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Abstract: Grain reduction in a widely used Ti-6Al-4V alloy increases its endurance limit at room
temperature. In this work, the behavior of the ultrafine-grained alloy under cyclic load at the
temperature of 625 K is considered. Research was conducted to examine the fatigue life in a low-cycle
area of the ultrafine-grained Ti-6Al-4V alloy produced by equal-channel angular pressing. Tensile
and fatigue testing of the Ti-6Al-4V samples with coarse-grained (CG) and ultrafine-grained (UFG)
structures were carried out at 293 and 625 K. The alloy demonstrated an enhanced strength and
fatigue life at both temperatures. The representative features of the microstructural evolution and the
fracture features in the UFG and CG alloys after fatigue tests are described in detail. The prospects for
the use of the UFG Ti-6Al-4V alloy for engineering applications, such as in the production of critical
gas-turbine engine parts, is discussed.

Keywords: Ti-6Al-4V alloy; ultrafine-grained structure; elevated temperatures; strength; fatigue;
durability; failure

1. Introduction

Alloys such as Ti-6Al-4V (i.e., two-phase o + {3 titanium alloys) are widely applied in
aviation and engine building due to their high-specific strength and corrosion resistance [1,2].
Fatigue fracture resistance is one of the key characteristics of structural materials. Nevertheless,
increasing their fatigue limit remains a relevant task in the development and production of
heavy-loaded gas-turbine engine (GTE) parts, such as compressor blades and disks, which
experience substantial alternating tensile loads during operation.

It is known that the fatigue properties of Ti alloys strongly depend on the microstruc-
ture, the surface condition of the samples and the test conditions [2,3]. Traditionally, an
increase in the fatigue characteristics of Ti alloys is achieved by means of increasing the ulti-
mate tensile strength through alloying or varying the structural and phase composition by
thermal and thermomechanical treatment. This may produce microstructures of different
morphologies (equiaxed, lamellar, mixed, etc.) [2—4], but in most cases these approaches
have exhausted their capabilities. As demonstrated by recent studies, the formation of a
bulk ultrafine-grained (UFG) structure (grain size within 1 um) in metals by severe plas-
tic deformation (SPD) processing provides the potential of significantly improving their
mechanical properties at room temperature [5-12]. The Ti and Ti-6Al-4V alloy are the best
studied in publications over the last 20 years, and most of these publications show that
the formation of a submicrocrystalline or UFG structure leads to an increase in the fatigue
limit at room temperature [13-23]. In particular, in a paper by Zherebtsov et al., high-cycle
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fatigue tests for 10° cycles under bending with rotation of the samples from the conven-
tional coarse-grained (CG) and submicrocrystalline (SMC) Ti-6Al-4V alloys processed by
multiple forging revealed an increase in fatigue limit by approximately 17% [14]. Saitova
et al. investigated in detail the Ti-6Al-4V ELI alloy samples in the CG and UFG states, pro-
duced by equal-channel angular pressing (ECAP), in the high-cycle and low-cycle fatigue
regions at room temperature [21]. It was shown that the behavior of the alloy in both states
in the low-cycle fatigue region corresponded quite well to the Coffin-Manson relation
Aep/2 = €'¢(2Ny), where Agp, /2 is the plastic strain amplitude, €'t is the fatigue ductility
coefficient, 2N is the number of cycles to failure, and c is the fatigue ductility exponent.
These papers showed that in the investigated amplitude range of plastic strain from 102
to 2 x 1075, the fatigue ductility exponent c remained practically identical for the CG and
UFG materials which had previously been observed in UFG Ti [13]. In addition, the total
fatigue life of the UFG alloy in Wohler’s curves was higher than that of the CG alloy; the
curves did not intersect in the region of the investigated strains; and the increment in the
fatigue limit of the UFG alloy was about 15% [21].

It is known that aircraft engine components experience complex loads. For example,
a typical loading pattern of GTE blades or disks consists of low frequencies and high
amplitudes of stresses (low-cycle fatigue) with periodically resonant high-frequency loads
under relatively high medium loads (high-cycle fatigue) [24]. Besides, it is known that the
operating temperature of GTE parts made of the Ti-6Al-4V alloy, such as compressor blades,
may vary from 475 to 625 K. This requires an evaluation of their mechanical behavior at
elevated temperatures for the engineering applications of UFG Ti alloys [1]. In this area,
there were a number of studies of the UFG Ti-6Al-4V alloy, in particular, of its short-term
and long-term strength at operating temperatures [25-27]. Thus, the studies performed to
date have already demonstrated the possibility in principle of applying the Ti-6Al-4V alloy
in the UFG state to the production of gas-turbine engine parts operating in the conditions
of high cyclic loads and elevated temperatures. However, so far there have been no studies
of the fatigue strength of the Ti-6Al-4V alloy in the UFG state at operating temperatures.

The present research was undertaken with a view to evaluate the prospects of engi-
neering applications of the UFG alloy at elevated temperatures. We studied the fatigue
properties of the CG and UFG Ti-6Al-4V alloy at an operating temperature of 625 K, the max-
imum possible for this alloy, and we examined features of the microstructure degradation
and fracture after fatigue testing.

2. Materials and Methods

The experiments were conducted using hot-rolled rods of the Ti-6Al-4V alloy with
a diameter of 20 mm. The alloy had the chemical composition presented in Table 1. The
rods were subjected to the standard heat treatment (HT) that consisted of quenching from
a temperature of 1240 K and subsequent annealing at 950 K for 4 h. This state is further
designated as coarse-grained (CG). The rods after HT were processed using the ECAP
facility with an angle of 120° in the ECAP abutment at a temperature of T = 925 K and with
each rod processed through a total of 4 passes using route B¢, in which the rods are rotated
by 90° in the same direction between each pass [22].

Table 1. Chemical composition of the Ti-6Al-4V alloy in wt.%.

Element Ti Al v Zr Si Fe C (0] N H
Percentage Balance 6.2 4.3 0.02 0.039 0.16 0.06 0.168 0.015 0.003

Tensile mechanical testing was performed at room temperature and at 625 K at a strain
rate of 1 x 1073 s~ on an Instron 5982 (Instron, Buckinghamshire, UK) tensile testing
machine. The tensile specimens had cylindrical gauge sections with initial lengths of 15 mm
and diameters of 3 mm. To ensure the reproducibility of the data, three specimens were
tested for each condition.
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All the fatigue test specimens were produced by turning and mechanical polishing
to Ra 0.32 pm (Figure 1). Fatigue tests were carried out at a temperature of 625 K using
an Instron 8862 (Instron, Buckinghamshire, UK) fatigue testing system. The tests were
performed in the stress-controlled asymmetric tension loading (R = 0.1) mode. A range of
stresses from 650 to 900 MPa at a frequency of 1 Hz was used for the testing. The test base
was no more than 10° cycles. On the whole, 14 and 15 samples were tested in the CG and
UFG conditions, respectively.
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Figure 1. Drawing (a) and view (b) of the fatigue test specimen.

The microstructures of the material were analyzed by transmission electron microscopy
(TEM) in the longitudinal section of the rod. The samples for foils were cut using electrical
discharge machining, then mechanically thinned to a thickness of ~100 pm and electro-
polished using a TenuPol-5 facility (Struers LLC, Cleveland, OH, USA) with a solution of
5% perchloric acid, 35% butanol and 60% methanol and a polishing temperature within the
range of 240 to 255 K. The microstructures were examined using a TEM, JEOL JEM 2100
microscope (Jeol Ltd, Tokyo, Japan) operating with an accelerating voltage of 200 kV. The
surface fractographic investigation after cyclic deformation was conducted using a JEOL
JSM 6390 scanning electron microscope (SEM) (Jeol Ltd, Tokyo, Japan).

The X-ray diffraction (XRD) analysis was conducted on a Rigaku Ultima IV diffrac-
tometer (Rigaku Corp., Akishima-shi, Japan). The samples were examined with CuK«x-
radiation (40 kV, 30 mA) and the phase composition of the alloy was determined using the
Rietveld method. Fitting parameters for CG state of the alloy are Rexp = 3.01, Rwp = 5.50,
GOF =1.83, and for UFG alloy—Rexp = 2.99, Rwp = 4.46, GOF = 1.49.

3. Experimental Results
3.1. Microstructure and Mechanical Properties

The microstructure of the rods in the as-received condition represented a deformed
mixed globular-lamellar structure typical for the Ti-6Al-4V alloy subjected to hot rolling
in the (x + ) region. A view of the initial microstructure of the rod after HT is shown in
Figure 2. According to X-ray phase analysis, the ratio between the «- and 3-phases was
approximately 85%/15%, which is typical for this alloy composition [28]. The volume
fraction of coarse grains of the primary o-phase with a size of ~8 um was about 30%
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(Figure 2a). In the two-phase « + 3 regions of the microstructure, colonies of thin x-phase
plates with a thickness of about 250 nm were observed (Figure 2b,c).

Figure 2. Microstructure images for the Ti-6Al-4V alloy samples after the standard HT: (a) general
view of the microstructure taken by SEM, (b) TEM image of the primary x-phase, (c) lamellar structure
in the two-phase region.

In the microstructure of the ECAP-processed Ti-6Al-4V alloy, the primary a-phase
grains had a distorted shape (Figure 3a) and a weakly developed interior dislocation
substructure (Figure 3b), but their size had not changed significantly and on average it
was not above 8 um. The interior regions of the primary a-phase can contain a cellular
substructure or twins, depending on their crystallographic orientation with respect to the
applied stress direction [29].

Figure 3. Microstructure images for the Ti-6Al-4V alloy samples after the standard HT and ECAP:
(a) general view of the structure in a SEM image, (b) TEM image of the primary «-phase; (c) TEM
image (o« + B) of the UFG structure.

In the two-phase « + {3 regions a UFG structure was formed with a mean grain/subgrain
size of about 350 nm, as shown by the TEM images of the structure (Figure 3c). As shown
in previous papers, the «-phase plates in the Ti-6Al-4V alloy transformed during the SPD
processing at a relatively low temperature by means of the division of the plates by dislo-
cation boundaries, their evolution leading to an increase in their misorientation due to the
processes of dynamic recrystallization and spheroidization [29-31]. According to X-ray phase
analysis, the volume fraction of the 3-phase decreased from 15% to 10% due to a partial
decomposition of the metastable 3-phase during severe plastic deformation [32]. Table 2
presents the mechanical properties at room temperature for the samples after HT and after
ECAP processing.

In Figure 4 we should note the difference in the tensile curves for the CG and UFG
alloys at room temperature, which indicates a considerable decrease in both total and uni-
form elongations of the samples after SPD processing. The ultimate tensile strength (UTS)
of the UFG alloy reached ~1220 MPa which is ~15% higher than the UTS of ~1040 MPa for
the CG heat-treated condition.
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Table 2. Mechanical properties of the Ti-6Al-4V alloy samples at 295 and at 625 K.

Condition Yield Strength, Ultimate Strength, o Total Elongation,
002 (MPa) (MPa) J (%)
After the standard HT

295K 943 + 13 1040 £ 24 148+ 1.1
625K 750 £ 25 890 £ 20 15.0+13

After ECAP
295K 1090 + 18 1220 £ 20 105+ 1.3
625K 940 £ 20 1040 + 18 11.0£15
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Figure 4. Tensile curves for the Ti-6Al-4V alloy samples at room temperature and at 625 K.

Such a mechanical behavior from an UFG alloy indicates an early strain localization
and a decline in the strain-hardening capacity at room temperature, which is typical of
many materials produced by SPD [5]. Therefore, the tensile curves of UFG specimens
usually show a noticeable decrease in the value of uniform elongation (see Figure 4). In
the UFG materials, the generation and motion of dislocations are hindered due to the very
small grain size and elastic stresses induced by the high-density of dislocations introduced
by SPD [33-35]. The alloy exhibits similar behavior at 625K, although the UTS decreased
in both states, to 890 and 1040 MPa for the CG and UFG states, respectively, through a
thermally activated recovery processes.

At the same time, in the UFG sample, the decrease in strength at 625 K is accompanied
by a slight increase in the relative total and uniform elongations due to the relaxation of
the internal stresses and a decrease in the dislocation density (see Figure 4). This effect is
less noticeable in the CG sample, since the relative and uniform elongations practically
remained unchanged after the tests at 625 K.

3.2. Fatigue Tests at 625 K

Figure 5 shows the results of the fatigue tests of the Ti-6Al-4V alloy samples with a
CG and UFG structure.

Examination of the experimental data at 295 K reveals that there is a difference in the
slope of the direct lines for both CG and UFG states, showing the material life with varying
maximum stresses. As demonstrated by Figure 5, the life of the UFG alloy at high stresses
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of 750-900 MPa is much higher than that of its CG counterpart. This is conditioned by
the higher UTS of the alloy in the UFG state (Table 2). However, increased the softening
more intensively in the UFG alloy than in the CG alloy, as indicated by the difference in
the slopes of the curves for the UFG and CG states. For example, at a maximum stress of
700 MPa the CG and UFG samples had practically the same lives (see Figure 5). Apparently,
the accumulation of residual strain, leading to failure, is faster for the UFG alloy samples
at high stresses (close to yield strength) where processes of elastic-plastic deformation
occur [9]. This effect was reported earlier [22], where fatigue tests were carried out under
symmetrical cyclic loading (R = —1).

1100
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Figure 5. Number of cycles to failure versus maximum stress for the CG and UFG Ti-6Al-4V alloys.

The fatigue resistance decreases for both SC and UFG states at T = 625 K (Figure 5).
Thus, the cyclic durability of the alloy decreases at elevated temperatures. At the same
time, the UFG alloy withstands a greater number of cycles before failure compared to the
CG alloy, especially at stresses above 800 MPa (Figure 5). So, the CG structure withstands
47 cycles and the UFG structure 10,700 at the stress of 800 MPa and 10,000 and 31,101 cycles
at 700 MPa for CG and UFG, respectively. It should be noted that the difference in the slope
of the curves at T = 625 K for the CG and UFG alloy is retained (Figure 5).

3.3. Microstructure after Fatigue Tests at T = 625 K

The microstructure of the Ti-6Al-4V alloy was studied in the area of fracture of the
tested samples. In the CG alloy, after tests at a maximum stress of 700 MPa, dislocation
accumulation was observed at the interphase boundaries between the plates and at the
boundaries of the primary «-phase (Figure 6a). In the interiors of the a-phase plate
complexes, a series of dislocation formations were observed with the development of
fragmentation of the x-phase plates. At a higher stress, close to the yield strength of the
CG alloy of ~800 MPa, there was no significant difference from the structural evolution at a
maximum stress of 700 MPa.
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Figure 6. TEM images of the microstructure of the Ti-6Al-4V alloy samples after fatigue tests: (a) CG
state at a stress of 700 MPa, (b) UFG state at a stress of 700 MPa.

In the UFG state, the structure of the Ti-6Al-4V alloy after tests at a relatively low stress
of ~700 MPa exhibited no significant change (Figure 6b). In the separate ultrafine-grains
it was possible to observe a decrease in the density of dislocations due to their partial
annihilation. A slight coarsening (average grain size is 390 nm) of the ultrafine grains was
also observed (cf. Figures 3b and 6b). A decrease in the dislocation density after fatigue
tests at room temperature in the UFG sample of the Ti-6Al-4V ELI alloy, revealed by XRD,
was noted earlier [36]. In this case, apparently, the reasons for the partial recovery may be
several factors related to the initial critically high dislocation density in the ultrafine grains
after SPD processing. This tends to hinder the processes of nucleation and accumulation of
new dislocations under cyclic deformation, as well as the elevated test temperature, which
facilitates the development of thermally activated recovery processes [5].

In the UFG state, as the maximum stress increases to ~900 MPa, the nucleation and
redistribution of dislocations lead to their pile-up at the boundaries (Figure 7a) and triple
junctions (Figure 7b) of ultrafine grains, as indicated by their clear contrast in the TEM
images of the microstructure.

Figure 7. TEM images of the microstructure of the Ti-6Al-4V alloy samples in the UFG state after fatigue
tests at a stress of 900 MPa: dislocation pile-ups at grain boundaries (a) and triple junctions (b).

3.4. Fractographic Studies of the Sample Fracture Surfaces at T = 625 K

Figures 8 and 9 show the SEM images of the fracture surfaces of the Ti-6Al-4V alloy
samples in the CG and UFG states after tests at a stress of 900 MPa, close to the yield
strength of the CG alloy. There was a large difference between the lives of the samples
(N =46 and 9941 cycles to failure for the CG and UFG alloys, respectively).
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Figure 8. SEM images of the fracture surfaces of the samples after tests at a stress of 900 MPa, for
the CG alloy: (a) general view of the fracture surface, (b) zone of accelerated crack growth (zone II),
() final rupture zone (zone III).

Figure 9. SEM images of the fracture surfaces of the samples after tests at a stress of 900 MPa, for
the UFG alloy: (a) general view of the fracture surface (the black arrows show the origins and the
white arrow shows the direction of growth of the main crack), (b) areas of shear in the zone of fatigue
microcrack initiation, (c) zone of stable crack propagation in the UFG sample (the black arrows show
the fatigue striations), (d) final rupture zone.

The fracture surface of the CG Ti-6Al-4V alloy has a cup view (Figure 8a) which is
characteristic of quasistatic fracture [37]. Two zones can be distinguished that determine
fracture stages, but zone I of stable crack growth is absent. Thus, zone II characterizes the
stage of accelerated crack propagation, and zone III is the stage of the final rupture. In
stage II, the fracture surface represents a non-uniform cellular-dimple rupture relief with
weakly pronounced striations located inside the cells (Figure 8b) whereas zone III has a
dimple relief typical of titanium alloys (Figure 8c).

Unlike the CG sample, the fracture surface of the UFG sample after testing has three
development stages typical for fatigue fractures of Ti alloys (Figure 9a). Crack initiation is
multi-focal, which is typical for LCE, where several microcracks merge into one main crack.
Crack initiation takes place at the sample surface, as indicated by the flat areas of shear in
Figure 9b. The relief of the stable crack propagation zone (I) is scale-like with microcracks
and fatigue striations (Figure 9c). At the accelerated growth stage, large steps of jump-like
ruptures are observed (Figure 9a). In the final rupture zone (zone IlI, Figure 9d), the relief
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of both samples is represented by a network of dimples uniformly distributed across the
surface which is typical for Ti alloys in single rupture [37].

Figures 10 and 11 show the fracture surfaces of the samples of the CG and UFG alloys
that were tested at a lower stress of 750 MPa, where their lives were 22,000 and 17,690 cycles
for the UFG and CG alloys, respectively.

Figure 10. SEM images of the fracture surfaces of the CG alloy samples after tests at a stress of
750 MPa: (a) general view of the fracture surface, the black arrows showing the origins; (b) zone
of stable crack propagation (zone I), white arrow shows the direction of growth of the main crack;
(c) fatigue striations in zone I (arrow); (d) dimple relief in the final rupture zone.

Figure 11. SEM images of the fracture surfaces of the UFG alloy samples after tests at a stress of
750 MPa: (a) general view of the fracture surface (the black arrows show the origins); (b) zone of
stable crack propagation (zone I), white arrow shows the direction of growth of the main crack;
(c) fatigue striations in zone I (arrow); (d) dimple relief of final rupture zone.
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The fracture surfaces of the samples in both states are characterized by three stages of
crack growth, which is typical for fatigue fractures. Thus, there is a zone of crack initiation
and stable growth (I), a zone of accelerated crack propagation (II) and an overload zone (III)
(Figures 10a and 11a). In both samples, the fatigue-crack initiation occurs with multiple
nuclei along the surface where this is typical for the low-cycle fatigue region (see the black
arrows in Figures 10a and 11a). It should be noted that the area of stable (slow) fatigue
propagation of a crack in the CG sample amounts to about 25% of the sample section
whereas in the UFG sample it amounts to almost 40%. Therefore, the region of the fatigue
propagation of a crack, including the accelerated growth zone, is much larger in the UFG
sample than in the CG sample (Figures 10a and 11a). This directly explains the longer life
of the UFG sample, in comparison to the CG sample, when considered at the same stress
(750 MPa).

It is important to note that there are some differences in the relief of zone I between
the fracture surfaces of the CG and UFG samples. Both samples are characterized by a
relatively smoothed-out relief-resembling flakes (Figures 10b and 11b). At the same time, in
the CG sample secondary microcracks are located predominantly at interphase boundaries
(Figure 10b); in the UFG sample secondary microcracks are located perpendicular to the main
crack growth direction (Figure 11b) which has a positive effect in increasing the alloy life.
Such a regularity was noted also after the fatigue testing of Ti-6Al-4V ELI alloy samples at
room temperature [22]. Figures 10c and 11c show fatigue striations, which indicate a slow
propagation of the main crack. The zone of accelerated “jump-like” propagation of the main
crack in the UFG sample has a coarser relief than that of the CG sample and the dimple relief
alternates with rupture ridges (Figures 10a and 11a). It is noted also that there is an absence of
a clear boundary of transition from the zone of fatigue propagation to the final rupture in the
UFG sample (Figure 11a). Zone III in both samples has a dimple relief, typical for Ti alloys,
that characterizes ductile fractures in single ruptures (Figures 10d and 11d).

4. Discussion

The morphology of phase constituents in titanium alloys has a significant effect on
fatigue properties. For example, the best combination of strength, ductility and fatigue
strength at HCF is achieved in bimodal two-phase titanium alloys. [2,4,38].

This study shows that UFG samples of Ti-6Al-4V alloy demonstrate increased strength
at room temperature due to o-grains refinement and this has already been confirmed
by numerous studies [14-17,20-23]. As a result, the durability of the UFG alloy at room
temperature is higher than it is for the CG alloy. This is evident by the results of testing
the samples under asymmetrical cycle loading (R = 0.1) in this work, as well as under
symmetric cycle loading (R = —1) from earlier studies [22].

A similar behavior of the UFG alloy was also observed at 625 K. In particular, its
ultimate tensile strength became 190 MPa higher than that of the KG analogue (Table 2).
The fatigue testing of the UFG samples of the Ti-6Al-4V alloy demonstrates an increased life
at an elevated temperature of 625 K compared to the corresponding CG samples, especially
at high stresses, as can be seen in Figure 5. At a high maximum stress (900 MPa) the
CG sample failed almost immediately (46 cycles), while the UFG sample failed only after
9941 cycles. It is evident that this is directly related to the high strength of the UFG alloy,
where the initiation of the first fatigue-cracks occurs much later [9].

Concerning high-cycle tests on the basis of 10° and 107 cycles, several studies demon-
strated the possibility of increasing the fatigue limit at room temperature for the Ti-6Al-4V
alloy by means of the UFG structure formation [14,17,21,23]. The fatigue limit value of the
UFG alloy depends on the processing regime, the geometrical dimensions of the samples
and the test conditions such as tension-compression, bending with rotation, cycle symme-
try (R), etc. In the high-cycle fatigue region, there was no difference in the curve slopes,
unlike in the LCF tests.

Comparing the structural changes in the CG and UFG samples after tests at a tem-
perature of 625 K, similar regularities were found as described earlier where the tests
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were performed at room temperature [21-23]. In the CG structure the dislocation density
markedly increased and complex cellular dislocation configurations were formed. On the
contrary, in the UFG structure the total dislocation density decreased. At the same time, the
average size of the x-phase practically did not change (390 nm after testing versus 350 nm
before). This slight coarsening is probably due to the fact that the test temperature is below
the recrystallization temperature of the UFG alloy. In the LCF region, the role of the UFG
structure became more prominent due to the dislocations interacting more easily with grain
boundaries and therefore the slip length attempting to reach the grain size [5,39]. Evidence
of this is provided by the fact that in the structure of the UFG samples after tests at a stress
of 900 MPa, the nucleation and redistribution of dislocations resulted in their pile-up at
the boundaries and triple joints of ultrafine grains (Figure 7). Apparently, under the cyclic
action of stresses at an elevated temperature, there occurred competing processes in the
nucleation, motion and annihilation of new dislocations both at the boundaries of ultrafine
grains and in the grain interiors.

Examining the fracture surface of the CG and UFG samples after fatigue tests, it should
be noted that at a stress of 900 MPa, and thus practically at the level of the yield strength of
the CG alloy, the fracture surface of the CG samples had a cup view characteristic of single
quasistatic rupture [37]. This was also indicated by a very short fatigue life of only 45 cycles
(Figure 5). By contrast, the fracture surface relief of the UFG sample was characteristic of a
fatigue-crack, and the sample withstood almost 10,000 cycles. This can be attributed to the
higher overall strength and the higher yield strength in comparison with the CG sample
(~1090 and ~890 MPa, respectively).

At lower stresses of ~750 and ~700 MPa, the difference between the lives of the CG
and UFG samples was much smaller at ~22,000 and ~17,690 cycles for the UFG and CG
alloys at 750 MPa, respectively. The fracture surface relief of the samples in both structural
states was consistent with the classic fatigue fracture (Figures 10 and 11). However, several
additional features of the fracture were revealed for the UFG samples. In particular, a larger
area of stable crack propagation (25% and 40% for the CG and UFG alloys, respectively)
indicated a slower growth of the main crack which made an additional contribution to the
increase in the UFG sample life. Also, differences were found in the crack propagation
mechanism in the region of stable crack growth (zone I) in the CG and UFG alloys. Thus,
the crack propagation mechanism is transcrystalline in both cases. However, dislocation
nucleation in the UFG structure took place primarily at the boundaries of ultrafine grains,
while dislocation slip in the grain interiors facilitated their accumulation [39]. When a
critical stress was reached at the boundaries, further crack propagation occurred within
a neighboring grain. Evidence for this is the presence of secondary microcracks in the
fracture surface, located perpendicular to the growth direction of the main crack in the
UFG sample (Figure 11b). In the CG sample, where the x-phase size is much larger, the
main crack propagates at interphase boundaries and in the interiors of the coarse grains of
the primary o-phase (Figure 10b). This is in good agreement with the description of the
fracture mechanisms active at room temperature in the UFG Ti-6Al-4V ELI alloy [21]. The
relief in the zone of accelerated crack propagation (zone II) generally has no significant
differences as in the dimple relief in the region of static rupture which is typical for Ti alloys
(Figures 10d and 11d).

The fatigue tests performed in this study confirm that an increased fatigue life of
the UFG alloy is possible at an operating temperature of 625 K. This agrees with results
reported earlier, where the UFG Ti-6Al-4V alloy exhibited an increased fatigue strength in
the high-cycle fatigue region (up to 107 cycles) at a temperature of 450 K [25].

However, the real application of UFG Ti alloys in aircraft engine building requires
studying a whole range of mechanical properties, including long-term strength at op-
erating temperatures [40,41]. The previously conducted long-term strength tests of the
UFG Ti-6Al-4V alloy at operating temperatures (not higher than 350 °C) show its obvious
advantage over its coarse-grained counterpart [27]. Therefore, the present work contin-
ues a whole series of studies aimed at evaluating the performance characteristics of the
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Ti-6Al-4V alloy for engineering applications, such as in the production of critical GTE parts,
e.g., compressor and fan blades. The first fatigue tests were performed on blades manu-
factured using the conventional and UFG Ti-6Al-4V alloys [42]. From the test results, it
was found that the fatigue endurance limit of the blades with a UFG structure was about
470 MPa, which is almost 30% higher than that of the conventionally manufactured blades.

5. Conclusions

UFG Ti-6Al-4V alloy produced by equal-channel angular pressing exhibited increased
tensile strength and fatigue life at an operating temperature of 625 K compared to its
CG counterpart.

Regularities were revealed in the changes of the microstructure and dislocation sub-
structure in the CG and UFG samples after tests at the temperature of 625 K. They confirmed
the enhancement of the UFG structure role in the low-cycle fatigue region which was con-
ditioned by the processes of dislocation nucleation and accumulation at the boundaries
of these ultrafine grains. Under the cyclic action of stresses at the elevated temperature,
there occurred the competing processes of the nucleation, motion and annihilation of new
dislocations at the boundaries of ultrafine grains and in the grain interiors. This contributes
to increasing the area of stable crack propagation from 25% in the CG alloy to 40% in the
UFG alloy that determines an increase in the total life of the UFG sample under the same
test conditions.

Differences were revealed in the main crack propagation mechanism in the region of
stable growth and this was related to the increased length of the grain boundaries which
act as the site of dislocation nucleation and accumulation in the UFG alloy.
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