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Abstract—High-cycle fatigue tests of commercially pure titanium of VT 1-0 grade in the initial state (without
the use of a magnetic field) and in a magnetic field of various magnitudes (in situ) are carried out. It is estab-
lished that the use of a constant magnetic field with an induction of 0.3, 0.4, and 0.5 T leads to an increase in
the number of cycles until the destruction of titanium samples by 64, 123 and 163%, respectively. Fracto-
graphic analysis of the fracture surface of titanium under high-cycle loading conditions allows us to conclude
that the destruction of the material proceeds by a mixed mechanism; both quasi-cleavage facets and ductile
fracture pits are present on the fracture surface. The fracture structure, regardless of the fatigue conditions,
has three characteristic zones: the zone of crack initiation, the zone of stable crack growth, and the breakaway
zone. In the zone of stable crack growth, obvious fatigue grooves between ridge formations are observed, the
distance between which varies depending on the magnitude of the magnetic field.
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INTRODUCTION

Under modern conditions of the operation of
machines and constructions, the problems of increas-
ing the strength, operating life, fault tolerance, and
durability of materials are singled out as the main
ones. The most important and unique products,
machines, and constructions operate in cyclic defor-
mation modes, which determine failure even at low
loads [1].

Recent reports [2—4] indicate the complex nature
of the fatigue phenomenon associated with the self-
organization, accumulation, and/or interaction of lat-
tice defects and a strong dependence on external con-
ditions during fatigue loading. Since titanium alloys
are widely used in various fields of technology due to
their high fatigue strength, good corrosion resistance,
and high heat resistance, study of the behavior of this
material under conditions of fatigue failure is an
urgent task of modern materials science. Extensive
studies of the high-temperature fatigue of titanium
alloys are carried out [5—7]. The results of research
show that during fatigue loading, oxygen diffuses into
the surface layers of the sample, thereby creating an
oxygen-enriched layer, which leads to hardening of the
material and an increase in fragility. Such behavior of
the material at high temperatures reduces the scope of

its application in fatigue modes, where the number of
cycles is >10°, due to the relatively large amplitude of
the asymmetric load [8]. The fatigue failure of parts is
a major concern for aircraft-engine companies due to
threats to the life of key load-bearing components such
as titanium discs and blades. In 1954, a model of crack
initiation in titanium alloys under conditions of fatigue
exposure was proposed [9]. According to this model,
the concentration of stresses near a grain boundary
resulting from the accumulation of dislocations causes
the nucleation of facets [10]. In the alloy under study,
the microstructure is represented by a lamellar y/o,
phase, within which the yyphase is located. The yphase
is considered as a “hard” unit, which is located in
close proximity to a “soft” unit in the area of crack ini-
tiation. Severe plastic deformation can accumulate
during the period of stay in the “soft” block, which
causes a redistribution of stress to the neighboring
“hard” block; this phenomenon is called load shed-
ding [11]. Subsequently, a facet may form in a “hard”
block due to an increase in local stress with cycles of
fatigue exposure in accordance with the interpretation
of dislocation accumulation [9]. The above mecha-
nism has been studied and used to explain fatigue fail-
ure by many researchers [12, 13].

Currently, there is no universal criterion or stan-
dard for determining the crack-initiation period and
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Fig. 1. Installation for fatigue testing in a constant mag-
netic field: (/) is the sample; (2) is the electromagnet; (3)
is the device for fixing the sample; (4) is the lever mecha-
nism; (5) is the control system including: the engine speed
control unit and cycle counter, (6) photosensor, (7) eccen-
tric cam, (§) motor, and (9) shaft.

predicting fatigue life. Usually, cracks with a length of
0.05—0.1 mm are considered as incipient cracks under
fatigue [14]. The duration of the corresponding cycles
of crack initiation is determined by the stress levels. At
low stresses, the period of fatigue crack initiation can
be more than half of the entire service life. The struc-
ture of a material and external factors have a great
influence on the periods of nucleation and failure
under high-cycle fatigue [15—17]. Since the destruc-
tion period makes up only a very small part of the
high-cycle fatigue life, the study of the influence of
structure and external energy effects on fatigue life
becomes the most important.

As a result of a review of the current state of
research on the fatigue life of titanium alloys, it has
been established that in scientific periodicals there are
practically no data on the in situ influence of external
energy effects including magnetic fields on the pro-
cesses of fatigue failure. In this article, we experimen-
tally study (in situ) the effect of a constant magnetic
field with an induction from 0.3 to 0.5 T on the fatigue
life of commercially pure titanium of VT1-0 grade
under asymmetric loads. This study is a logical contin-
uation of the studies of the effect of constant magnetic
fields on the microhardness and creep rate of VI'1-0
titanium carried out by our research team [18—20].

EXPERIMENTAL

Fatigue tests were carried out on a special installa-
tion according to the scheme of cyclic asymmetric-
cantilever bending, the appearance of which is shown
in Fig. 1.

Sample [ is fixed with clamps 3. One end of the
sample remains stationary, and an alternating load is
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Fig. 2. Appearance of the sample of the VT1-0 titanium for
fatigue testing.

applied to the other. Bending is carried out using a
lever mechanism 4, which is connected to the shaft 9.
The amplitude of stresses is changed using the eccen-
tric cam 7. The shaft is driven by an electric motor §.
The photosensor 6 is used to record the number of
loading cycles. The motor speed can be varied by
changing the voltage applied to the motor winding.
The source of the magnetic field 2is located inside the
rigid frame; a change in the magnetic-field induction
was carried out by adjusting the electric current flow-
ing through the coils.

We used samples of commercially pure titanium of
VT1-0 grade, which, in accordance with GOST
19807-91 “Titanium and deformable titanium alloys”,
has the following chemical composition: up to 0.25%
of Fe, up t0 0.07% of C, up to 0.10% of Si, up to 0.04%
of N, 99.24—-99.70% of Ti, up to 0.20% of O, and up to
0.01% of H. The VTI1-0 alloy has the following
mechanical properties at room temperature: ultimate
tensile strength 6, = 375 MPa, yield strength 6,, =
295—410 MPa, relative elongation 85 = 20—30% and
Poisson’s ratio v = 0.32. The samples for investigation
had the shape of a parallelepiped with dimensions of
4 x 12 x 130 mm (Fig. 2). A crack was simulated in the
central part of the sample by two notches in the form
of a semicircle with a radius of 20 mm. Since failure
always starts from the surface, the samples prepared in
accordance with GOST 25.502-79 were subjected to
mechanical grinding with emery papers with a
decreasing dispersion of abrasive particles. After
grinding with paper, the samples were polished with
diamond paste with abrasive particles up to 1 um in
size, since studies show that the quality of product sur-
face preparation affects the fatigue-resistance charac-
teristics [21].

The upper value of the load cycle stress was selected
experimentally so that the sample could withstand at
least 10° loading cycles until failure. The test tempera-
ture in all cases was room temperature (~300 K). The
frequency of sample loading by bending was ~3.3 Hz.
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Fig. 3. Dependence of the number of cycles until destruc-
tion N on the magnetic-field induction B.

During the tests, the number of cycles that the samples
withstood until failure was determined. The samples
were tested in the initial state (without the use of a
magnetic field) and in a magnetic field of varying
induction (in situ). At least 10 samples were tested at
each value of the magnetic-field induction.

The fracture surface of the samples subjected to
high-cycle fatigue tests under normal conditions and
in a constant magnetic field was studied by scanning
electron microscopy (SEM). The size of the structural
elements was determined using the ImageJ specialized
software package for image analysis and processing.
Analysis of the statistical assessment of the reliability
of the obtained experimental results was carried out
using the Origin Pro 8.5 mathematical package [22].

RESULTS AND DISCUSSION

As a result of the investigation, it was found that
commercially pure titanium of VT'1-0 grade subjected
to tests under high-cycle fatigue without the use of a
magnetic field is destroyed after 121478 cycles after
application of an asymmetric load. Turning on a con-
stant magnetic field during testing leads to a multiple
increase in the fatigue life. The plot of the dependence
of the number of cycles until destruction on the
parameters of the external magnetic field is shown in
Fig. 3. An analysis of the dependence shows that the
use of a constant magnetic field with an induction of
0.3, 0.4, and 0.5 T leads to an increase in the number
of cycles until the destruction of VT'1-0 titanium sam-
ples by 64, 123, and 163%, respectively.

Similar dependences of the influence of a constant
magnetic field on the microhardness and creep rate of
titanium under the conditions of exposure to a mag-
netic field were obtained in [18, 19]. It was found that
with an increase in the magnetic-field induction, the
microhardness linearly decreases, and the creep rate at
the steady stage of the process increases linearly.
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Fig. 4. Structure of the fracture surface of the VT1-0 tita-
nium; arrows indicate pits of separation.

Fatigue destruction, as a rule, is a process that
develops over time in local volumes of a deformable
material. When the critical state is reached, destruc-
tion of the sample as a whole occurs. Figure 4 shows a
typical image of the structure of the fracture surface of
commercially pure VT1-0 titanium destroyed under
fatigue conditions. The structure of the fracture sur-
face contains not only signs of fragile fracture, such as
quasi-cleavage facets (Fig. 4b), but also signs of plastic
deformation (ridges). It is also worth noting that the
structure contains some pits that can be characterized
as detachment pits (indicated by arrows in Fig. 4b).
Such an element of the structure manifests itself
mainly with viscous nature of the fracture. A fracto-
graphic analysis of the fracture surface of VT'1-0 tita-
nium under high-cycle loading conditions allows us to
conclude that material destruction proceeds by a
mixed mechanism that coincides with generally
accepted ideas about the kinetics of this process in
metallic materials [23].

The deformation processes that occur as a result of
fatigue tests are mainly developed in the area of
fatigue-crack growth and, to a much lesser extent, in
the region of fracture. When the direction of the load
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Fig. 5. Characteristic regions of fatigue destruction of
commercially pure VT1-0 titanium: (/) is the region of
crack initiation, (2) is the region of cyclic destruction (sta-
ble crack growth), and (3) is the region of fracture.

changes, a rather significant localized plastic defor-
mation occurs at the crack mouth. Since the material
under study is a polycrystalline aggregate, the crack
front propagates in a kind of web (branching). In the
general case, the structure of the sample destroyed
under fatigue-testing conditions has three characteris-
tic zones (Fig. 5a): [ is the crack-initiation zone, 2 is
the zone of cyclic destruction (stable crack growth),
and 3 is the fracture region of single quasi-static
destruction (when Gacting > Gdestructive)~

In the case of the fatigue failure of commercially
pure VT1-0 titanium, the region of stable crack growth
is characterized by various structural elements inher-
ent in ductile destruction, among which elements of
pulling and separation pits can be noted. Figure 6
shows the shape of these elements (indicated by
arrows) to be a conglomerate of columnar morphology
elongated in the shooting direction. The size of these
regions may depend on the number of micropore
nucleation sites and the relative plasticity of the mate-
rial matrix [24].
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Fig. 6. Fractographic image of the fracture surface of VT1-
0 titanium destroyed under fatigue conditions in a mag-
netic field of 0.3 T.

One of the most important signs of the fatigue fail-
ure of materials that determine its nature is the pres-
ence of fatigue grooves in the fracture structure. Figure 7
shows images of the surface of fractures with fatigue
grooves of samples of commercially pure titanium
destroyed under fatigue conditions in a constant mag-
netic field and without it. At the initial stage of initia-
tion and propagation of a fatigue crack, the fracture
surface is characterized by an ordered relief with
poorly visible short fatigue grooves. At the second
stage of destruction, the stage of stable crack growth,
typical viscous fatigue grooves are already clearly visi-
ble; the grooved relief is located between the comb for-
mations (Fig. 7).

Analysis of the structures showed that the distance
between the fatigue grooves varied depending on the
test conditions. During fatigue tests without the use of
a constant magnetic field, the distance between the
grooves in the destroyed titanium samples is 0.683 *+
0.002 um. The use of a constant magnetic field in the
process of fatigue leads to ambiguous results. It was
established that at field inductions of 0.4 and 0.5 T, the
distance between regular fatigue grooves decreases by
36% (0.643 £0.003 um) and 47% (0.535 £ 0.002 um),
respectively. At a constant magnetic-field induction of
0.3 T, the distance between the grooves decreases by
~65% and amounts to 0.3510 £ 0.0014 um.

Under conditions of asymmetric loading cycles,
fatigue grooves and tears are formed perpendicular or
almost perpendicular to the direction of crack propa-
gation. It was reported in [25] that the distance
between fatigue grooves indirectly indicates the ability
of the material to resist crack propagation: the smaller
the distance between the grooves, the greater resis-
tance of the material to crack propagation. The
obtained experimental results show that the applica-
tion of a constant magnetic field with an induction of 0.5
T during the fatigue process leads to a maximum increase
in the number of cycles until destruction (Fig. 3). The
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Fig. 7. Fatigue grooves formed in titanium as a result of
fatigue destruction in a constant magnetic field at B equal
to (a) 0, (b) 0.3, (¢) 0.4, and (d) 0.5 T.

reduction in the distance between fatigue grooves in
this mode is 47%. However, the shortest distance
between the fatigue grooves is characteristic of the
samples destroyed in a field of 0.3 T, which, as a con-
sequence, theoretically should have the highest resis-
tance to crack propagation. Obviously, the identified
location and size of the structural elements do not
allow us to make an unambiguous conclusion about
the reasons for the increase in fatigue life under the
influence of a magnetic field of different magnitudes.

CONCLUSIONS

As a result of the research, it was found that the use
of a constant magnetic field in the process of fatigue
testing of commercially pure titanium of VT'1-0 grade
leads to a multiple increase in the number of cycles
until destruction. It was shown that with an increase in
the field induction, the number of cycles until destruc-
tion increases significantly: at B = 0.3 T, the number
of cycles until destruction increases by 64%, and at 0.4
and 0.5 T, it increases by 123 and 163%, respectively.

Fractographic analysis of the fracture surface indi-
cates a mixed destruction character. The structure
contains signs of both fragile and ductile fractures. In
the region of stable crack growth, obvious fatigue
grooves are visible, which are located between the
comb formations. The distances between the grooves
vary depending on the test conditions.

The results obtained are qualitatively similar to
those obtained in the study of the creep process and
measurement of the microhardness of the VT'1-0 tita-
nium. Thus, it can be concluded that a constant mag-
netic field at the qualitative and quantitative level can
affect the processes of plastic deformation of commer-
cially pure titanium.
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