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Abstract—Structural scale levels of plastic deformation and fracture of welded joints have been studied for two
high-strength titanium alloys with a low (VT 18U alloy) and a high (VT23 alloy) content of the bee B phase. Ultra-
sonic forging and its combination with high-current pulsed electron beam treatment were used to activate nanoscale
structural levels of deformation and fracture in welds in order to increase the fatigue life of welded structures. Ul-
trasonic forging provides an effective dispersion and nanostructuring of surface layers in the VT 18U welded joints
with a 4.6-fold increase in their fatigue life. The dispersion and nanostructuring of the VT23 laser welded joints is
achieved only by ultrasonic forging combined with high-current electric pulse treatment, in which longitudinal dis-
persion of 3 bands occurs with the formation of orthorhombic o nanolaths. In so doing, the fatigue life of the VT23
welds increases twice, but the effect depends on the power of the high-current generator and electrical pulse param-
eters. The fracture micrographs of the treated VT23 welded joints reveal nanofibrous bands responsible for ductile
fracture and for the reduction of the fatigue crack growth rate. The structural changes and the increase in the fatigue
life of the studied titanium alloy welds are associated with the activation of nanoscale structural levels of deforma-
tion and fracture induced by ultrasonic forging or by its combination with high-current pulsed electron beam treat-

ment.
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1. INTRODUCTION

Conventionally, plastic deformation and fracture of
solids are described under the assumption that the ini-
tial crystal lattice of a deformed solid is translation-
invariant. This methodological basis also underlies the
theory of deformation defects in the physics of plastic-
ity and strength of materials.

The crystalline structure of the weld material has bro-
ken translation invariance due to welding processes. In
addition, the welded joint is very different in structure
and composition from the base material. Its structure is
highly heterogeneous at the macroscale and has high lat-
tice curvature. The structurally heterogeneous medium
is characterized by a specific electron energy spectrum
that is poorly conjugated with the electron subsystems of
welded metals. Therefore, the main role under loading of
the medium belongs to higher structural scale levels of
deformation. For this reason, the plastic deformation of

the welded joint cannot occur concurrently with that of
the adjacent heat affected zones, due to which mesosco-
pic localized shear bands propagate from the weld to
these (conjugate) zones with their subsequent cracking
[1].

As for the welded joints of complex alloyed steels
and alloys, complex intermetallic and chemical com-
pounds can be formed in heat affected zones even in the
absence of melting and crystallization in these zones.
Like in the weld material, plastic deformation in heat af-
fected zones cannot occur together with that of the trans-
lation-invariant base material under mechanical loading.
That is why the macro- and microstructure of the weld
and heat affected zones must be dispersed.

An effective way to achieve the strength properties of
the welded joint close to the base metal ones is to control
the structural scale levels of plastic deformation and
fracture in different zones of the weld [2].
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The aim of this paper is to study the structural scale
levels of plastic deformation and fracture in welded joints
of high-strength titanium alloys VT18U and VT23,
which have a different content of the high-strength bcc
B phase, and to increase their fatigue life by activating
mesoscopic structural states at lower scale levels.

The alloy VT18U has the composition Ti—6.5Al-
4Zr-3Sn—1Nb-0.7Mo0-0.2Si and only 2—-3% of the high-
strength 3 phase. We propose to use ultrasonic forging to
disperse the bee 3 phase in this alloy and to activate me-
soscopic structural states at the micro- and nanolevels.
We assume that ultrasonic forging is accompanied, in ad-
dition to the dispersion of the high-strength 8 phase, by
the development of lattice curvature, which triggers the
motion of point defects at the microlevel [3, 4]. This
should be favorable for the increase in the fatigue life of
the VT18U welded joints, despite the fact that they are
produced by semi-automatic argon arc welding.

The alloy VT23 has a more complex composition Ti—
5A1-4.5V-2Mo—1Cr—0.7Fe, and its laser welded joints
have very low ductility. It is known that the 3-phase dis-
persion is difficult to achieve by ultrasonic forging at a
high concentration of the 3 phase that contains V, Mo,
and Cr with strong covalent d bonds. We propose to com-
bine ultrasonic forging with high-current electric pulse
treatment [5], which can cause splitting of B-phase bands
with the growth of o” laths in them. This can weaken
covalent bonds in bundles of B-phase bands and activate
mesoscopic structural states at numerous interfaces be-
tween the o” and P phases. Similar effects were ob-
served under high-temperature superplastic deformation
of Ti,Al-based titanium alloys [6]. The effect of ultra-
sonic forging combined with high-current pulsed elec-
tron beam treatment on titanium alloy welded joints is
studied for the first time in this paper.

2. MATERIALS AND EXPERIMENTAL
PROCEDURE

Materials for the investigation were weldable high-
strength titanium alloys VT 18U (Ti—6.5A1-4Zr—3Sn—
INb-0.7Mo0-0.2Si) and VT23 (Ti-5Al1-4.5V-2Mo—
1Cr—0.7Fe). Welded joints of the pseudo-c. titanium al-
loy VT 18U were produced by semi-automatic argon arc
welding. The argon arc welding of 3mm thick sheets was
carried out on an ADSV-7 welding machine with direct
current straight polarity. Welded joints of the (ot + ) tita-
nium alloy VT23 were laser welded with a CO, laser us-
ing argon and helium shielding gases. Laser welding was
carried out on a SIBIR welding system developed at the
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Institute of Theoretical and Applied Mechanics SB RAS
(Novosibirsk). The laser power was 3 kW; the welding
speed V, ~ 15 mm/s.

Metallographic examination was performed on a
Stemi 2000-C stereomicroscope and an Axiovert 25 CA
optical microscope. Etching of thin sections was carried
out in a 2% aqueous solution of hydrofluoric (HF) acid
and nitric acid (HNO,). Electron microscopy studies of a
thin surface layer were performed using a JEOL-2100
and JEM 100 CXII transmission electron microscopes.
Thin foils for the study were prepared by standard tech-
niques.

Mechanical tests were performed in accordance with
GOST 1497-84 and GOST 6996-66 by static tension on
an Instron-5582 universal electromechanical testing ma-
chine. Fatigue tests were carried out on a Schenck Sinus
100.40 and 15 kN BISS Nano servohydraulic testing ma-
chines according to GOST 7855-84, with an asymmetric
loading cycle (R=0.1).

Fractographic examination of specimens after low-
cycle fatigue tests was carried out with a Tesla BS-300
scanning electron microscope equipped with a digital
image acquisition system.

Ultrasonic forging of the surface layers of specimens
was carried out using an IL4 ultrasonic generator de-
signed to generate a current of 25 kHz with an up to
630 W power output, and a working tool that converts
electrical oscillations into mechanical vibrations (mag-
netostrictive ultrasonic transducer).

The laser welded joints of titanium alloy VT23 were
additionally subjected to ultrasonic forging combined
with high-current electric pulse treatment. The pulse du-
ration T was 10 ps; the voltage applied to the metal sur-
face was 50 V; and the pulse repetition frequency was
1000 Hz.

Since the laser welded VT23 specimens with perma-
nent joints exhibit a complex fatigue fracture behavior,
the digital image correlation method was used to quanti-
tatively determine the fatigue crack initiation and growth
parameters to analyze deformation behavior under cyclic
tension.

Flat specimens with the gage section dimensions
50x 10x2 mm?® had a weld in the central part. The cyclic
loading of the specimens was carried out on a Biss UTM
150 servohydraulic testing machine with the following
parameters: the maximum load in the cycle P, ., =9 kN
(which is 6 =500 MPa, or 0.456y); and the cycle asym-
metry R =0.1. Such loading parameters were chosen to
simulate low-cycle fatigue conditions with the number
of cycles not exceeding N=5x1 0* cycles. Digital image
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Fig. 1. Structure of VT18U titanium alloy weld: panoramic view of the welded joint (a); transition zone between base metal (BM) and
heat affected zone (HAZ) (b); transition zone between welded joint (WJ) and heat affected zone (HAZ) (c).

correlation was used to observe the crack propagation
path directly during the test.

Cracks can initiate on both flat faces of a welded
specimen under cyclic loading. For this reason, the
test specimen was photographed from two sides using
Canon EOS 700D digital cameras equipped with Canon
EF 70-300 mm/4.0-5.6L lenses. The magnification dur-
ing photography was 5 um/pixel, such that the entire
specimen length and width were observed. The surface
was photographed every AN =500 cycles with loading
paused at the maximum tensile stress (6 = 500 MPa).
Software VIC-2D 2009 (Correlated Solutions Inc.,
USA) was used to calculate displacement fields, strains,
and crack growth parameters.

3. INVESTIGATION RESULTS

3.1. Structural Scale Levels of Plastic Deformation
and Fracture of VTI8U Alloy Welds

The general view of the VT18U welded joint is
shown in Fig. 1. During cyclic deformation, a stress con-
centrator appears at the weld root boundary and gives
rise to a fatigue crack that rapidly propagates through the

2 mm thick specimen. The weld fatigue life does not ex-
ceed N=24400 cycles. It was necessary to induce defor-
mation at lower scale levels in the VT18U weld, which
was done by ultrasonic forging that modified the weld
structure.

Figure 2 shows TEM micrographs of the VT18U
weld structure before and after ultrasonic forging. The
welded joint with the initial structure reveals numerous
bands of different origin (B phase, o phase, etc.)
(Fig. 2a), while after ultrasonic forging the material be-
comes nanostructured (Figs. 2b and 2¢). This is well il-
lustrated by circular reflections in the microdiffraction
pattern (Fig. 2b) and by a wide range of nanoparticle
sizes in the dark-field image of the microstructure. Since
the crystalline structure of the nanoparticle boundaries is
unstable to shear, stress concentrators are not formed at
the weld root boundary.

A fatigue crack in a cyclically loaded nanostructured
weld is always initiated on the lateral face of the speci-
men and propagates across the entire width of nanostruc-
tured material. In so doing, the fatigue life of the nano-
structured VT18U welded joint increased more than
4.6 times and reached N= 150 000 cycles.

PHYSICAL MESOMECHANICS  Vol. 21
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100ce-Ti
101ce-Ti
1100/-Ti

Fig. 2. TEM image of VT 18U alloy weld structure in the initial state (a), after ultrasonic forging in the bright field (b), in the dark field

of the o-Ti reflection (c).

It should be noted that ultrasonic forging of weld sur-
face layers causes their plastic deformation in conjuga-
tion with an elastically loaded underlying material, and
gives rise to residual compressive stresses in the surface
layer (up to 6, =127+ 51 MPa) instead of residual ten-
sile stresses (0,= 64 =21 MPa) in the unforged weld
material. This factor also contributes to increasing the
fatigue life of the permanent joint. However, the major
effect of surface layer nanostructuring on the weld fa-
tigue life is the dispersion of the sharp interface between
the weld root and the surrounding material, where con-
centrated stresses relax during ultrasonic forging and
cyclic loading. The deformation of shear-unstable boun-
daries in nanostructured material is responsible for the
activation of the nanoscale structural level of deforma-
tion, which is the most effective factor of relaxation af-
fecting the initiation and growth of fatigue cracks. This
is even more evident in VT23 alloy welds processed by
ultrasonic forging in combination with high-current
electric pulse treatment.

3.2. Structural Scale Levels of Plastic Deformation
and Fracture of VT23 Alloy Welds

The microstructure of the VT23 welded joint is repre-
sented by globular ci-phase particles of size 2—4 um lo-
cated along the grain boundaries of B-phase particles of
size 3—8 um. The processing of such welded joints by ul-
trasonic forging does not change their strength and duc-
tility, as well as does not increase their fatigue life.

A combination of ultrasonic forging with high-cur-
rent electric pulse treatment leads to structure refine-
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ment in coarse grains with the formation of a fine-
grained banded structure. Thin martensitic o” laths are
formed in the o phase, and thin o” laths of thickness 10—
20 nm appear in the § phase. Dark-field analysis shows
that the misorientation of the banded structures does not
exceed 10°—15°. Low-cycle fatigue tests showed that af-
ter the complex processing by ultrasonic forging with
electric pulse treatment the number of cycles to fracture
increased to N= 58700, which is twice the fatigue life of
the untreated welds. There is reason to believe that the
fatigue life of the VT23 welded joint can be significantly
increased with increasing power of applied high-current
pulses.

X-ray diffraction study revealed that the B-phase
peak intensity decreases in the welded joint after com-
bined treatment (Fig. 3). This is indicative of a decrease
in the amount of the B phase due to its transformation
into nanostructured o” laths. The peak broadening indi-
cates a decrease in the size of all grain structure elements
during the growth of o"-martensite laths in the o phase
and o”-martensite laths in the 3 phase.

TEM micrographs in Fig. 4 demonstrate the VT23
weld structure in the initial state and after ultrasonic
forging combined with high-current electric pulse treat-
ment. As can be seen from Fig. 4c, the complex treatment
causes splitting of the B-phase bands across the entire
weld thickness. This testifies to the high relaxation abil-
ity of VT23 welded joints due to nanostructuring of their
initial structure by the combined treatment. Such a struc-
ture is formed as a result of atomic rearrangements at na-
nostructural levels of deformation, which are activated
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Fig. 3. X-ray diffraction pattern of VT23 titanium alloy weld,
laser welding: /—unforged weld; 2—weld after ultrasonic
forging with high-current pulsed electron beam treatment.

in the material during the combined treatment. This ef-
fect is even more clearly observed with the initiation and
growth of fatigue cracks in the fracture patterns.

PANIN et al.

3.3. Structural Scale Levels of Fracture of VI23 Alloy
Welds in Different Structural States

The VT18U alloy welds were processed only by ul-
trasonic forging that gives rise to lattice curvature, plas-
tic distortion, and increases the role of the motion of
point defects in plastic deformation and fracture. More
structural scale levels of deformation and fracture are ac-
tivated in the VT23 alloy weld under ultrasonic forging
combined with high-current electric pulse treatment. In
so doing, structural phase transformations of the o and 3
phases take place under plastic deformation and fracture
in the conditions of material nanostructuring. Let us con-
sider these processes in more detail.

Figure 5 shows SEM fracture micrographs of the
VT23 welded joints obtained after low-cycle fatigue
tests of unforged specimens and specimens subjected to
ultrasonic forging combined with high-current electric
pulse treatment. In all cases, the crack is initiated from
the lateral face of the specimen and then propagates

across the specimen through its entire width. However,
the fracture surface profiles in the initial specimens and
after the combined treatment differ greatly. The fatigue

Fig. 4. Fine-grained structure formation in a thin surface layer of VT23 laser weld as a result of ultrasonic forging combined with elec-
tric pulse treatment: base metal VT23 (a); weld zone (b); weld zone after combined treatment (c); dark-field image of the weld zone

subjected to combined treatment in the o”-phase reflection (d).

PHYSICAL MESOMECHANICS Vol.21 No.5 2018
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Fig. 5. SEM fracture micrographs of VT23 laser weld. Low-cycle fatigue. Untreated weld: fibrous banded surface relief in the zone of
accelerated crack growth (a), magnified image (b). After ultrasonic forging with electric pulse treatment: fibrous banded surface relief
with a large component of ductile rotation in the relief (c), magnified image (d).

crack forms transverse river-like grooves on the frac-
ture surface of the unforged weld and thus produces nar-
row ductile fracture zones. After the combined treatment
the width of ductile fracture zones sharply increases
(Figs. 5c and 5d), while the width of cleavage zones de-
creases drastically. The ductile fracture zones exhibit dy-
namic rotations of the plastic flow with the formation of
a nanofibrous structure. As a consequence, the fatigue
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life of the VT23 alloy welds increases more than two-
fold.

Naturally, the fatigue crack growth rate should decrease
with increasing fracture toughness. This effect was veri-
fied in special experiments. The process of fatigue crack
initiation and growth was observed by photographing both
surfaces of welded joints with subsequent image process-
ing by digital image correlation using Vic-2D software.
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Fig. 6. Crack length (a) and crack growth rate (b) versus normalized number of cycles to fracture for the welded joint in the initial state
and after ultrasonic forging combined with pulsed electron beam treatment.
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3.4. Digital Image Correlation Analysis of Specimen
Deformation Behavior

By analyzing the obtained images of flat faces of a cyc-
lically deformed specimen, we estimated the length of
the crack that reaches the specimen surface and the crack
growth rate (Fig. 6).

Signs of crack initiation in the images of strain fields
g, are visually observed as local inhomogeneities; they
are detected at N= 11000 cycles for the unforged speci-
men, and at N= 12000 cycles for the specimen subjected
to ultrasonic forging with high-current pulsed treatment.
A visually observed crack appears on the surface at N=
14 000 cycles in the first case, while after combined treat-
ment the number of cycles increases to N=27 500.

The crack growth rate in the initial material is higher
than for the material subjected to combined treatment: in
the first case fracture occurs after N=3500 cycles after
the appearance of the crack, and in the second it occurs
after N=15500 cycles.

Noteworthy is that the crack growth rate in the speci-
men with the untreated welded joint (Fig. 6b) is inhomo-
geneous. The crack growth rate was estimated from opti-
cal micrographs of the surface, whereas the crack could
be initiated in the bulk of the material due to structural
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macroheterogeneity of the weld. Taking into account this
fact, the crack growth rate curve can change abruptly
with a sharp variation in the value of the analyzed param-
eter. As for the specimen with the treated weld, the crack
growth rate is much lower and smoothly increases with
increasing number of loading cycles.

Figure 7 shows the distribution fields of the principal
strain component €, for specimens of both types ob-
tained immediately before fracture. Note that cracks in
the specimens were initiated in different regions. In the
specimen with the untreated weld, the crack was initi-
ated and grew from the flat front face of the specimen. In
the specimen with the treated weld, the crack was initi-
ated on the lateral face of the specimen and then emerged
on the weld root surface. As one can see, the crack
growth behavior is mainly brittle in the case with the un-
treated weld: there are no characteristic localized shear
bands near the crack tip which are oriented in the direc-
tions of the maximum tangential stresses (Figs. 7a and
7b). In the case with the treated weld, a bud-like zone of
developed plasticity is formed in the crack tip region
(Fig. 7c¢), or the crack propagation is accompanied by
localized shear banding (Fig. 7d).

The numerical characterization of the deformation
behavior of both type specimens was carried out for an

(b)

Fig. 7. Strain filed components ¢, for the specimen with the untreated weld (a, b) and with the weld subjected to combined treatment
(c, d), obtained on the front (weld face (a, ¢)) and back surface of the specimen (weld root (b, d)) (color online).

PHYSICAL MESOMECHANICS Vol.21 No.5 2018
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Fig. 8. Variation curves of the integral (averaged) value of the principal strain components €, (a,b)and €, (c,d) with increasing num-
ber of cycles for VI23 alloy specimens with the laser weld in the initial state (/) and subjected to ultrasonic forging (USF) with electric
pulse treatment (EPT) (2) on the surface with a crack (a, ¢) and without a crack (b, d).

extracted square region of the image, with the width
equal to the image one. The calculated principal strain
values were averaged over this region; the estimation re-
sults are given in Fig. 8.

The plotted curves show that the strain component val-
ues remain almost constant during the test, but the value de-
pends on the structural state of the specimen (untreated
or subjected to the combined treatment) and on the point
of observation. In general, the variation curves of both
strain components €, and €, change in a similar way.

It can be seen that the observed cracking of the speci-
men with the untreated weld at an about 80% amount of
cycles leads to a sharp increase in the average level of
strain €, on both sides of the specimen and to a decrease
of €,. This means that the main crack propagates at a
higher rate in the untreated specimen. Additionally, all
the curves show that the catastrophic (avalanche) in-
crease in the strain component values in specimens with
the untreated weld begins earlier. Therefore we may con-
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clude that the specimen with the treated welded joint is
less sensitive to crack propagation.

4. DISCUSSION OF RESULTS

4.1. Fatigue Fracture of Materials as a Multilevel
Nonlinear Process

Itis well known [7—12] that a growing crack forms a
system of successive grooves (so called striation) under
low-cycle fatigue conditions. This means that there must
be a critical number of crystal structure defects in the
material in order for the fatigue crack to propagate under
cyclic loading. The critical defect structure is phenom-
enologically introduced in all known models of fatigue
crack growth mechanics [13-18, etc.]. For example,
Murakami and Endo [14] established a power-law de-
pendence of the threshold stress intensity factor on the
defect size, Ak, ~ I'3. Their model is widely used in
assessing the effect of small cracks, small holes, surface
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roughness, nonmetallic inclusions, and other defects on
the fatigue strength. Other models also employ the
power-law dependence of the fatigue strength on the de-
fect size, but the exponent is varied and the area of the
defect is used instead of the linear defect size.

The necessity of taking into account defect interac-
tion at the fatigue crack tip in fatigue crack growth mod-
els greatly complicates the modeling of fatigue failure.
Therefore, we associate [ 19-22] fracture with the struc-
tural phase decomposition of the deformed crystal in the
zones of high lattice curvature. Crack propagation is rep-
resented as a nonlinear wave process. Nonlinear fracture
waves are dispersed in ductile fracture conditions, giv-
ing rise to local mesovortices in the form of dynamic ro-
tations. Structural transformations in the zones of local
lattice curvature ahead the crack tip are taken into ac-
count. A modified method of excitable cellular automata
was developed to account for local force moments in the
crystal lattice with broken translation invariance, and to
calculate the work of rotational modes of deformation
during crack growth. The multiscaling of structural scale
levels of deformation during fracture of solids provides
control over fracture processes in materials with differ-
ent internal structures. Let us consider the structural
scale levels of plastic deformation and fracture in the
studied welded joints and their effect on the fatigue life
of heterogeneous material.

4.2. Structural Scale Levels of Plastic Deformation
in VT18U Alloy Weld after Ultrasonic Forging

The fatigue life of the VT 18U alloy weld with a low
content of the bee B phase multiply increases due to ul-
trasonic forging. Ultrasonic forging causes high lattice
curvature, formation of mesoscopic structural states in
lattice interstitial sites, and plastic distortion of atoms
from lattice sites to interstitial sites with the formation of
nonequilibrium vacancies. The role of the motion of
point defects in noncrystallographic plastic flow sharply
increases and governs the nanoscale structural level of
deformation, which was absent under cyclic loading of
the initial welded joint. The interface between the weld
root and the adjacent material is dispersed, and hence a
through-the-thickness fatigue crack that breaks the spe-
cimen cannot be initiated at this interface.

Ultrasonic forging leads to surface layer nanostruc-
turing, as is evident from Figs. 2b and 2c. The shear in-
stability of nanograin boundaries associated with revers-
ible transformations of their structure between the amor-
phous and nanocrystalline states determines high relax-
ation characteristics of the surface layer. This is a nano-

PANIN et al.

scale structural level of deformation, which largely con-
tributes to the increase in the fatigue life of the material
under cyclic loading. Hence, since the nanostructured
surface layer is adjacent to an elastically loaded underly-
ing material that inhibits crack initiation in the nanocrys-
talline structure, the processing of the VT 18U welded
joints by ultrasonic forging proves to be very promising.

4.3. Structural Scale Levels of Plastic Deformation
and Fracture of VT23 Alloy Weld Subjected to
Ultrasonic Forging with High-Current Electric

Pulse Treatment

The high concentration of the bee B phase that con-
tains vanadium, molybdenum, and chromium in the
VT23 alloy makes it impossible to nanostructure the 3
phase by ultrasonic forging. However, a combination of
ultrasonic forging and high-current electric pulse treat-
ment allows the dispersion of B-phase bands by their
longitudinal splitting, with the formation of a” laths be-
tween the longitudinal subbands. A thermodynamically
similar process was induced in Ti;Al-based titanium al-
loys with the 10% Nb + 3% V + 1% Mo alloying ele-
ments that stabilize the bee B phase [6]. High-tempera-
ture superplastic deformation of such alloys led to the
growth of longitudinal hexagonal DO, o, laths in -
phase bands. The superplasticity indicated a diffusion-
controlled transformation of the bee B phase into an hep
o, phase. Naturally, the diffusion-controlled structural
phase transformation is impossible in the conditions of
ultrasonic forging with electric pulse treatment. There-
fore, the formation of o” laths can occur by the mecha-
nism of plastic distortion and within nanostructural con-
figurations. The nanostructured boundaries of the 3
and o” phases can be reversibly shifted under cyclic
loading of the weld, leading to a twofold increase in the
fatigue life of the VT23 alloy weld. This effect must be
dependent on the electron beam treatment parameters.

Although the literature provides no unambiguous
explanation of how high-current electric pulse treatment
affects the plasticity of the material, we would offer our
opinion according to the concept of Ref. [21]. Ultrasonic
forging induces dynamic rotations in the material, which
can strongly break the translation invariance of the crys-
tal lattice. Valence electrons transfer to high energy
states in the high lattice curvature zones in rotational
clusters of the crystal lattice and form localized ion-elec-
tron clusters that fall out of the general electron energy
spectrum of the translation-invariant crystal. This causes
nano- or microcracking under ultrasonic forging. Elec-
tric pulse treatment pushes out localized high energy
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electrons from rotational clusters. As a consequence,
large localized clusters of positive ions in the crystal lat-
tice are destroyed by the Coulomb inter action, and the
shared electron energy spectrum characteristic of a transla-
tion-invariant lattice is restored. The transition of a part of
binding d electrons of the 3 phase to the s-p states of the
(Ti-Al) component in the alloy causes the formation of
DO,, o” laths. This is a nanoscale structural level of
plastic deformation and fracture.

The above discussed nanostructural level of fracture
is observed in the fracture micrographs of the V123 welded
joint subjected to ultrasonic forging with high-current
pulsed electron beam treatment. It is observed as nano-
fibers formed in ductile fracture bands (Fig. 5d). The na-
nofibrous structure is formed by the dispersion of low-
angle subboundaries in the lattice curvature zones [23].
However, only due to electric pulse treatment the fibrous
structure of the subboundaries is dispersed into indivi-
dual fibers that excite rotational modes of plastic flow
during ductile fracture of the material. Some authors have
already suggested that the precursor of ductile fracture is
the formation of localized deformation bands and nano-
voids [4]. However, the evolution mechanism of this pre-
cursor with crack initiation remains unclear. The experi-
mental results in Fig. 5 indicate that fracture in the hier-
archy from micro- to nanolevel is a multilevel process.
The electronic subsystem creates mesoscopic structural
states on the nanostructural level, which play an im-
portant role in the excitation of the rotational modes of
fracture. The deformed material is fragmented with the
formation of low-angle subboundaries that have a nano-
fibrous structure. The couple stresses associated with the
rotational modes of deformation induce the dispersion of
the nanofibrous structure of low-angle subboundaries
with the formation of individual nanofibers and nano-
voids. The dissipative nature of such processes makes
for a decrease in the fatigue crack growth rate. This was
convincingly showed in the experiment with the use of
the digital image correlation method. The combination
of ultrasonic forging with high-current electric pulse
treatment offers multiple possibilities for the control
over the formation of structural scale levels of deforma-
tion and fracture in heterogeneous media, which is impor-
tant for increasing the fracture toughness of materials
and their welds.

5. CONCLUSIONS

The processing of high-strength titanium alloy welds
by ultrasonic forging or by its combination with high-
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current electric pulse treatment activates the micro- and
nanoscale structural levels of plastic deformation and
fracture. Such processing gives rise to lattice curvature
in surface layers, formation of mesoscopic structural
states in the interstitial sites of the curved lattice, plastic
distortion, and a dramatic increase in the role of nonequi-
librium point defects in plastic deformation and fracture
of the material. With a low content of the bce 3 phase in
titanium alloy (VT18U), the most pronounced effects of
ultrasonic forging are dispersion and nanostructuring of
the surface layer, and a 4.6-fold increase in the fatigue
life of welded joints. With a high bee 3 phase content (la-
ser welded alloy VT23), brittle welds exhibit plasticity
and fatigue endurance only after a combined processing
by ultrasonic forging and high-current electric pulse treat-
ment. Nanoscale structural levels of deformation and
fracture are observed as the growth of nanostructured o
martensite (in the o phase) and o” martensite (in the
phase). Fracture micrographs of the VT23 alloy welds
demonstrate an alternation of cleavage bands and ductile
fracture bands where nanofibers responsible for the ex-
citation of the rotational modes of fracture are formed. In
so doing, the fatigue crack growth rate decreases signifi-
cantly.
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