T = 500 �C, 1 h) (b), and
e = 0.37 + PDA (T = 750 �C, 1 h) (c); ‘‘›’’ expected locations of x-
phase x-ray lines
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shape memory (SM) recovery strain er was measured as a
function of initial (induced) strain ei, and maximum com-
pletely SM-recoverable strain er,1

max was then determined
with 0.15% tolerance.

4. Results

4.1 Structure of Thermomechanically Treated Ti-Nb-Ta
Alloy

As seen in Fig. 1(a), the main phase in Ti-Nb-Ta alloy after
conventional cold rolling is b-phase, whereas a¢¢, x, and
possibly a phases are present in small quantities. A parallel
electron microscopy study shows that the b-phase contains high
dislocation density. PDA initiates the recovery, polygonization,
and recrystallization processes in b-phase, which is confirmed
by the continuous narrowing of the b-phase x-ray lines as PDA
temperature increases up to 750 �C (Fig. 1b, c). This phase
composition at RT does not change significantly after PDA at

500 �C; however, the a¢¢-phase content is distinctly higher than
that of x- and a-phases (the presence of the latter is not evident)
(Fig. 1b). PDA at 750 �C reveals the presence of additional a¢¢-
and a-phases and the absence of x-phase (Fig. 1c).

A TEM study after PDA at 500 and 600 �C reveals a
nanosubgrained (NS) dislocation substructure of b-phase (sub-
grain size below100 nm)with ‘‘imposed’’a¢¢-martensite crystals
(Fig. 2a, b). The a¢¢-martensite manifests a typical packet-like
morphology of pairly twinned martensite crystals. The a¢¢
crystals inherit the NS structure from the b-phase. Note that a
significant a¢¢-martensite quantity at RT may be partially caused
by additional a¢¢ formation during low-temperature electropol-
ishing of thin foils. Increasing the PDA temperature above
600 �C leads to b-phase recrystallization, and PDA at 750 �C
results in b-phase grain growth up to 20-30 lm with some
quantity of a- and a¢¢-phases, but without x-phase (Fig. 1c).

Even though x-ray diffraction analysis of the aged after
500 �C PDA samples (300 �C, 10 min to 3 h) does not point to
significant variations in the phase composition, TEM makes it
possible to reveal the following changes in the x-phase
structure. After 300 �C (1 h) aging, very fine (d = 5-10 nm)

Fig. 2 Structure of Ti-Nb-Ta alloy subjected to CR (e = 0.37) + PDA [T = 500 (a) and 600 �C (b); 1 h]; (a) bright field image, (b) dark-field
image in a b-phase matrix reflection and SAED pattern (<110>b zone axis with two high-angle misorientations)

Fig. 3 Dark-field image in x-phase reflections of Ti-Nb-Ta alloy after CR (e = 0.37) + PDA (T = 500 �C, 1 h) + AG [T = 300 �C, 1 h (a) and
3 h (c)], and corresponding SAED pattern, <110>b zone axis (b, d). Doubled arrow indicates an elongated row of x particles
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randomly scattered equiaxed x-phase particles manifest a weak
tendency to form elongated rows, as shown in the dark-field image
(Fig. 3a) obtained from a group of very weakx diffuse reflections
in positions close to ‘‘1/3’’ <112>b and ‘‘2/3’’ <111>b

(Fig. 3b). After 300 �C (3 h) aging, the system of x-reflections
becomes more distinct (Fig. 3d), and the tendency to form
elongated rowsof coarsenedxparticles is enhanced (Fig. 3c). This
morphology cannot be attributed to a-phase crystals because
a-phase reflections are absent in the corresponding SAED pattern
(Fig. 3d).

Table 2 resumes the correlation between the thermome-
chanical treatment and microstructure of Ti-Nb-Ta alloy.

4.2 Microhardness and Single-Cycle Tensile Testing

The results of RT microhardness and tensile testing of Ti-
Nb-Ta alloy are presented in Fig. 4 and 5. As confirmed by
microhardness measurements and stress-strain diagrams
(Fig. 4), Ti-Nb-Ta alloy subjected to conventional cold rolling
manifests a net softening after PDA at 500-550 �C (1 h). The
shape of the loading-unloading diagrams after PDA in that
temperature range is typical for shape memory behavior with a
certain contribution of superelasticity (Ref 11). In contrast,
stress-strain diagrams after PDA at 400-450 and 600 �C
manifest preferentially superelastic behavior. Furthermore,
additional aging at 300 �C after PDA at 500 �C (1 h) leads to
appreciable changes in mechanical behavior: The greater the
aging time, the higher the alloy strengthening and the closer theT
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Fig. 4 Microhardness Vickers measurements and stress-strain dia-
grams of Ti-Nb-Ta alloy subjected to CR (e = 0.37) + PDA (1 h) at
different temperatures

Fig. 5 Microhardness Vickers measurements and stress-strain dia-
grams of Ti-Nb-Ta alloy subjected to CR (e = 0.37) + PDA
(T = 500 �C, 1 h) + AG at 300 �C with different aging times (t)
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alloy�s behavior comes to perfect superelasticity; the latter is
valid up to a certain limit, the best fit corresponding to 1-h
aging (Fig. 5). To sum up these results, Fig. 6 illustrates the
evolution of Young�s modulus (E) and transformation yield
stress (rtr) as a function of the annealing temperature and aging
time.

4.3 Multi-Cycle Tensile Testing

In Fig. 7, multi-cycle stress-strain diagrams obtained after
different processing routes are collected. A distinct cyclic
behavior close to linear superelasticity is observed for low-
temperature annealing: 400 and 450 �C (Fig. 7b, c). The
accumulated strain to failure in these cases is the low-
est—below 3%—as compared to 6.5% after annealing at
700 �C (Fig. 7g). After aging at 300 �C of the sample annealed
at 500 �C, simultaneous improvement of superelastic behavior
and cyclic life is observed, the maximum corresponding to 1-h
aging time (Fig. 7h-j).

Comparative tensile cycling at RT and at 40 �C was
performed using the specimens subjected to annealing at
600 �C for 1 h (Fig. 8). It can be observed that, according to
the Clausius-Clapeyron relationship, the higher the testing
temperature, the higher the transformation yield stress: Dr/
DT� 2.5± 1.0 MPa/�C. This transformation yield stress-tem-
perature slope value is close to those observed for similar alloys
in Ref 7, 12. That supports the assertion that we truly deal with
stress-induced thermoelastic martensitic transformation.

4.4 Thermomechanical Testing

4.4.1 Recovery Stress Testing. The results of the con-
stant-strain temperature scanning experiment presented in
Fig. 9(a) illustrate the influence of the PDA temperature on
the recovery stress generation and therefore on the reverse
martensitic transformation temperature range under stress. The
maximum recovery stresses rr

max ¼ rAf
r � rAs

r
correspond to

annealing at 600 and 500 �C and are equal to 80 and 50 MPa,
respectively. The effect of the PDA temperature on the
characteristic stresses of the generation-relaxation curves,
rAf

r
; rAs

r
(Fig. 10a), is similar to the evolution of the

transformation yield stress and Young�s modulus shown in

Fig. 6(a). The initial lowering of stress upon heating is due to
thermal dilatation of the specimen followed by recovery stress
generation caused by constrained a¢¢ fi b martensitic trans-
formation.

Stress-temperature diagrams of the samples subjected to
aging at 300 �C (1 and 3 h) after CR + 500 �C (1 h) reflect a
certain evolution in material microstructure (Fig. 9b) as com-
pared to the non-aged specimens (Fig. 9a). After 1-h aging, the
stress-temperature diagram shows a distinct stress generation,
whereas 3-h aging suppresses the martensitic transformation
and, therefore, stress generation becomes very weak (Fig. 9b,
10b).

4.4.2 Recovery Strain Testing. For Ti-19.7Nb-5.8Ta
alloy, the completely recoverable shape memory strain in
bending after stress-free heating from -196 �C (er,1

max) reaches its
maxima of about 1.5-2% after annealing in the 500-700 �C
range and about 1% after 400-450 �C annealing (Fig. 11a).
Aging at 300 �C after e = 0.37 + PDA (T = 500 �C, 1 h)
(Fig. 11b) results in a net decrease (er,1

max under 1%) in shape
restoration upon heating.

Figure 11 presents the recovery strain of the shape memory
effect (SME) only. This experiment was realized in three
consecutive steps: deformation at low temperature, unloading at
low temperature, and heating. Induced strain was measured
after unloading at �196 �C; thus, elastic + superelastic recov-
ery strains were excluded from consideration. Recovery strain
due to SME was measured upon heating. Intensive precipitation
hardening during aging was accompanied by an increase in the
alloy�s true and transformation yield stresses. Thus, to induce
SME, it was necessary to apply higher stresses close to the
alloy�s true yield stress, which led to accumulation of residual
strain and, therefore, to decrease in recoverable strain.

5. Discussion

It can be shown that the measured mechanical and functional
properties of the studied alloy are in direct correlation with the
material microstructure. PDA of the Ti-Nb-Ta SMA initiates
the recovery, polygonization, and recrystallization processes in

Fig. 6 Transformation yield stress (rtr) and Young�s modulus of Ti-Nb-Ta alloy subjected to (a) e = 0.37 + PDA (1 h) at different temperatures
and (b) e = 0.37 + PDA (T = 500 �C, 1 h) + AG (300 �C, 10 min to 3 h). Inset: schematic presentation of the transformation yield stress and
Young�s modulus measurements
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b-phase (Fig. 1, 2). Low-temperature aging of the NS structure at
300 �C is accompanied by a slow development of the x-phase
precipitation in the nanosubgrained b-phase. The x-particles
preserve their globular shape, random distribution, and very fine
size for up to 1 h of aging (Fig. 3), thus creating an optimum
dispersion hardening for the longest cyclic life. During further
aging, a transformation to elongated coarsened x-particles
develops (Fig. 3). As a result, this ‘‘overaging’’ worsens
superelastic cyclic life.

Annealing at 500 �C corresponds to drastic material soften-
ing, which is clearly observed in both single-cycle (Fig. 4) and
multi-cycle (Fig. 7 a-d) testing. On one hand, the higher the
annealing temperature, the lower the dislocation density and
therefore the higher the alloy�s Ms temperature (Ref 9). On the
contrary, the higher the annealing temperature, the higher the
enrichment of b-phase by Nb and Ta b-stabilizers because of
the formation of x- and a¢¢-phases with higher than b-phase Ti
content, and therefore the lower the alloy�s Ms temperature (Ref
13). These phenomena concurrently influence the alloy�s
mechanical behavior: The closer the testing temperature to Ms

temperature, the lower the phase transformation stress (Ref 14).

In the vicinity of 500 �C, concurrence of the above-mentioned
phenomena is superimposed on the low stability of b-phase
(b fi a¢¢ transformation) and therefore results in accentuated
material softening. When annealing temperature approaches
700 �C, material recrystallization results in a significant grain
refinement of the studied alloy (Ref 15), which additionally
contributes to the material hardening.

The greater the aging time, the higher the transformation
yield stress of the material (Fig. 5, 7 h-k). These observations
are explained by two concomitant phenomena: the enrichment
of the parent phase by Nb and Ta, and the x-phase precipitation
hardening. The first assertion is based on the information
known from Ref 10, whereas the second assertion is supported
by a TEM study of the x-phase precipitation phenomenon
presented in section 4.1 of this paper.

It can be seen that the following processing sequences—
route (A), Fig. 7(b), (c): e = 0.37 + PDA (T = 400, 450 �C,
1 h); and route (B), Fig. 7(j): e = 0.37 + PDA (T = 500 �C,
1 h) + AG (300 �C, 1 h)—lead to the longest cyclic lives.
However, the strain accumulated to failure is much larger after
route (B) than after route (A). The reason for this difference

Fig. 7 Stress-strain cycling diagrams of Ti-Nb-Ta alloys after e = 0.37 + PDA: (a) as-deformed, e = 0.37; deformed and annealed at 400 (b);
450 (c); 500 (d); 550 (e); 600 (f); and 700 �C (g) (all 1 h). Aged at 300 �C after e = 0.37 + 500 �C (1 h): 10 min (h); 30 min (i); 1 h (j); and
3 h (k)
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Fig. 8 Cycling stress-strain diagrams of Ti-Nb-Ta alloys after e = 0.37 + 600 �C at (a) 25 �C and (b) 40 �C

Fig. 9 Constant-strain temperature scanning diagrams for 2.5% strain for Ti-Nb-Ta subjected to e = 0.37 + PDA (T = 450, 500, 600, and
700 �C) (a) and e = 0.37 + 500 �C (1 h) + aging at 300 �C (1 and 3 h) (b)

Fig. 10 Variation of the reverse martensitic transformation temperatures and characteristic stresses for Ti-Nb-Ta subjected to e = 0.37 + PDA
(a) and e = 0.37 + 500 �C (1 h) + aging at 300 �C (1 and 3 h) (b)
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resides in the quite different material microstructures resulting
from these processing routes: Route (A) leads to a highly
dislocation- and x precipitation-hardened structure, whereas
route (B) leads to an x-precipitation-hardened NS structure, the
latter being more ductile than the former. Indeed the true
(‘‘dislocation’’) yield stresses ry are about 600 and 450 MPa
for these two cases (Fig. 7c, f). When aging time increases from
1 to 3 h, x-phase particles change size, quantity, and distribu-
tion: They grow, their quantity increases, and distribution
changes. From random distribution of small equiaxed particles,
they now form large elongated rows of coarsened particles
(Table 2), which naturally leads to excessive structure harden-
ing and to a decrease in the crack�s propagation resistance under
repetitive loading (Ref 13, 16). Figure 12 contains the quan-
titative analysis of the number of cycles to failure after different
TMTs.

Given that the main objective of cyclic testing was to
determine the most appropriate processing conditions from the
functional fatigue point of view, the number of cycles to failure
was by far the most important parameter to be discussed. For
example, if we compare diagram (d) and diagram (j) of Fig. 7,

failure strain in both cases is about 9%, whereas the number of
cycles to failure is very different, 13 and 259, respectively.
Based on these observations, the processing conditions leading
to diagram (j) are much better suited for cyclic application than
the processing conditions leading to diagram (d). It should be
noted that Ti-19.7Nb-5.8Ta (at.%) SMA of this study manifests
significantly lower fatigue life than Ti-21.8Nb-6Zr (at.%),
under similar sample preparation and testing conditions. For
example, after e = 0.37 + PDA (600 �C, 30 min), the number
of cycles to failure of Ti-Nb-Zr alloy is 877 (Ref 12), whereas it
is only �260 in Ti-Nb-Ta alloy of this study. Note also that Ti-
50.26 at.%Ni SMA outperforms from five to ten times any Ti-
Nb-based alloys in this respect: The number of superelastic
cycles to failure of Ti-Ni samples reaches 2700 (3% strain
applied in each cycle) when the alloy�s microstructure corre-
sponds to the mixed nanosubgrained and nanocrystalline
structure of B2-phase (Ref 17).

In Fig. 12, maximum completely recoverable strain
(Fig. 11) and the number of cycles to failure (Fig. 7) are
plotted as functions of PDA temperature and aging time. It can
be noted that the higher the annealing temperature, the greater

Fig. 11 Recovery strain dependence on induced strain in bending SM testing at �196 �C and subsequent heating above Af of Ti-Nb-Ta alloy
subjected to CR + PDA (1 h) (a) and CR + PDA + AG (300 �C, 1 and 3 h) (b). To facilitate observation, not all the experimental points are
presented

Fig. 12 Maximum completely recoverable strain of shape memory effect (er
max) and number of cycles to failure Nmax after e = 0.37 + PDA (a)

and e = 0.37 + 500 �C (1 h) + 300 �C (t = var) (b)
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the recovery strain, but the lower the number of superelastic
cycles to failure: The longest strain-controlled fatigue life is
observed after PDA at 400 and 450 �C (Fig. 12a). Furthermore,
as previously shown (Fig. 7j), 300 �C (1 h) aging results in an
almost 20 times increase in fatigue life and smaller maximum
completely recoverable SM strains as compared to PDA at
500 �C without aging. Both residual strain-hardening (low-
temperature annealing) and x-phase precipitation (aging)
phenomena increase the material yield stress (Ref 13). As a
result, in the low-temperature annealed and aged samples, at the
same testing temperature (RT), the accumulated plastic defor-
mation is smaller and superelastic fatigue life is longer. On the
contrary, strain- and precipitation-induced hardening decrease
the quantity of martensite formed and reoriented at �196 �C
(SM testing strain-inducing temperature) and therefore recov-
ered upon heating of deformed samples.

6. Conclusions

1. For Ti-19.7Nb-5.8Ta (at.%) alloy, annealing at 500-
600 �C after moderate cold rolling (e = 0.37) results in
the formation of a nanosubgrained structure in b-phase as
a result of polygonization of a dislocation substructure.
After annealing at 650-750 �C, recrystallization and grain
growth occur. A distinct lamellar contrast in TEM images
after annealing at 500 �C can be attributed to a¢¢-mar-
tensite crystals formed during cooling and thin foil
preparation at �38 C.

2. Low-temperature aging (300 �C) of the b-phase nanosub-
grained structure is accompanied by the x-phase precipi-
tation phenomena. Up to 1 h of aging, x-particles
preserve their globular shape, random distribution, and
very fine size. During further aging, elongated rows of
coarsened x-particles form.

3. Depending on the annealing temperature, the studied alloy
manifests either mainly superelastic or mainly shape mem-
ory behavior at RT: PDA under 500 �C results in mainly
superelastic behavior, whereas PDA at 500 �C and higher
results in mainly shape memory behavior; the maximum
completely recoverable SM strain is observed after CR
(0.37) + PDA (600-700 �C), and its value is close to 2%.

4. As compared to unaged alloy, an ‘‘optimum’’ x-phase
precipitation hardening caused by 300 �C, 1-h aging of
the nanosubgrained substructure resulting from CR
(e = 0.37) + PDA (500 �C, 1 h) leads to a more than 20
times longer cyclic life.

5. Both the well-developed dislocation substructure obtained
after CR (e = 0.37) + PDA (400/450 �C, 1 h) and the
precipitation-hardened nanosubgrained microstructure
obtained after CR (e = 0.37) + PDA (500 �C, 1 h) +
aging (300 �C, 1 h) result in similar fatigue lives, but the
aged alloy appears to be much more ductile than the sim-
ply annealed one.
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