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Abstract—The strength and resistance of the Ti–6Al–4V titanium alloy to solid particle erosion have been
studied in as-delivered state and after the equal-channel angular pressing. The ultrafine-grained material and
the initial material have been tested for dynamic tension using an Instron drop tower testing machine and an
aerodynamic setup for erosion testing with corundum particles as an abrasive material. Despite a substantial
increase in the static strength properties, the ultrafine-grained material demonstrates the properties similar
to those of the initial material under dynamic loads, which, in turn, has been analyzed based on a structural–
temporal approach using the incubation time criterion.
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1. INTRODUCTION
Tests of materials for applications in the aircraft

industry include a certain number of experiments in
quasi-static regimes and some special experiments
aimed to reproduce operation conditions. For exam-
ple, the tests of materials used in turbine blades of
compressor engines include a series of erosion resis-
tance experiments. The materials differ, as a rule, by
the sample mass loss after tests with a given duration.
In this case, the behavior of the materials under loads
different from the model loads remains unstudied.
Threshold characteristics of the external loading can
be important parameters and the numerical analysis
of the material properties using the methods and crite-
ria of the dynamic fracture mechanics should be car-
ried out [1].

Another aspect in the choice of a material for prac-
tical application is an opportunity of improving its
strength and operation properties. One of the promis-
ing methods of changing material properties is the fab-
rication of an ultrafine-grained (UFG) structure using
the severe plastic deformation method (SPD). This
method is being studied all over the world [2]. The
studies have been performed on the influence of the
material structure evolution on the static strength [3],
the plasticity, the fatigue strength [4], and the adhe-
sion of protective coating [5]. The studies demonstrate
the perspectivity of the SPD treatment for enhance-
ment strength and operating properties of materials for
practical application.

The increase in the strength and operating charac-
teristics of the material subjected to extreme loads is
impossible without experimental and theoretical stud-
ies of their dynamic strength properties. This report
presents the results of studies of the titanium alloy Ti–
6Al–4V used for fabrication of important structural
elements in the aerospace industry [6, 7]. The strength
and operation properties are analyzed using a struc-
tural–temporal approach in the fracture mechanics
taking into account the material parameters obtained
during the erosion and impact experiments.

2. MATERIALS

The microstructure of initial billets (20 mm in
diameter) consisted of uniaxial α-phase grains with a
mean size of 15 μm. To form a bimodal (mixed globu-
lar–lamellar) microstructure in the billets, the billets
were subjected to a heat treatment (HT) including
quenching from a temperature of 975°C into water
with subsequent annealing at a temperature of 675°C
for 4 h. To form the UFG structure, the initial billets
were subjected to a combined deformation-thermal
treatment. The equal-channel angular pressing
(ECAP) [8–10] was carried out using the Bc route at
which the blank was rotated by 90° around its longitu-
dinal axis after each passage. During pressing at a tem-
perature of 600°C, the material was pushed through
two channels 20 mm in diameter intersecting at an
2358
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Fig. 1. Structures of the titanium alloy Ti–6Al–4V samples (a) in the initial and (b) the UFG states.
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Fig. 2. X-ray diffraction patterns of the titanium alloy Ti–6Al–4V samples (a) in the initial and (b) the UFG states.

30 50 70 90 110

In
te

n
si

ty
, 

a
rb

. 
u

n
it

s

In
te

n
si

ty
, 

a
rb

. 
u

n
it

s

0

20

40

60

100

120

80

2�, deg 2�, deg

(a)

30 50 70 90 110
0

20

40

60

80
(b)
angle of 120°. The deformation stresses were removed
by subsequent annealing at 500°C for 1 h.

Figure 1a shows the SEM image of the initial
microstructure of the Ti–6Al–4V alloy. It can be seen
that there are β-transformed lamellar structure with
the mean grain size of the secondary phase 1 μm and
the initial α-phase grain size about 8 μm whose vol-
ume fraction was not higher than 25%. Figure 1b
demonstrates the typical UFG structure with the
mean grain sizes of the α- and β-phases 250 nm
formed in the Ti–6Al–4V alloy after ECAP treatment
with subsequent annealing.

Figure 2 shows the typical X-ray diffraction of the
titanium alloy in the initial and ultrafine-grained
states.

The ECAP treatment led to the increase in the
Vickers hardness by 11% from 321 ± 1.8 to 356 ± 3.8 HV.
The short-time ultimate strength increases by 33%
from 950 ± 30 MPa to 1200 ± 40 MPa.
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3. THE TENSILE TEST TECHNIQUE
AND THE RESULTS

The tensile tests were carried out using a Shimidzu
AG-50kNX testing machine for tension in a quasi-
static regime, and an Instron CEAST 9350 testing
machine was used to realize impact tensile loads at a
strain rate of 102–103 s–1.

The geometric sizes of the specimens were chosen
based on the microstructure features of the fabricated
bulk nanostructured materials and the limitations on
allowable load of the testing machines used. The spec-
imen gauge part was 5 mm in length and 2 mm in
width. The specimens were cut using an ARTA 123
PRO electroerosion machine and finished on a pol-
ishing wheel up to the same roughness parameters.
The technique of experimental tensile tests using a
tower testing machine was described in detail in
[11, 12].

Figure 3 shows the extreme values of the maximum
stresses for the studied materials as functions of the
8
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Fig. 3. Dependence of the tensile strength on the strain rate

for Ti–6Al–4V samples in the initial and the UFG states.
The dynamic strength curves were built using criterion (1)
with the material parameters E = 115 GPa, τc = 16 μs, and

σc = 950 MPa for the initial alloy and E = 115 GPa, τc =

10 μs, and σc = 1200 MPa for the UFG alloy.
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Fig. 4. Scheme of erosion setup: (1) compressor chamber,

(2) accelerating channel, (3) solid phase disperser,
(4) pneumatic drive for introducing the sample, (5) sam-

ple, and (6) working chamber.
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strain rate. The results demonstrate that, under quasi-
static loads, the alloy in the initial state has a lower
strength than the alloy in the ultrafine-grained state.

The difference between the materials decreases as the

strain rate increases, and both materials demonstrate
equal strength characteristics.

The features of the behavior of the material at high
strain rates can be explained using the structural–tem-
poral approach. We choose the incubation time crite-
rion as a criterion of tensile fracture of the material
[13, 14]:

(1)

where t is the time, σ is the time dependence of the
tensile stress, σc is the static tensile ultimate strength,
and τc is the incubation fracture time that is the mea-
sure of strength in a dynamic range of external param-
eters. Constants σc and τc are the material parameters.
In order to model tensile stress, we choose the stress
that linearly increases in time, which is the closest to
the experiment conditions.

We used the incubation time criterion and the
experimental data and determined the material
parameters E = 115 GPa, τc = 16 μs, and σc = 950 MPa

for the initial alloy and E = 115 GPa, τc = 10 μs, and

σc = 1200 MPa for the UFG alloy. Figure 3 shows the

strain rate dependences which were built taking into

account the material parameters. It is seen that the
maximum tensile stresses increase nonlinearly with
the strain rate. In this case, the experimental data in
the dynamic range of the loading parameters can be
explained by a decrease in the incubation time param-
eter that is responsible for the dynamic strength. Some
authors explain the decrease in the dynamic strength
of the titanium alloy Ti–6Al–4V after ECAP by the
decrease in the plastic properties of the material due to
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the formation of a complex structure with high dislo-
cation density and the internal stresses [15], which is
also confirmed by the increase in the internal micro-
distortions of the crystal lattice determined by X-ray
diffraction.

The numerical analysis of the experimental tensile
tests of the titanium alloys in two states allow us to
conclude that the strength characteristics of the tita-
nium alloy Ti–6Al–4V (after ECAP) under the quasi-
static loading conditions increase with the conserva-
tion of the strength properties in the dynamic loading
range. In the framework of the aircraft industry, the
results can become principally important when choos-
ing materials for important dynamically loaded parts.
The results of the abovementioned tests can be effec-
tively used to predict fractures that accompany the
erosion process [16]. For example, the behavior of the
UFG titanium alloy Ti–6Al–4V in the operation con-
ditions of compressor blades of turbine engines can be
considered. The turbine blades are known to undergo
high-speed erosion from dust particles. In this case, it
should be noted that an erosion is essentially a
dynamic load, since impacts of small particles lead to
short-time pulses acting on the material surface.

4. EROSION TEST TECHNIQUE
AND THE RESULTS

The Ti–6Al–4V alloy samples in the initial and the
ultrafine-grained states were tested in pairs under the
conditions of erosion flows for two powders with the
mean fraction sizes 109 and 230 μm, respectively. The
tests were carried at a constant concentration of solid
particles in the f low of 1.7 g/s. Each pair of the sam-
ples was tested for 5 min. Figure 4 shows the experi-
mental diagram [17] of the aerodynamic setup.

The change in the sample mass (Fig. 5) and the
surface roughness (Fig. 6) were used as the parameters
responsible for the fracture. The surface roughness was
measured by a Surftest sj-210 profilometer with auto-
matic calculation of the mean arithmetic deviation of
the roughness profile points from the mean line (Ra).

The results of the erosion experiments demonstrate
similar properties of the titanium alloy Ti–6Al–4V in
SICS OF THE SOLID STATE  Vol. 60  No. 12  2018



STRENGTH OF THE Ti–6Al–4V TITANIUM ALLOY 2361

Fig. 5. Mass change of the titanium alloy Ti–6Al–4V sam-

ples in the initial and the UFG states (after ECAP) after
the erosion test with the solid fraction sizes in an air f low

109 and 230 μm, respectively.
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Fig. 6. Surface roughness of the titanium alloy Ti–6Al–4V

samples in the initial and the UFG states after the erosion
test with the solid fraction sizes in an air f low 109 and

230 μm, respectively.
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the initial and the UFG states. Because the particle
impacts on the surface act as high-speed pulses similar
to dynamic loads, we can correlate these data with the
data on the behavior of the materials under conditions
of dynamic tensile loads. Thus, the erosion resistance

of the material under conditions of high-rate pulse

loads can be explained by the dynamic strength of the
material.

We can note the increased strength and good oper-
ation characteristics of the titanium alloy Ti–6Al–4V
after ECAP SPD treatment related to the conservation
of the erosion resistance of the new material.

5. CONCLUSIONS

Using the structural–temporal approach and the
results of the performed tensile experiments, we
showed that the rate dependence of the strength has
two branches responsible for the material behavior
under conditions of static and dynamic loads. In the
static deformation regimes, the UFG material demon-
strated the strength that is 33% higher than the
PHYSICS OF THE SOLID STATE  Vol. 60  No. 12  201
strength of the initial material. In this case, the dis-
crepancies between the two materials became smaller
as the strain rate increased. From the point of view of
the structural–temporal approach, this can be
explained by the decrease in the incubation time
parameter during the SPD treatment. The decrease in
the plastic properties of the material is related to the
formation of a new structure in the material with a
high dislocation density and internal stresses.

The studies carried out in this work showed that it
is possible to increase the strength characteristics of
the titanium alloy Ti–6Al–4V by SPD methods under
conditions of quasi-static loads with the conservation
of sufficient strength under dynamic conditions. This
fact can be experimentally confirmed under condi-
tions of dynamic tension and high-speed erosion. It
should be noted as well that the development and
introduction of new materials require the experimen-
tal and theoretical study of the strength and operation
properties of materials in a wide range of external
loading parameters.
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