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Abstract—It is established that increases in nanoporosity and the proportion of high-angle grain boundaries
in the process of equal-channel angular pressing are the main structural factors leading to reduction in
mechanical stability (durability) of microcrystalline titanium during long-term tests under creeping condi-
tions.
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The wide area of application of titanium is evoking
increased interest in the study of the structure pecu-
liarities of this metal in its high-strength microcrystal-
line state formed as a result of severe plastic deforma-
tion (SPD). It is known that the high mechanical
properties after SPD are determined basically by the
size of the grains and condition of their boundaries.
Reduction of the size of grains during SPD leads to an
increase in the volume fraction of their boundaries,
where high concentrations of defects (dislocations,
vacancies, nanopores, etc.) and high internal stresses
are localized [1, 2]. Because of this, the nano- and
microcrystalline metals produced by SPD are inher-
ently nonequilibrium, and so the problem of their
mechanical stability, especially during prolonged
stress, is important both for fundamental research and
in terms of application [3]. In [4, 5], it was shown that
a significant influence on the mechanical stability is
exerted by two structural factors: nanoporosity formed
during SPD and high-angle boundaries (ϕ > 15°)
causing a high level of internal stress. In this paper, we
investigate the contribution of these two factors to
mechanical stability (durability during the test in the
creeping mode) of microcrystalline titanium produced
by equal channel angular pressing (ECAP).

VT1-0 titanium with an impurity content ≈0.3%
was selected for the study. The ECAP was performed
by route Bc with cyclic rotation of the workpiece
around the axis of the channel by 90° after each cycle
and the angle of intersection of the channels of 120° at
673 K [6].

For mechanical testing, samples were used that had
been prepared after different numbers of ECAP passes.
The samples had a length of the uniformly deformable
part of 15 mm with a cross-sectional area of 3 × 2 mm2.

The prepared samples were tested at T = 673 K and
σ = 15 MPa until rupture, and the time to failure
(durability) was determined. Additionally the micro-
hardness and its variation depending on the number of
passes in ECAP were determined on initial (before
testing in creep conditions) samples.

The density of the samples and its change during
ECAP caused by pore formation, among other things,
were determined by triple hydrostatic weighing. The
parameters of the pores were found with the help of a
modified method of X-ray scattering in the field of
ultralow angles using a high (1.5 GPa) hydrostatic
pressure for identifying the void nature of the scatter-
ing inhomogeneities [7]. The sizes of grains and their
distribution by disordering were determined using
transmission and scanning electron microscopy and
backscattering of electrons.

Consider the obtained experimental data. It was
established that the densities of samples of titanium in
the original (before ECAP) state and after two, four,
and eight passes were 4.5127 ± 0.0003, 4.5117 ±
0.0005, 4.5060 ± 0.0006, and 4.5100 ± 0.0005 g/cm3,
respectively. Thus, there is a clear trend toward growth
“loosening” of the titanium (determined by the level
of nanoporosity, among other factors) with an
increase in the number of passes. The effect of high
hydrostatic pressure, as studies have shown, leads to a
significant increase of density. For example, after four
passes in ECAP, the density increased from 4.5065 to
4.5100 g/cm3 because of the applied hydrostatic pres-
sure. The action of hydrostatic pressure allowed us to
identify the nature of the increased intensity of the
small angle scattering that occurs after ECAP (Fig. 1,
curves 1 and 2). It is seen that the intensity of the scat-
tering is markedly reduced after the action on samples
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of high hydrostatic pressure (Fig. 1, curve 3). Assum-
ing (based on the data of [5, 7]) that the observed
effect is due to a decrease (healing) of the porosity, the
sizes of pores and the contribution of their healing in
the density were determined in accordance with [8]. It
was established that pore sizes of ≈15–20 nm and their
volume fraction are in good agreement with the den-
sity change after the application of pressure.

Consider the data on the influence of number of
passes during ECAP on the grain sizes and, especially
their distribution, in disordering. The measurements
performed with high statistics showed that the average
grains size in the initial state and after two, four, and
eight passages were 15, 2.15, 1.25, and 0.75 μm,
respectively. A grain structure after eight passes is
shown in Fig. 2 as an example. The hydrostatic pres-
sure, as shown by structural studies, was not affected
by the grain size. No effect of pressure on the distribu-
tion of grains by disordering was detected either;
for example, in Fig. 3 the distributions by disordering
(a) before and (b) after the effect of pressure for tita-
nium obtained as a result of two passes of ECAP are
shown. At the same time, the portion of high angle
boundaries (high angle grain boundaries, HABG)
grows significantly with an increase in the number of
passes. Thus, if for two passages the HABG is ∼33%,
then after eight passes it is ∼57%. Note that the lack
of an effect of pressure on the distribution of grains
by disordering was observed earlier for pure Al and
Cu–0.2 wt % Zr alloy [4].

Let us consider and analyze the data of mechanical
tests. Previously, it was found that under the chosen
test conditions, the durability of titanium on the creep
in the initial state and after two, four, and eight passes
is ≈140, 78, 60, and 38 h [6]; i.e., even after the transi-
tion to the microcrystalline state, the durability sig-
nificantly decreased. Similar patterns were obtained

for a range of metals and alloys in [9, 10]. After expo-
sure to pressure leading to healing of nanoporosity, an
increase in durability was observed. However, the
effect of a significant increase in durability was
detected only for the samples obtained with a small
number of passes; with an increased number of passes,
it practically disappeared. Thus, the durability of the
samples of titanium after two, four, and eight passes
and the healing effect of the pressure was 98, 62, and
39 h, respectively. It is seen that, after only two passes,
the healing of the pores markedly increased the dura-
bility (from 78 to 98 h).

The data obtained allow us to conclude that healing
of the nanopores effectively increases the durability
only in samples with a relatively small portion. At an
increase in the high angle boundaries, their negative
impact under sustained loading, obviously, completely
negates the effect of healing of the nanopores that is
positive for mechanical stability.

At the same time, the formation of a microcrystal-
line disordered structure under ECAP and the
increase of the portion of high angle boundaries sig-
nificantly increases the ultimate strength, yield
strength, microhardness, i.e., “short-term” character-
istics of the mechanical properties that are not associ-
ated with the duration of action of the load. Indeed,
for the Ti studied in this work, the microhardness in
the initial state and after four and eight passes in ECAP
is 1060, 2950, and 3150 MPa.

Thus, it follows from the obtained data that the
nanopores and high-angle boundaries have different
effects on the strength characteristics. Nanoporosity
probably has practically no effect on the “short-term”
durability characteristics, and the increase in the high
angle boundaries (with reduction in the sizes of the
grains) in ECAP leads, as has been noted [1, 2] to an
improvement in these strength characteristics.

Fig. 1. The intensity of small-angle x-ray scattering for the
samples of titanium: (1) coarse-grain (initial) condition,
(2) after four passes of ECAP, and (3) after four passes of
ECAP and the impact of a hydrostatic pressure of 1.5 GPa.
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Fig. 2. Microstructure of titanium after eight passes of
ECAP.
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However, the transformation of titanium in the
microcrystalline state with high characteristics of ulti-
mate strength and microhardness led to lower
mechanical stability (durability) in long-term tests.

Taking into account these and previously obtained
results from structural research [5–7, 9], the following
explanation for the above-considered data on the
influence of ECAP on different characteristics of
strength can be given. The high-angle grain boundar-
ies (sources of high internal stresses) and nanopores
formed during large plastic deformations (including
during ECAP) have a negative impact on the durabil-

ity of microcrystalline metals and alloys that are tested
in the regime of creeping or fatigue. These structural
defects are obviously the nucleation “centers” for the
development of fracture during long-term loading
under creep conditions. Note that increasing the vol-
ume fraction of grain boundaries in the material
during SPD can also have a negative impact on dura-
bility when tested in the creep regime, as the develop-
ment of deformation and fracture occurs mainly at the
borders. However, the role of the first two factors is
predominant.

The results are of undoubted interest also from the
practical point of view, as they allow us to choose the
right number of passes of ECAP to obtain optimal
mechanical properties, especially under creep and
fatigue tests, i.e., under long-term tests that determine
the performance of such an important structural
material as titanium.
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Fig. 3. The distribution of grains as function of disordering
for microcrystalline titanium after two passes of ECAP
(a) before and (b) after exposure to hydrostatic pressure of
1.5 GPa.
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