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Abstract: Ultrafine-grained (UFG) structure formation in Ti alloys, by severe plastic deformation
(SPD) processing and enhancement of their mechanical properties, including fatigue properties, has
been demonstrated in numerous studies in the past 20 years. The present overview analyzes the
fatigue properties achieved to date in Ti alloys subjected to SPD. Such aspects are examined as the
effect of a UFG structure on the fatigue behavior of commercially pure (CP) Ti, two-phase Ti alloys,
using the popular Ti-6Al-4V alloy as an example, as well as on the kinetics and mechanisms of fatigue
failure. The prospects and problems of the practical application of UFG Ti materials in medicine and
aircraft engine construction are discussed.
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failure mechanisms; engineering application

1. Introduction

Fatigue is one of the key mechanical characteristics of metals and alloys. It is associated
with a gradual accumulation of strain/damage in a material, which leads to the formation
of cracks, their propagation, and eventually material failure. Therefore, among the most
important properties of structural materials, fatigue holds a special place, and increasing
the resistance to fatigue failure is a very important task for the use of new materials in
medicine and engineering.

The development of methods of deformation treatment of metals and alloys, in partic-
ular, the severe plastic deformation (SPD) techniques, has resulted in the design of materials
with ultrafine-grained (UFG) and nanocrystalline (NC) structures [1–3]. It is known that the
principal factor influencing the nucleation and propagation of fatigue cracks is undoubt-
edly the microstructure of a material. One of the structural parameters that mechanical
properties strongly depend on is grain size [4,5]. The well-known Hall–Petch Equation (1)
describes a tendency common to most materials: strength increases with decreasing grain
size. It is also used for the endurance limit [4].

σf = σif + Kf × d −1/2 (1)

where σif and Kf are constants for the material. As grain size decreases, it becomes more
difficult for dislocations to move in a material, and grain boundaries start to play an increas-
ing role in plastic deformation, since they are an efficient sink/source for defects, as well
as a barrier for dislocation glide [4]. However, this law is not always true. Since, at a very
small grain size, grain boundaries occupy a considerable fraction of the volume, the action
of certain deformation mechanisms is impeded, and as a result, the mechanical properties
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turn out to be different from the material’s expected properties. The law’s nonlinearity is
also exhibited when the nanometric grain size is reached [6]. Thus, during the grain refine-
ment of metals and alloys the fatigue characteristics may increase disproportionately to the
ultimate tensile strength (UTS) and may even decline, or at least not improve compared to
the initial structure.

The experimental database on the fatigue of ultrafine-grained (UFG) materials has
been intensively expanding to date. The most significant research in the area of fatigue was
performed on submicrocrystalline (SMC) polycrystals (grain size 200–300 nm) produced by
SPD [7–9]. Such a severe deformation produces a typical UFG structure with a grain size
about 200 nm in Cu and its alloys. Enhancement of high-cycle fatigue was systematically
observed, together with an increase in tensile strength (static strength). Many publica-
tions proved that that the most impressive strengthening, to 200–300%, was normally
achieved under a relatively small strain equivalent, of about e = 1.15, where low-angle grain
boundaries prevailed in the microstructure [10,11]. Further deformation and the creation
of high-angle grain boundaries associated therewith resulted in only minor additional
strengthening.

Analysis of these research results leads to the following general observations, summa-
rized in [4,12–14], that are based on the commonly accepted approach to fatigue life. Grain
refinement, leading to the strengthening of metals and alloys, results in improved fatigue
characteristics in the high-cycle fatigue (HCF) regime, i.e., an increase in the endurance
limit of smooth fatigue specimens subjected to constant stresses or amplitude cyclic loads.
It is normally considered that the positive effect on high-cycle fatigue life occurs due to
the inhibition of cracks that nucleate on the surface as a response to higher static strength
and cyclic endurance limit. In contrast to this trend, resistance to fatigue damage normally
declines during grain refinement in the low-cycle fatigue (LCF) regime or during tests
of the crack growth resistance, especially in the range of a low stress intensity ∆K in the
near-threshold regime. An obvious increase in the resistance to fatigue failure with de-
creasing grain size is attributed to the possible effects of decreasing efficient moving force,
due to microstructural changes in the crack path and the concomitant possibility of contact
between irregularities on the crack surface [15,16].

At the same time, the results of tests of UFG materials performed in different laborato-
ries often have a contradictory character. On the one hand, this is related to the fact that the
endurance limit of metallic materials strongly depends on the geometry, size, and surface
quality of the specimens, as well as on the test conditions [5]:

- loading pattern: bending, rotational bending, cyclic tension, torsion;
- cycle symmetry R = σmin⁄σmax;
- load application frequency, f [Hz];
- test temperature and environment.

On the other hand, for complex alloys, having a multiphase structure, grain-boundary
strengthening may be disguised by such mechanisms as solid-solution hardening and
dislocation strengthening, while the redistribution of phases and alloying elements may
lead to a brittleness of grain boundaries and a decline in the alloy’s ductility at room
temperature [17]. For example, for the Al alloys 5056 and 6061, the increase in fatigue
strength after processing by equal-channel angular pressing (ECAP) was insignificant.
Thus, in spite of considerable efforts, the relation to the microstructure formed in the
process of SPD is not always obvious.

The fatigue properties of Ti polycrystals with different purities and grain sizes were
investigated in detail in [18–24]. In particular, Turner and Roberts [18] demonstrated
convincingly that the endurance limit grew considerably with grain size, decreasing from
100 to 9 µm. In addition, the endurance limit/ultimate tensile strength ratio (σf/UTS) that is
sometimes used as an approximate empirical measure of engineering cyclic properties was
over 0.5 [18]. This assumes that grain size reduction to the nanoscale may lead to a further
enhancement of titanium’s fatigue characteristics. However, it should be kept in mind that
improving static strength and even endurance limit during stress-controlled tests does not
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ensure improvement of cyclic properties during strain-controlled tests. In fact, stress and
the concept of the fatigue estimation based on strain are often inconsistent, because if cyclic
strength at a constant applied load is improved, the load-carrying capacity of a material is
often sacrificed, due to the loss of ductility [24].

The object of analysis in the present work is Ti and its alloys, which are widely
applied in different industries, such as aviation, medicine, and mechanical engineering.
The formation of an ultrafine-grained structure in these, by means of SPD processing, and
enhancement of their mechanical properties, including fatigue ones, has been demonstrated
in many studies over the past 20 years, and summarized in overview papers [25–28]. The
aim of this overview is to analyze the fatigue properties achieved to date in Ti alloys
subjected to SPD. In Section 1, we examine the fatigue behavior of commercially pure (CP)
Ti in the UFG state and the methods increasing its fatigue resistance. Section 2 reports on
the recent studies of the fatigue properties of two-phase Ti alloys, using the popular alloy
Ti-6Al-4V as an example. It is obvious that an evaluation of the fatigue crack growth rate
is necessary for a deeper understanding of the fatigue properties of UFG materials, but
information about the kinetics and mechanisms of the fatigue failure of UFG Ti alloys is,
to date, very scarce. Section 3 presents an analysis of some publications in this research
area, with UFG Ti and the Ti-6Al-4V alloy as examples. In recent years, papers have started
to appear, dealing with the prospects of the practical application of UFG Ti materials in
medicine (prosthetics) and aviation, but the transition from laboratory samples to real
products requires solving a number of scientific and technical problems, briefly specified in
Section 4.

2. Fatigue Behavior of CP Ti Produced by Severe Plastic Deformation

The first attempt to evaluate the fatigue properties of Ti with a grain size below 0.5 µm
was made in [29,30]. An increase was reported in the fatigue resistance of CP Ti (Grade
2) processed by ECAP with subsequent thermomechanical treatment. Depending on the
processing regime, three types of nanostructured state were produced in Ti, with a grain
size from 250 to 150 nm, differing in the mean grain size and grain shape. It was shown that
highest fatigue limit was achieved in Ti with a fragmented structure, which had mutually
misorientated regions/subgrains with low-angle and medium-angle deformation-induced
boundaries, with a mean grain size of 0.15 µm, amounting to 482 MPa, in comparison to
238 MPa for its coarse-grained counterpart. The σf/UTS ratio reached the highest values
(0.57) in the specimens with the most homogeneous and practically equiaxed structure [29].

Figure 1 shows a diagram demonstrating the relationship between UTS and endurance
limit for CP Ti in different structural states, as reported in the papers by Kolobov, Stolyarov,
Vinogradov, and others back in the early 2000′s [29–32].
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According to [31], the endurance limit of Grade 2 Ti reaches 380 MPa, which is
considerably higher than that of CP Ti, with a fine grain size of 9 µm—225 MPa according
to [18], and Ti with a grain size of 25 µm—238 MPa according to [29]. Nevertheless,
the σf value is more modest, in comparison to the endurance limit of 482 MPa reported
in [29,30], for ECAP-processed Ti with a so-called fragmented equiaxed structure, according
to [30]. This value of 480 MPa is still lower than that of the popular alloy Ti-6Al-4V ELI
(515 MPa) [33].

Vinogradov et al. [31] showed the results for the plastic-strain controlled fatigue
properties of UFG CP Ti were similar to the results obtained earlier for ECAP-processed Cu,
with an almost equiaxed grain structure in [9,14]. Notable, were the absence of progressive
softening for all strain amplitudes and a pronounced saturation stage.

Contrary to Agnew and Weertman [34] and Höppel et al. [35], who reported that
such UFG materials as copper and Al alloys exhibited a significant degradation of cyclic
properties with controlled strain, Ti does not exhibit any decline in its fatigue character-
istics during cyclic testing at a constant value of plastic strain, as testified by almost the
same behavior of the Coffin–Manson graph in the fine-grained and coarse-grained states
(Figure 2). This result agrees well with the fact that in UFG Ti, unlike in ECAP-processed
Cu according to [31], there were no significant microstructural changes after testing, in
particular, to grain coarsening.
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A large number of studies on fatigue have been performed on UFG Ti of different
purities (Grade 2 and Grade 4) produced by ECAP in combination with different thermo-
mechanical treatments. These processing methods enable producing bulk billets, which
facilitates the fabrication of standard specimens for fatigue tests. For example, for UFG
VT1-0 (Grade 2 Ti analogue) produced by ECAP in combination with cold rolling, UTS
increased by a factor of more than 2.5, whereas the endurance limit did not exceed 400 MPa
(σf = 280 MPa for coarse-grained VT1-0) [30]. The researchers attributed this to the re-
duced plasticity margin after cold rolling, conditioned by such features of the formed UFG
structure as the critical density of dislocations, a high fraction of low-angle dislocation
boundaries, and a high level of internal elastic stresses.

An increase in ductility without a considerable decline in strength was achieved due to
the optimization of the regimes of a combined deformation treatment. In [36], the process of
producing UFG Grade 4 Ti rods included a combination of ECAP and subsequent drawing
with intermediate annealing. The mechanical properties reached very high values, with the
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preservation of a satisfactory ductility: UTS 1235 MPa and elongation 11%. The specimens
were tested under cyclic tension with a controlled stress and the cycle asymmetry coefficient
R (σmin/σmax) = 0.1. The endurance limit of UFG Grade 4 Ti was 620 MPa on the basis of
106 cycles, which is higher than the fatigue strength of conventional Ti in the coarse-grained
state by a factor of almost 1.5 (350 MPa after 106 cycles according to [37]) and is at the level
of the Ti-6Al-4V alloy.

A high strength and retained enhanced ductility were achieved in UFG Ti rods by
using low-temperature annealing [38]. In [39], for Grade 4 Ti rods produced by ECAP
in combination with drawing and annealing at 350 ◦C for 6 h, the endurance limit of the
specimens grew from 590 to 610 MPa, as a result of an increase in strength to 1250 MPa
and ductility from 11 to 13%. Here, the tests were performed on the basis of 107 cycles
in a more rigid symmetrical cycle R = −1, unlike in [36]. According to the authors, the
extraordinary simultaneous increase in strength and ductility after 6 h of annealing may
have been associated with recovery processes of non-equilibrium boundaries, which were
accompanied with ordering of their structure and a decrease in the dislocation density, and
with impurity segregation formation in the boundaries and near-boundary areas.

In [40], the possibility was demonstrated of improving the fatigue strength of Grade 4
Ti by means of using warm rolling (WR) in contrast to cold drawing (D), due to a decrease
in the structural anisotropy in the transverse and longitudinal sections, and the formation
of more equiaxed grains with a large fraction of high-angle boundaries. Fatigue tests
were performed on smooth specimens under similar conditions of rotational bending; the
testing base was NF = 107 cycles. The higher strength (1310 MPa) of the rods processed by
ECAP+WR, with the preservation of a good ductility, provided a higher endurance limit
(up to 640 MPa) in comparison to the ECAP+D condition (610 MPa), where the strength
did not exceed 1235 MPa (Figure 3).
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Figure 3. Number of cycles to failure vs. stress amplitude for smooth specimens cut out of Grade
4 Ti rods in as-received condition, after ECAP+Drawing (curve 1), and after ECAP+Warm Rolling
(curve 2).

It is evident that the increase in the endurance limit of the UFG Ti rods was achieved
as a consequence of a large increase of flow stress and static strength, resulting from grain
refinement. The results obtained in that work showed that the fatigue strength of UFG Ti
was noticeably influenced by the ratio between the strength and ductility of the material,
which in their turn depended on such structural features as grain size and shape, and the
condition of grain boundaries. As was shown in [40], rods processed by ECAP+D exhibited
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a high degree of structure anisotropy in the transverse and longitudinal directions, which
was characterized by elongated-shape grains and a large fraction low-angle boundaries in
the longitudinal structure of the rods, due to the use of cold drawing after ECAP.

We should also mention the results from a study of the fatigue properties of CP Ti
produced using ECAP-Conform (ECAP-C), which is a more productive variation of the
well-known ECAP process that enables producing long-length rods at lower deformation
temperatures (200 ◦C) than the ECAP process (400–450 ◦C) [41]. As was demonstrated
above, the endurance limit does not always vary in accordance with expectations from the
level of static strength. This may be related to the low capacity of the materials for plastic
flow, i.e., early strain localization [1]. A study [41] examined the effect of the strain degree of
ECAP-C and following drawing. Rods were produced by ECAP-C for six passes, followed
by drawing with 75% reduction (regime 1), and by ECAP-C for 10 passes, followed by
drawing with 75% reduction (regime 2). Study of the fatigue properties of the UFG Grade
4 Ti rods, with the mechanical properties of UTS = 1240 MPa and δ = 12%, produced via
regime 1, revealed that the endurance limit of the specimens was 590 MPa, in comparison
to 380 MPa for the as-received condition. An increase in yield stress and UTS to 1220 and
1290 MPa (regime 2), respectively, raised the endurance limit to 610 MPa.

A marked increase in the fatigue resistance of CP Ti was achieved by applying methods
other than ECAP, e.g., multiaxial forging [42] or hydrostatic extrusion [43]. Nanocrystalline
Ti produced by hydrostatic extrusion (d = 50 nm) showed a 75% increase in fatigue strength
(from 160 to 280 MPa) as compared to CG Ti, used as a reference, with a grain size of 20 µm.
Multiaxial forging produced a microstructure and properties similar to those produced by
ECAP processing.

It is obvious that the critical parameter of the UFG structure in Ti for increasing its fa-
tigue strength is grain size, and its reduction to 100 nm ensures a considerable enhancement
of static strength. At the same time, the ductility level of UFG Ti also plays an important
role in fatigue resistance; in particular, the formation of high-angle boundaries promotes
the grain-boundary processes involved in deformation, e.g., dislocation accumulation at
grain boundaries, while the equiaxed grain shape contributes to the uniformity of plastic
flow and reducing the probability of early strain localization.

It is known that actual products and structures may have different geometrical features,
which may affect their fatigue life. In particular, in medicine, threaded pins and screws of
different types are used. For such products, a very high strength is not always required,
which often leads to a decline in ductility and fracture toughness, and an increase in
sensitivity to stress raisers [44]. Therefore, the practical application of UFG Ti, e.g., in dental
traumatology, calls for the examination of notch fatigue properties.

For example, in [45] the fatigue life and notch sensitivity of ultrafine-grained pure Ti
produced by ECAP was investigated. The ECAPed Ti showed a significant improvement
in its high cycle fatigue limit (by a factor of 1.67), but its notch sensitivity was increased.

A study [46] examined the effect of additional design factors, such as notch sharpness
and notch surface quality, on fatigue resistance. As shown in Figure 4, the endurance limit
of smooth specimens on the basis of 107 cycles was 610 MPa (curve 1 in Figure 4). A notch
is known to reduce the endurance limit of a material, and the notch value depends on its
height h and radius ρ. It can be seen from Figure 4 that notched specimens having the largest
stress concentration of αt = 4.4 could withstand a load with a maximum stress of 220 MPa
for 107 cycles (curve 2). With decreasing concentration factor αt to 3.3, the maximum stress
grew to 295 MPa (curve 4). Thus, a decrease in the notch radius considerably reduces the
endurance limit of UFG Grade 4 Ti, due to an increase in the stress concentration factor.
Such regularity is also typical for Ti with a conventional coarse-grained structure [37].
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Figure 4. Dependence of the number of cycles to failure on the cycle stresses amplitude for specimens
with different notch geometry: 1—smooth specimens; 2—notched specimens αt = 4.4; 3—notched
specimens αt = 3.9; 4—notched specimens αt = 3.3 reprinted with permission from ref. [46]. Copyright
2009 Elsevier.

Meanwhile, the endurance limit of notched strengthened UFG Ti is slightly lower than
the endurance limit of conventional coarse-grained Ti (220 and 230 MPa at R = −1) and
comparable to the endurance limit of both smooth and notched specimens of the medical
alloy Ti-6Al-4V Eli (290/610 MPa) (Figure 5).
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Another interesting effect should be mentioned here: the possibility of improving the
fatigue resistance of notched specimens by means of increasing the notch surface quality
(namely, by reducing the surface roughness) through acid etching, which is widely applied
in the manufacture of dental implants, in order to remove various types of impurities and
oxides [47]. This fact was demonstrated in a recent paper [48]. The surface topography
obtained as a result of acid treatment may be adjusted by using a preliminary treatment, a
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mixture of acids, and various etching temperatures and times [48]. For example, a study [49]
investigated the effect of etching on the mechanical behavior of UFG Ti. It was shown that
etching with a mixture of HNO3 and HF acids for 20 min did not impair the mechanical
properties of UFG Ti, but on the contrary somewhat increased its tensile strength, due
to the formation of a homogeneous porous structure on the surface of the specimens, in
comparison to machining [49]. The same regime and acid mixture were used by the authors
to etch the notch surface of the fatigue specimens. A change in the surface topography
with a decrease in the relative value of surface microdefects resulted in the localization of
smoothing near the defects, which in its turn increased the time of crack nucleation.

It follows from the presented data that the structural refinement achieved through a set
of measures including SPD processing by ECAP and subsequent thermomechanical treat-
ment is very efficient for producing high, and even record-breaking, fatigue characteristics
in CP Ti. Grain size is a critical structural parameter of CP Ti and its reduction to 0.1–0.2 µm
increases the material’s strength and, consequently, the crack nucleation, due to an increase
in the extent of the boundaries. Grain size reduction to below 100 nm may lead to early
strain localization, as was demonstrated previously for several nanostructured metals.
Therefore, this lower ductility in comparison to the coarse-grained state does not always
provide as great an increase in fatigue life as one could expect from grain size reduction.
Grain shape may also influence fatigue resistance; therefore, an increase in the fraction
of equiaxed-shape grains in combination with their high-angle boundary misorientation
contributes to the uniformity of plastic flow and to reducing the probability of early strain
localization.

3. Fatigue Behavior Features of the Ultrafine-Grained Ti-6Al-4V Alloy

Traditionally, the increase in the fatigue characteristics of Ti alloys is achieved by
means of increasing UTS through alloying or varying the structural and phase composition
by thermal or thermomechanical treatments that may produce microstructures of different
morphologies (equiaxed, lamellar, mixed, etc.) [50–52]. As shown previously, the Ti-
6Al-4V alloy exhibits the best resistance to high-cycle fatigue (107 cycles) when a mixed
globular and fine-lamellar microstructure is formed, in contrast to equiaxed and lamellar
structures [53]. A microstructure of this type is often referred to as bimodal or duplex.

Among two-phase Ti alloys the Ti-6Al-4V alloy has been the most studied in publi-
cations over the last 20 years, and most of these publications show that the formation of
a submicrocrystalline or ultrafine-grained structure leads to an increase in the endurance
limit at room temperature [27,28,40,54–60].

For example, a study [58] demonstrated an increase in the strength and endurance of
VT1-0, VT6 (Russian analogue of Ti-6Al-4V alloy) and VT22 (Ti-5.1Al-5.4V-4.9Mo-1.0Cr-
1.0Fe-0.08Si) in the UFG state produced by multiaxial isothermal deformation. However,
the absolute increment in the endurance limit for these materials was 70, 110, and 105 MPa,
respectively, which may have been associated with the presence of the highly ductile
β-phase in the alloys, unlike in pure Ti, and also with an increase in energy spent on
crack nucleation, where the difference between the energies of crack nucleation and crack
propagation raises the total fatigue resistance in alloys in comparison to Ti [57,58]. In alloys,
in contrast to Ti, a decrease is observed in the contribution of strain hardening in the process
of SPD, which is associated with the increased contributions of solid-solution strengthening
and precipitation hardening (the decomposition of a supersaturated solid solution of the
β-phase as dispersed particles of a secondary α phase).

Studies [55,56] investigated in detail specimens of the Ti-6Al-4V ELI alloy in the CG
state and in the UFG state after ECAP processing in high-cycle and low-cycle fatigue regions
at room temperature. It was shown that the behavior of the alloy in both investigated
states in the low-cycle fatigue region corresponded quite well to the Coffin–Manson rule,
Equation (2)

∆εpl/2 = ε′f (2Nf)
c (2)
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where ∆εpl/2 is the plastic strain amplitude, ε′f is the fatigue ductility coefficient, 2Nf
is the number of cycles to failure, and c is the fatigue ductility exponent. These works
demonstrated that in the investigated plastic strain amplitude range from 10−2 to 2 × 10−5

the fatigue ductility exponent c remained practically identical for the CG and UFG materials,
which had previously been found for UFG Ti [31]. Meanwhile, the total fatigue life of the
UFG alloy in the Wöhler curves was higher than that of the CG alloy, and the curves did not
intersect in the region of the investigated strains, whereas the increment in the endurance
limit of the UFG alloy was about 15% [56].

It should be noted that the UFG Ti-6Al-4V alloy has a reduced fatigue resistance in the
region of low-cycle tests in comparison its coarse-grained state, which is related to a certain
loss in ductility and an increased YS value [61]. In the Wöhler’s curves in the high stress
amplitude region during low-cycle tests, the endurance limit values for the UFG alloy were
larger than those for the CG alloy [56]. Such results were reported in [60], where tests were
conducted in a wide range of stress amplitudes, from 700 to 1050 MPa, at a frequency of
5 Hz. However, when increasing the number of test cycles, the slope of the fatigue curve in
the UFG state was greater than that for the CG alloy, which may indicate a more intense
softening in comparison with a coarse-grained analogue.

In [40], fatigue tests of the specimens from the commercial alloy Ti-6Al-4V (Russian
analogue—VT6) were carried out under rotational bending with a frequency of 50 Hz
and a symmetrical loading cycle (R = −1). It was found that the alloy’s high strength
and ductility (1550 MPa and 12%), produced by ECAP in combination with extrusion
and annealing at 500 ◦C, raised the endurance limit from 600 to 740 MPa on the basis of
107 cycles (Figure 6). The endurance limit obtained in that paper for the VT6 alloy under
rotational bending was higher than previously achieved. For example, a study [54], where
fatigue tests were performed with the asymmetry coefficient R = 0 on specimens from the
conventional coarse-grained VT6 alloy and the submicrocrystalline VT6 alloy produced by
‘abc’ multiaxial deformation, reported an increase in endurance limit of about 17%.
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Figure 6. Number of cycles to failure vs. stress amplitude (rotational bending, R = −1, f = 50 Hz) for
smooth samples from the conventional and nanostructured Ti-6Al-4Valloy. Where CG—Bimodal
Ti-6Al-4V, 1—Fine Grained Ti-6Al-4V, 2—UFG Ti-6Al-4V.

Another study [62] showed that the formation of a UFG state in the Ti-6Al-4V alloy
enabled raising the strength characteristics to 1300 MPa after ‘abc’-deformation and to
1500 MPa after subsequent rolling, which is 25 and 40% higher than for the CG state, while
simultaneously raising the material’s ductility and toughness, including the fatigue limit,
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which was determined using the ‘stairs’ method for 2 × 107 loading cycles and found to be
20% higher in the UFG state than in the CG state.

It is known that in the case of strengthened Ti alloys the σf/UTS ratio normally varies,
from 0.4 for a coarse-grained lamellar structure, to 0.62 for a fine-grained globular α + β

structure [37]. The table below summarizes the data for the Ti-6Al-4V alloy and CP Ti
produced by different SPD processes.

To compare the data on the fatigue properties of CP Ti of different purities and the
Ti-6Al-4V alloy in the fine-grained and UFG states, Figure 7 shows the dependence of
endurance limit on UTS.
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Figure 7. Ratio between UTS and endurance limit (σf) for Ti Grade 4 CP Ti and the Ti-6Al-4V alloy in
CG and UFG states (σf/UTS = 0.6 for annealed; σf/UTS = 0.4 for heat-strengthened Ti alloys) adapted
from [37].

It can be seen from Table 1 and Figure 7 that the σf/σUTS ratio for Ti-based materials
strengthened by SPD varies from 0.47 to 0.58, i.e., does not go beyond the value limits for
conventional annealed and heat-strengthened Ti alloys [37]. This conclusion is important
for the different engineering applications of UFG Ti alloys.

On the other hand, it is also clear that approaches aimed only at increasing monotonous
strength are common, since the fatigue ration σf/σUTS remains practically unchanged
following a linear correlation between these two parameters. Probably, for the most efficient
enhancement of the endurance of materials, the character of the σf/σUTS ratio needs to be
changed; this can be attempted only by controlling the material structural parameters that
influence, not only strength, but also ductility.
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Table 1. Mechanical properties of Ti alloys in different states.

Alloy Ref State Average Value
of UTS (MPa) σf (MPa) σf/UTS

Ti-6Al-4V
ECAP+extrusion
R = −1 rotation

bending,107

[60] CG bimodal
UFG

1050
1450

610
690

0.58
0.47

Ti-6Al-4V ELI
ECAP+extrusion
R = −1 rotation

bending,107

[40] CG equiaxed
UFG

1000
1550

600
740

0.60
0.54

Ti-6Al-4V ELI
ECAP+extrusion

tension-compression
R = −1, 106

[56] CG equiaxed
UFG

940
1380

550
620

0.59
0.45

Ti-6Al-4V
Multi-axial forging

(MAF)
bending, R = 0, 2 × 107

[54] Fine grained
SMC

1050
1300

580
690

0.55
0.53

Ti-6Al-4V
Multi-axial forging

bending, R = 0, 2 × 107
[58] Fine grained

SMC
1050
1300

580
693

0.55
0.53

ECAP Ti Gr2
tension-compression

R = −1, 106
[31] CG

UFG
460
810

238
380

0.52
0.47

ECAP VT1-0
tension-compression

R = −1, 106
[30] CG

UFG
490

1050
280
400

0.57
0.38

ECAP VT1-0
tension-compression

R = −1, 106
[29] CG

UFG
460
710

238
404

0.52
0.57

MAF CP VT1-0
bending, R = 0

2 × 107
[58] CG

UFG
490
810

290
360

0.59
0.44

ECAP+D Ti Grade 4
R = −1 rotation

bending,107
[41] CG

UFG
700

1290
380
610

0.54
0.47

ECAP+D Ti Grade 4
tension-compression

R = −1, 106
[36] CG

UFG
720

1210
350
620

0.49
0.51

ECAP+D Ti Grade 4
R = −1 rotation

bending,107
[40] CG

UFG
680

1235
350
610

0.51
0.49

ECAP+WR Ti Grade 4
R = −1 rotation

bending,107
[40] CG

UFG
680

1310
350
640

0.51
0.49

4. Kinetics and Mechanisms of the Fatigue Failure of UFG Ti Alloys

To gain a deeper understanding of the fatigue properties of UFG materials, it is neces-
sary to evaluate the fatigue crack growth rate. Specifically, Estrin and Vinogradov in [4]
and several other researchers in [6,16,63–69] demonstrated that UFG materials normally
have lower threshold values of the stress intensity factor ∆K and a higher crack propaga-
tion rate in the stationary regime compared to coarse-grained materials. Similar results
should be mentioned, obtained by Hübner et al. [63] for CP Al, Chung et al. [16] for the
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heat-treatable UFG aluminum alloy AA6061, Meyers et al. [64] for the Al-Mg alloy AA6063,
Kiessling et al. [65], and Hanlon et al. [6] for Ti.

The low strength of UFG materials in the low-cycle fatigue region was attributed by
researchers in [4,13,15] to the lower tortuosity of a propagating crack, leading to a decrease
in the fracture surface roughness and to a relatively well-developed cyclic plastic strain
at the crack tip. However, a certain divergence from these conclusions was found during
the fatigue testing of UFG magnesium alloy AZ31 [13]. It was shown in [70] that the
difference in the crack path was related to grain size. For example, if the grain size was
below 1 µm, intercrystalline crack propagation was observed; if the grain size was above
1 µm, a transcrystalline one.

A study [6] revealed a dependence of the fatigue crack growth rate on grain size in
Grade 2 Ti with grain sizes of 22 and 0.5 µm. In the whole range of the threshold values
of the stress intensity factor ∆K, the crack growth rate da/dN was higher for UFG Ti than
for its CG counterpart (Figure 8). Grain size reduction leads to a decrease by a factor of 2.5
in the threshold value ∆Kth. Figure 8 demonstrates the same crack propagation stages as
for conventional polycrystals; namely, slow crack propagation in the near threshold region
and an intermediate stage corresponding to stable crack growth.
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As is well known, Paris’s law, Equation (3), is normally applied for crack propagation
in stage 2 [71].

dl/dN = C(∆K)n (3)

where N is the number of loading cycles, l is the crack length, n is a material’s constant, and
∆K is the stress intensity factor range that is found from the Formula (4).

∆K = Y∆σ
√
πl (4)

where ∆σ is the difference between the maximum and minimum applied stresses, and Y is
the coefficient depending on the specimen’s geometry.

In [72], kinetic diagrams of fatigue failure were obtained for Grade 4 CP Ti processed
using ECAP-Conform with a grain size of 0.35 µm. ECAP-Conform processing increases
the number of loading cycles up to the emergence of a fatigue crack, which is associated
with a higher strength of UFG Ti. It was found that the kinetic diagram of fatigue failure
for Ti processed by ECAP-Conform was located below the fatigue failure curve for the
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material in the initial condition. From this it follows that at the same value of stress intensity
factor range (∆K), the fatigue crack propagation rate in Ti after ECAP-Conform processing
should be lower than that in the initial condition. This is an unusual result and somewhat
contradicts the results obtained for Grade 2 Ti in [6]. The straight-linear segments of the
kinetic diagrams of fatigue failure for Grade 4 Ti in the initial CG condition and after
ECAP-Conform processing are well described by the Paris Equation (5) for Ti in the initial
condition.

dl/dN = 4.31 × 10−11∆K3.5 (5)

and after ECAP-Conform processing in Equation (6)

dl/dN = 2.19 × 10−15∆K6.3 (6)

It can be seen from Equations (5) and (6) that in the case of Grade 4 Ti in the initial
condition, the coefficient n in the Paris equation equals 3.5, while in the case of ECAP-
Conform processing it is two times higher and equals 6.3. The latter may indicate [73]
that Grade 4 Ti processed by ECAP-Conform has an increased sensitivity to overloads (a
single-time increase in ∆K) compared to the initial condition. In other words, short-time
overloads in Ti processed by ECAP-Conform cause a larger increase in the fatigue crack
propagation rate than in Ti in the initial condition. Thus, on the one hand, UFG Grade 4 Ti
exhibits an extraordinary decrease in crack propagation rate in comparison to the coarse-
grained state, and on the other hand, a tendency is observed for the crack propagation rate
to increase, on the condition that there is a short-term increase in ∆K, in accordance with
the Paris equation.

To date, there has been very limited information about the study of crack propagation
rate in two-phase Ti alloys with a UFG structure. The Ti-6Al-4V alloy exhibits a tendency,
similar to that of many investigated materials, for the crack propagation rate to increase at
the same value of the stress intensity factor range ∆K. In particular, a study [74] investigated
the kinetics and mechanisms of the fatigue failure of Ti-6Al-4V alloy. The alloy’s UFG
structure was produced by ECAP and had a mean α-phase grain size of 0.25 µm, in
comparison to the initial equiaxed structure with a grain size of 15 µm. It was demonstrated
that under the same loading conditions (∆P), the life (the number of cycles to failure) of
specimens of the alloy in the initial condition was higher than that for the alloy’s ECAP-
processed condition. With decreasing cycle stress, the number of cycles to the nucleation
of a fatigue crack decreases. However, the alloy’s condition has a small effect on this
characteristic.

The straight-linear segment in the kinetic diagrams of fatigue failure for the VT6 alloy
is approximated by the Paris Equation (7) for CG alloy, and Equation (8) for UFG alloy:

dl/dN = 7.6 × 10−12∆K3.63, (7)

dl/dN = 2.5 × 10−11∆K3.30 (8)

It was shown that the fatigue-crack propagation velocity in the alloy with a UFG
structure was somewhat higher than in the sample with a CG structure at the same ∆K.
However, the values of coefficient n in the Paris equation were very close to one another
(3.6 and 3.3), which points to the identical sensitivity of the alloys to cyclic overloads [73].

Examining the research data for Ti and the Ti-6Al-4V titanium alloy, one can assert
an ambiguous effect of grain refinement on the crack propagation rate. Apparently, the
crack propagation mechanisms are largely influenced by such UFG structure parameters
as dislocation type, grain (cell) size, and the characteristics of the second-phase particles,
including their average size and spatial distribution, as well as the texture formed [4].

Therefore, let us consider the results from the study of the fracture mechanisms of Ti
and its alloys during fatigue tests, in both low-cycle and high-cycle regions, which were
separately addressed in several papers.
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For example, a study [31] examined the character of the fracture surface relief after LCF
tests of UFG Grade 2 Ti under strain control for two plastic strain amplitudes in different
regimes – 5 × 10−3 and 7.5 × 10−4. The fracture surface morphology of the specimens was
characterized, with a honeycomb location of dimples with a distinct elongated shape in the
form of ‘fish scales’, which is on the whole characteristic of lamellar fracture (Figure 9).
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The final crack growth occurred predominantly in the plane of the maximum tangen-
tial stresses, without macroscopic deflections or branching. The fracture surface of the
specimens remained smooth, without any visible stress and damage localization. The crack
propagation mechanism was mixed, intercrystalline or transcrystalline, although it was
rather difficult to identify due to the local plasticity along the crack path [31]. Thus, in
UFG CP Ti, as in other pure metals with an equiaxed UFG structure, the predominance of
the intercrystalline fracture mechanism during the fatigue fracture growth was observed
experimentally.

This accounts for the almost straight crack path and a relatively smooth fracture
surface relief in a homogeneous equiaxed UFG structure, which may be associated with the
weakening of grain boundaries captured by lattice dislocations [75].

A somewhat different situation was observed in two-phase Ti alloys. It is known that
in conventional Ti alloys, the crack path during cyclic tests is strongly influenced by the
morphology of the α-phase: lamellar or bimodal. In particular, according to Nalla et al. [53],
in a lamellar structure, the crack path has a more twisted and tortuous character in compar-
ison to, for example, a bimodal microstructure. Correspondingly, the crack propagation
rate in a lamellar structure, especially at high stress intensity values, is lower than that in a
bimodal structure. That being said, the high-cycle fatigue resistance in a bimodal structure
is better than that in a lamellar structure, due to the higher ductility.

Taking into account the high sensitivity to crack growth and microstructural parame-
ters, the crack nucleation and propagation mechanisms in two-phase alloys call for a more
careful examination.

Saitova et al. [55] investigated the fracture mechanisms of specimens of Ti-6Al-4V ELI
alloy in a UFG state after strain-control tests. It was demonstrated that the fractures had
typical fracture surfaces: (I) crack nucleation region, (II) crack propagation region, and (III)
rapid fracture region. The distance between striations grew from the crack nucleation site
to the crack propagation zone, which indicated an increase in the fatigue crack propagation
rate. The main fatigue cracks for all the specimens in the CG and UFG states were predomi-
nantly transcrystalline. The character of the secondary microcracks exhibited substantial
differences. For example, in the CG alloy, secondary cracks were observed, located at
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interphase boundaries or in the β-phase, whereas in the UFG specimens secondary cracks
were oriented almost perpendicularly to the main crack. This fact has a beneficial effect on
fatigue resistance [55]. According to [59,60], the same character of failure was observed in
the UFG Ti-6Al-4V alloy during stress-control tests in the high-cycle and low-cycle fatigue
regions. The first cracks nucleated mainly at the surface roughnesses (referred to as slip
bands), in grain interiors, and at grain boundaries or interphase boundaries. This was
confirmed in [55], showing the surface relief of specimens after cyclic tests with a controlled
stress for the CG and UFG states, obtained with an atomic-force microscope. In the surface
relief of the specimens, the distribution of the α- and β-phases in the CG and UFG states
is clearly distinct. In this case, the common feature of the alloy’s surface relief in both
states are the visibly distinguishable slip bands in the β-phase, located at a 60◦ angle to the
loading direction.

In a review paper [4], Vinogradov assumes, based on the known research, that the
grain refinement and strain hardening limiting the dislocation mobility inevitably result in
suppression of the crack tip blunting effect; thus, leading to faster propagation of sharp
cracks in the UFG state. In Ti and other pure metals with an equiaxed UFG structure, the
intercrystalline fracture mechanism prevails during the growth of a fatigue crack. On the
other hand, in Ti alloys, solid-solution strengthening somewhat reduces the effect of grain
refinement on the total mechanical response under monotonous and cyclic loads [4]. Here,
the role of the second phase, the morphology, and distribution of the secondary phases
increases. It can be assumed that alloys with a more complex phase composition will be
more susceptible to improvement of the fatigue characteristics during SPD processing.
This may be achieved by structural optimization by controlling the secondary phase
precipitates, changing the kinetics of their precipitation, and a more uniform distribution
in the microstructure. An inhomogeneous structure, e.g., a bimodal one or one with a
pronounced crystallographic texture, may lead to a more tortuous crack path and increased
crack growth resistance, but this issue remains to be addressed in future research [4].

5. On the Prospects of the Practical Application of Ti-Based Materials in Industry

Ti is known to be the most promising metallic material for medical applications in
dentistry, orthopedics, and traumatology [76–78], and the designing of an ultrafine-grained
Ti with enhanced properties is the foundation for developing next-generation products. As
demonstrated by the research discussed in Section 1, the mechanical properties of CP Ti
have been improved to such a degree that it can now replace Ti-6Al-4V alloy, at least in such
applications as dental and extraoral (ear) implants. Furthermore, biological experiments
with the use of two cell types (human osteosarcoma SaOS-2 cells and adipose-derived
mesenchymal stem cells) demonstrated the improved capacity of these cells for attaching,
proliferating, and differentiating on the surface of UFG Ti-based materials processed by
SPD [79,80]. Insertion of implants made of UFG pure Ti will enable considerably reducing
the duration of post-surgery rehabilitation of patients and extend the service life of an
inserted implant until its replacement. The advantages of UFG Ti for the production of
different types of medical implants are most fully described in the papers and reviews by
Elias et al. and Valiev et al. [80–85].

However, the fatigue life data from the tests in a simulated body fluid (SBF) allow one
to make contradictory conclusions about the effect of ultrafine grain size [86–88]. The data
on the fatigue of Ti implants become even more scattered after a typical surface treatment
used in the medical industry [89]. The required microroughness profile on the surface may
have a drastic effect on the fatigue life of an implant.

It is known that ‘conventional’ fatigue test methods, in compliance with ISO standards,
involve S/N (stress–number of cycles) curves. However, when applied to an implant
structure, they have a significant drawback. This is related to the fact that for a dental
implant, the applied loads are practically random. Therefore, the functionality testing of a
dental implant is not ensured by standard approaches. Several studies report that in recent
years a method was developed for ‘random spectrum fatigue performance testing’ of dental
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implants [90]. It consists in applying a random sequence of loads with different amplitudes
and frequencies (and atmospheres), until implant failure. The result for each tested group
is the average duration of life with a standard deviation. The developed method of random
loading [91,92], used for fatigue tests of implants made of UFG CP Ti in both air and 0.9%
saline solution, did not confirm the superior fatigue characteristics of UFG Ti in comparison
to coarse-grained CG Ti, as reported in [87].

In [93], an evaluation was made for the advantages of using nanostructured CP Ti
for the manufacture of miniature implants for osteosynthesis in the cranio-facial and
mandibular areas. The study used Grade 4 Ti rods nanostructured by means of ECAP-C
and subsequent drawing. Items in the form of plates and screws with a reduced cross
section, but preserving their static and fatigue strength, were designed and produced
from nano-Ti. Transverse-bending fatigue tests of the plates were performed using a rigid
loading pattern at a constant value of strain amplitude (deflection f = 3 mm), loading cycle
asymmetry coefficient R = 0, and load application frequency of 30 Hz. As a result of the
comparative fatigue tests of standard Ti plates and plates made of nanostructured Ti, it was
found that a decrease in their cross section does not lead to a considerable decline in their
fatigue life. It was shown in [93] that the life (the number of cycles to failure) of a plate
made of nanostructured Ti was almost an order higher than the life of the standard item.

At the same time, the application of UFG Ti for the manufacture of medical implants is
also associated with the surface modification of products, since they operate in a physiolog-
ical environment that may have a negative effect on the surface. In particular, it was shown
in [94], that the significant grain refinement achieved in Gr2 Ti by means of SPD Conform
processing raised the UTS by almost two-fold, while the endurance limit increased from
375 MPa to 800 MPa. The surface treatment of implants by sandblasting in combination
with acid etching (SLA) reduced the endurance limit of the UFG condition by almost 56%,
and by нa 27% in the case of the CG structure; i.e., the SLA treatment had a larger impairing
effect on the fatigue properties of UFG Ti, apparently due to a decreased ductility. This area
of research is under active development, and researchers have already proposed methods
for the surface modification of implants made of UFG Ti that do not reduce its fatigue
strength [95].

Two-phase Ti alloys, due to their high specific strength and corrosion resistance, are
widely used in aviation and engine building. Increasing the performance properties of parts
and structures made of Ti alloys in conditions of long lifetimes is an important problem
in today’s mechanical engineering. Therefore, the application of UFG Ti alloys for the
manufacture of such critical parts as disks and blades is of great interest, where the critical
properties that determine the life and reliability of products are strength, endurance, and
wear resistance. In addition, the superplasticity of UFG Ti alloys at low temperatures and
higher strain rates, under the condition of the formation of a structure with a grain size
below 0.5–1.0 µm [1,2], is technologically attractive, in terms of shape forming, since the
traditional process for the production of complex-profile blades from Ti alloys is die forging.

In [96], the authors reported the possibility in principle of producing gas-turbine
engine blades from the UFG Ti-6Al-4V titanium alloy. Decreasing the temperature of
metal deformation in isothermal forging, not only has processing advantages, but also
creates conditions for increasing the service properties of produced articles, due to the
preservation of the UFG structure in the alloy. In the study, tests were performed on blades
produced using a traditional forging process at 940 ◦C and blades produced from UFG
workpieces by isothermal forging at 720 ◦C. The tests were performed via the first bending
mode of vibration on a special vibration stand with a frequency of 500 Hz, on the basis of
20 × 107 cycles, i.e., in conditions close to the part’s operating conditions. The conducted
tests confirmed the advantage of the blades with a UFG structure, which exhibited a 30%
increase in endurance limit in comparison to the conventional parts. Zherebtsov et al. [42]
also reported the possibility of increasing the endurance limit of blades made of Ti-6Al-4V
titanium alloy, due to the formation of a SMC structure by multiaxial isothermal forging.
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The first reports about the positive effect of a UFG structure on the fatigue endurance of
parts made of Ti alloys gave grounds to believe that it would be possible to use them in gas-
turbine engines (GTE). However, so far the efforts of researchers have been aimed primarily
at increasing the mechanical characteristics of alloys at room temperature. Meanwhile,
the formation of a nanostructured state in alloys often leads to a decline in the material’s
thermal stability at elevated temperatures, due to a high accumulated energy [1]. As a
consequence, this strongly limits the practical application of UFG Ti alloys at the operating
temperatures of GTE parts. Therefore, a relevant area of further research is the study
of the mechanisms and regularities in the evolution of a UFG structure in conditions of
a simultaneous exposure to temperature and stresses. In the first place, this includes
such performance properties of UFG Ti alloys as creep resistance and fatigue resistance at
operating temperature.

Another important aspect for the successful application of Ti alloys with a UFG struc-
ture, especially during long-term operation in various aggressive environments, is the
interaction of titanium with hydrogen. It is known that hydrogen can easily diffuse from
the environment and impair mechanical properties, up to the embrittlement of the near-
surface layers. An assumption was made in an overview paper [97] that the formation
of a nanostructured state in Ti alloys would enable reducing the effect of H, owing to a
considerable increase in the extent of the intergranular boundaries in the microstructure.
In this case, the redistribution of the incoming hydrogen occurs via a large number of the
crystalline structure defects that are non-equilibrium grain boundaries and deformation de-
fects, which enable avoiding exceeding the limit of solubility of hydrogen in the crystalline
lattice. Apparently, the formed hydride particles can be expected to be smaller in size and
uniformly distributed in the material volume, predominantly in the intergrain boundaries.
From the point of view of hydrogen brittleness, such a state of the hydride phase is less
dangerous and enables increasing the value of the maximum permissible H concentration
in Ti and its alloys.

This hypothesis was confirmed by several conducted studies [98]. For example, in
an NiTi alloy with grain sizes of 23 and 57 µm and with the same times of holding in an
APF solution, the sample with the smaller grain size exhibited a lower value of fracture
stress and a higher relative fracture strain. Such a behavior makes grain refinement an
efficient factor for improving a material’s resistance to hydrogen embrittlement, underlain
by a decrease in hydrogen’s ‘effective’ diffusion rate value, due to a decrease in the relative
fraction of hydrogen per area unit of a grain boundary. Another paper [99] examined the
effect of increasing the resistance to hydrogen embrittlement of the UFG Ti-6Al-4V alloy,
by means of increasing its maximum permissible hydrogen concentration in comparison
to the CG state. A paper [100] showed that the elongation and impact toughness of
nanocrystalline Ti with a hydrogen content from 0.1 to 5 at.% are practically the same,
while in microcrystalline Ti they decrease when hydrogen is added, which indicates a lower
risk of hydride-induced embrittlement in nanocrystalline Ti than in its microcrystalline
counterpart. However, this problem calls for targeted studies, especially concerning the
fatigue strength of Ti with permissible and increased hydrogen concentrations.

6. Summary

The overview of publications on Ti and the Ti-6Al-4V titanium alloy presented in
this paper gives an indication of fatigue resistance in the ultrafine-grained state, based
on SPD processing, leading to an increase in the endurance limit (HCF), but reducing or
slightly increasing fatigue strength in the low-cycle fatigue (LCF) region. Grain refinement
achieved by a set of measures, including SPD processing and subsequent thermomechanical
treatment, is very efficient for producing high, even record-breaking, fatigue characteristics
in Ti alloys. At the same time, the level of ductility also plays an important role in fatigue
resistance. It also becomes obvious that approaches aimed only at increasing the UTS are
not always justified, since the fatigue ratio σf/σUTS remains practically unchanged. It was
also found that the σf/σUTS ratio for Ti-based materials strengthened by SPD processed
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lies in a range from 0.47 to 0.58, i.e., it does not go beyond the limits of the values for
conventional annealed and heat-strengthened Ti alloys, which is an important conclusion
for future engineering applications of UFG Ti alloys.

Ultrafine-grained Ti demonstrates a tendency, similar to that of many investigated
single-phase UFG materials, for the crack propagation rate to increase by the same value
as the stress intensity factor range ∆K, which is related to the predominance of the inter-
crystalline mechanism of the fatigue crack propagation. In two-phase Ti alloys having an
inhomogeneous duplex structure, the transcrystalline character of crack growth prevails,
but this requires a more detailed investigation, since, so far, the number of studies on the
crack propagation rate in UFG two-phase Ti alloys has been very limited.

The advantages of UFG Ti for the manufacture of different types of medical implants
have already been proven and described in many papers and reviews. The first publi-
cations on the possibility of using UFG two-phase Ti alloys in GTE were based on the
positive effect of a UFG structure on fatigue endurance at room temperature. However, the
practical application of UFG Ti alloys in aircraft engine building still requires the detailed
investigation of such performance properties as creep resistance and fatigue resistance at
an elevated temperature, for long-term strength.
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