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Abstract—The fracture surface, the phase composition and the state of the defect substructure of the titanium
VT1-0 alloy subjected to preliminary irradiation by a high intensity pulsed electron beam and failed under
fatigue loading conditions have been studied. A surface layer with a nanocrystalline multiphase structure is
shown to form during fatigue tests of the samples preliminarily annealed in air. The surface layer structure of
the samples after irradiation is found to differ substantially from the structure of the unirradiated samples: a
5-μm-thick surface layer, in which the grain volumes have a subgrain structure, forms.
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1. INTRODUCTION
A characteristic feature of the fatigue failure of

metals and alloys is the crack initiation in the surface
layer [1, 2], which substantially influences the fatigue
life of a material. The existence of high internal
stresses, a great number of defects, significant elastic
distortions of a crystal lattice near the grain boundar-
ies lead to fast deformation localization during loading
and, as a result, to the loss of plasticity of a material. To
prevent undesirable changes in a surface layer, various
methods of its modification are used: for example,
treatment by a high-energy f lux, namely, laser radia-
tion [3, 4], electron beams [5, 6], and plasma treat-
ment [7, 8]. These methods are characterized by
pulsed and local character of action on a surface,
which is their significant economic advantage as com-
pared to stationary treatments.

The local treatment by high-energy f luxes enables
the formation of new structure–phase states of surface
layers with high properties. A substantial increase in
the mechanical properties of a material is related to the
removal of stress concentrators formed as a result of
mechanical treatment, generation of compressing
residual stresses in a surface layer, a dispersion of the
matrix structure and minor-phase inclusions [9–16].

One of the promising methods of a purposeful
modification of the structure–phase state of metallic

materials is the action of an electron f lux. This method
differs in the possibility of controlling and varying the
delivered energy, a large area of action of a high-
energy f lux on a treated material, low coefficients of
energy reflection, and a higher energy concentration
in the unit volume of a material, and, therefore, higher
possibilities of forming a highly nonequilibrium state
in a material to [17, 18]. The aim of this work, which
continues the set of studies performed in [19, 20], is to
study the fracture surface and to analyze the phase
composition and the state of the defect substructure of
the titanium VT1-0 alloy preliminarily subjected to
high-temperature annealing in air and subsequent
irradiation by high an intense pulsed electron beam
and then was fractured during fatigue tests.

2. EXPERIMENTAL
We studied VT1-0 alloy samples with the following

chemical composition (wt %): Ti for balance, up to
0.18 Fe, up to 0.07 C, up to 0.04 N, up to 0.1 Si, up to
0.12 O, up to 0.004 H, and 0.3% other impurities. The
samples were subjected to annealing at a temperature of
1173 K for 90 min and furnace cooling.

The fatigue tests were performed by the scheme of
asymmetric cantilevered bending using special-pur-
pose installation. Samples 4 mm in thickness and
12 mm in width were prepared according to GOST
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Fig. 1. Fracture structure of the VT1-0 alloy sample failed as a result of fatigue tests. The arrows in (a) and (b) show the sample
surface, and those in (c), the surface layer.
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25.502–79 and had a symmetric stress concentrator in
the form of semicircular notches 20 mm in radius on
both sides of the sample with the minimum narrowing
in the central part of 5 mm [19, 20]. The test tempera-
ture was 300 K, the bending loading frequency of the
samples was 10 Hz, the stress ratio was 0.1, and the
maximal cycle stress was 20 MPa. We tested 10 sam-
ples subjected to electron-beam irradiation and
10 unirradiated samples.

The sample surfaces were irradiated on a Solo
installation (Institute of High Current Electronics,
Siberian Branch, Russian Academy of Sciences) at the
following parameters: the electron energy was 16 keV,
the pulse repetition frequency was 0.3 s–1, the electron
beam pulse duration was 150 μs, the electron beam
energy density was 30 J/cm2, and the number of pulses
was 3.

The fracture surfaces were studied with a scanning
electron microscope (Tesla BS-301 microscope). The
RU
phase composition and the defect substructure state of
the material were analyzed by transmission electron
diffraction microscopy (JEM-2100 microscope). Foils
for the studies were prepared by ion thinning of plates
by electric-spark cut from a bulk sample in parallel to
the fracture surface at the distance as close as possible
to it. The analyzed layer thickness was ≈110 μm.

3. RESULTS AND DISCUSSION

The VT1-0 alloy samples subjected to high-tem-
perature annealing were fractured in the unirradiated
state after 267 ± 28 thousands of fatigue loading
cycles. Figure 1 shows the characteristic image of the
fracture surfaces of these samples. The fracture has a
thin (≈2 μm) surface layer (Fig. 1b) separated on the
main material by longitudinal fatigue cracks (Fig. 1c).
The structure of this alloy revealed by transmission
electron diffraction microscopy is shown in Fig. 2.
SSIAN METALLURGY (METALLY)  Vol. 2020  No. 4



EFFECT OF ELECTRON-BEAM TREATMENT ON THE STRUCTURE 403

Fig. 2. Electron microscope image of the surface layer of the VT1–0 alloy sample failed as a result of fatigue tests: (a)sample sur-
face, the double arrow shows the surface layer thickness; (b), (c) crystallites; (d) electron-microscope image taken from the encir-
cled area in (c).

0.5 μm

0.5 μm 200 nm(a)

(c)

(b)

(d)

001 Ti2O
011 α-Ti

102 α-Ti

210 TiO2
The layer has a submicro- and nanocrystalline struc-
ture with a crystallite sizes of 80–120 nm (Fig. 2b).
The minor phase inclusions, whose sizes are 12–15 nm,
are located on crystallite boundaries. An analysis of
the electron microscope images obtained from this
layer revealed the existence of reflections of titanium
oxides Ti2O and TiO2 (rutile) (Fig. 2d).

The layer adjacent to the nanostructured surface
layer is α-titanium and it has a lamellar structure
(Fig. 3a). The electron microscopy image obtained
from this layer demonstrates an azimuth ref lection
diffusion, which indicates the formation of a disori-
ented substructure. The lamellar substructure layer
thickness is ≈20 μm. At a larger distance from the
sample surface, there is only a dislocation substructure
in α-titanium grain bulks; the characteristic image of
the substructure is given in Fig. 3b.

The irradiation by a high intense pulsed sub-
millsecond electron beam led to an increase of the
fatigue life of the alloy to 319 ± 30 thousands of load-
ing cycles; i.e., the fatigue resource increased by 20%.
Fig. 4 shows the characteristic image of the fracture of
RUSSIAN METALLURGY (METALLY)  Vol. 2020  No.
the alloy sample treated by the high intense pulsed
electron beam. The fracture has a multilayer structure
and consists of the surface layer (Fig. 4c, layer 1) 20–
25 μm thick, the intermediate 50–55-μm-thick layer
(layer 2), and the main material volume (layer 3). The
surface layer has a sublayer adjacent to the irradiation
surface that is characterized by the existence of micro-
pores (layer 1–1).

The numerical solution of the problem of deter-
mining the temperature field formed in the surface
layer of titanium irradiated by the high intense elec-
tron beam [19] enabled us to elucidate the cause of the
formation of the fracture layered structure. The elec-
tron-beam irradiation of the alloy leads to melting of a
surface layer 25.2 μm in thickness. This layer is sepa-
rated into two sublayers: surface single-phase (liquid)
layer 1 (16.6 μm thick) and transition two-phase (liq-
uid + solid state) layer 2 with a thickness of 8.6 μm.
The time of existence of layer 1 is 128.5 μs, and the
time from the start of melting to the completion of
solidification is 244.2 μs. Comparing the results
shown in Fig. 4 and the results of the theoretical sim-
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Fig. 3. Electron microscope image of the structure of the VT1-0 alloy sample failed as a result of the fatigue tests: (a) layer adjacent
to the surface nanocrystalline layer and (b) layer at distance 45–50 μm from the sample surface.
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Fig. 4. Fracture surface structure of the VT1-0 alloy sample irradiated by intense electron beam before the fatigue tests. The arrow
in (c) shows the irradiated surface.
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ulation [19], we can conclude that surface layer 1
formed as a result of melting and rapid solidification of
the material and layer 2 is a heat-affected layer.

We also performed electron-microscopy studies
for the failed samples in the initial (unirradiated)
state along with the studies of the irradiated samples.
Figure 5 shows the characteristic image of the defect
RU
substructure of the surface layer (the layer is disposed
at a depth of 2–5 μm) of such samples. A polycrystal-
line α-titanium-based structure is observed; in the
grain volume, we observed a dislocation substructure
formed by chaotically distributed dislocations (Fig. 5a)
or by the dislocations that form irregular networks
(Fig. 5b). The scalar dislocation density determined by
SSIAN METALLURGY (METALLY)  Vol. 2020  No. 4
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Fig. 5. Electron microscope image of the structure of the fracture surface layer of the VT1-0 alloy sample.
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Fig. 6. Electron microscope image of the structure of the VT1–0 alloy subjected to irradiation by a high-energy electron beam
before fatigue tests. The surface layer thickness is ≈30 μm.
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the linear intercept method is ≈2.8 × 1010 cm–2. Almost
similar dislocation substructure is observed in the
grain bulks of the layer disposed at the distance 150–
200 μm from the sample surface.

The surface layer structure of the alloy irradiated by
intense pulsed electric beam and fractured as a result
of the fatigue tests is substantially different then the
structure observed in the unirradiated alloy. In partic-
ular, as for morphology, we revealed a thin (≈5 μm)
surface layer, the grain volumes in which have a sub-
grain structure the characteristic image of which is
shown in Fig. 6a. The subgrains have a globular shape
and the sizes 500–700 nm. At a larger distance from
RUSSIAN METALLURGY (METALLY)  Vol. 2020  No.
the irradiated surface, in the layer 20–25 μm in thick-
ness, the lamellar substructure is observed in the grain
bulks; the characteristic images of this substructure is
shown in Figs. 6c, 6d.

The state of lamellar structure is substantially
dependent on the distance from the surface irradiated
by electron beam. Specifically, the transition from the
mixed subgrain–lamellar structure (Fig. 6c) to the prop-
erly lamellar structure (Fig. 6d) takes place. Figure 6b
shows the characteristic dislocation substructure
observed in the bulks of subgrains and lamellas.

The surface layer with a lamellar structure contacts
with the layer, the grain bulk of which contains the dis-
 4
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Fig. 7. Electron microscope image of the structure of the VT1–0 alloy subjected to irradiation by a high-energy electron beam
before fatigue tests. The layer is disposed at a distance of ≈70 μm from the irradiation surface.
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location substructure that consists of dislocations, dis-
location balls, and dislocation networks; the scalar
dislocation density is 1.2 × 1010 cm–2 (Fig. 7). It should
be noted that similar structure is also observed in the
grains of the fractured samples which were not irradi-
ated by intense electron beams previously.

Comparing the results of thermal calculations and
the data obtained by the diffraction electron micros-
copy, we can conclude that the surface layer with the
lamellar structure forms as a result of the titanium
rapid solidification that takes place at the electron-
beam treatment.

4. CONCLUSIONS

The studies performed using scanning and trans-
mission electron diffraction microscopy showed that
the VT1-0 alloy subjected to heat treatment in air and
failed as a result of fatigue tests has a gradient struc-
ture. We observed a thin (≈2 μm) surface layer with
submicro- and nanocrystalline multiphase structures,
which is separated from the main sample volume by
microcracks. The material volume adjacent to the sur-
face layer has a polycrystalline structure; a lamellar
structure is observed in the grain volume. The thick-
ness of the layer with a lamellar structure is 20–25 μm.
At a larger distance from the sample surface, the main
element of the defect substructure in the α-titanium
grain volume is represented by chaotically arranged
dislocations. Irradiation by a high-energy electron
beam leads to the formation of a 30-μm-thick surface
layer with a lamellar substructure. The formation of
the lamellar substructure as a result of rapid solidifica-
tion of the surface layer favors an increase in the
fatigue life of the VT1–0 alloy by ≈20% on the average.
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