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Abstract—The influence of surface hardening by electrochemical treatment, abrasive-free ultrasonic finish-
ing treatment, and their combination on the accumulation of fatigue damages in a pseudo-α-titanium alloy
(PT3V) during pulsed cyclic loading in a transition stage of fatigue (104–105 cycles) is studied. The fatigue
damage accumulation kinetics is estimated using the inelasticity parameters of a specimen (hysteresis loop
width, cyclic creep, rigidity (compliance)) during cyclic loading, an analysis of fracture surfaces, and the
crack growth rate. The state of surface layer is shown to play a key role in the change in the fatigue life of lab-
oratory specimens. The type of surface hardening only weakly affects the accumulation of fatigue damages at
the stages of stable crack growth and rupture.
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INTRODUCTION
Fatigue strength and fatigue life are important cri-

teria for estimating the functionality and the resource
of parts and structures intended for various purposes.
Their role becomes very important in modern highly
loaded and important parts, which undergo cyclic
loads in both high- and low-cycle fatigue ranges.
Therefore, it is important to understand a damage
accumulation mechanism and to control a structure to
form wear-resistant and high-fatigue-strength surface
layers in parts, in particular, those made of titanium
alloys.

The importance of these points increases due to the
development and implementation of various methods
of modifying the surface layers in structural materials,
including high-energy actions, to increase their wear
resistance and fatigue strength [1, 2].

The main factors, a combination of which deter-
mines changes in the behavior of surface-hardened
titanium alloy specimens during cyclic loading, are as
follows:

(a) the microstructure of the surface layer of the
base metal (globular, lamellar, bimodal, coarse-
grained, fine-grained, ultrafine-grained structure and
nanostructure) [3, 4];

(b) the level and distribution of residual stresses,
which form in the surface layer of a material during
surface treatment [5, 6];

(c) microgeometry parameters, the roughness of
hardened surface, and the presence of regular struc-
tures [7, 8];

(d) the strength and plasticity characteristics and
the geometric parameters of a hardened layer [4, 9].

Despite deep interest of researchers in the forma-
tion of the fatigue strength of titanium alloys during
hardening by intense thermomechanical actions, the
problems of fatigue crack nucleation and growth, the
stage time, and the relation between these stages and
the geometry and properties of hardened metal regions
are still poorly understood. The influence of these fac-
tors can differently affect the mechanisms of accumu-
lation of fatigue damage and fatigue fracture. In some
cases, surface hardening treatment of titanium alloys,
e.g., the treatment increasing their wear resistance,
can be accompanied by both a decrease and an
increase in the fatigue strength depending on the state
of the surface layer and its parameters [9].

The accumulation of fatigue damages is known to
include the stages of initial volume-distributed fatigue
damage accumulation, crack nucleation, localized
fatigue damage (which manifests itself in stable fatigue
crack growth), and accelerated macrocrack growth to
rupture [10, 11]. The laws of damage development at
each stage are important to achieve reliable and long-
term operation of a part and to develop reliable meth-
ods for calculating the cyclic strength [10]. However,
the diversity of surface layer hardening mechanisms
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Table 1. Chemical composition of a PT3V-type alloy, wt %

Ti Al V Zr Fe Si C O2 N2 H2

93 4.6 1.9 0.2 0.015 0.12 0.006 0.1 0.03 0.006

Fig. 1. Micrograph of a polished cross section of a PT3V
titanium alloy at the boundary between the initial metal
and the hardened surface layer: (1) initial structure of the
alloy and (2) structure of the hardened layer.
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under various actions, the wide spectrum of the stress
cycle characteristics, and the complexity of experi-
ments make it difficult to experimentally determine
the damage parameters and to develop reliable meth-
ods for calculating the fatigue strength and the fatigue
life [11, 12]. Therefore, to study the accumulation of
fatigue damages in surface-hardened titanium alloys
and to estimate their influence on the total fatigue life
using the methods that are sensitive to the structural
state of a structural material are challenging problems.
Such investigations are related to a study of inelasticity
effects (cyclic creep, hysteresis loop width, compli-
ance of a specimen), an analysis of microfractographic
fracture surfaces, and an investigation of the laws of
fatigue crack growth using classical approaches such as
the Paris model.

In [13], we studied the influence of the parameters
of thermomechanical hardening treatment on the
hardness and the microstructure of a pseudo-α-tita-
nium 5V alloy and found the most effective hardening
version. In [14], we investigated changes in the micro-
hardness and the fatigue life of a pseudo-α-titanium
alloy and described the mechanisms of fracture and
the structures of crack nucleation and growth regions
during combined hardening treatment.

This work is a continuation of the studies per-
formed in [13, 14]. The purpose of this work is to ana-
lyze the influence of the state of the surface layer
formed upon intense thermomechanical treatment at
the stage of fatigue damages (crack nucleation and
growth, rupture of specimens) by the investigation of
changes in the inelastic properties, the fractography of
the fracture surfaces of a pseudo-α-titanium alloy, and
the fatigue crack growth in alloy specimens.

EXPERIMENTAL
We studied corset specimens made of a PT3V

pseudo-α-titanium alloy (certified chemical compo-
sition of the alloy is given in Table 1) in an initial state
after hot rolling and after surface hardening by the fol-
lowing three techniques: electromechanical treatment
(EMT), surface abrasive-free ultrasonic finishing
treatment (AUFT), and combined EMT and AUFT
(EMT + AUFT).

Workpieces for the corset specimens were cut from
a sheet along the rolling direction [14]. The structure
of the alloy in the initial state is lamellar and consists
of the transformed β phase with a coarse-lamellar
α fraction (Fig. 1, region 1).

The mechanical properties of the alloy in the initial
state were determined on cylindrical specimens of type
RUSSIAN METALLURGY (METALLY)  Vol. 2019  No.
1Y (GOST 1497–84) 8 mm in diameter. The ultimate
tensile strength was σu = 875 MPa, the yield strength
was σ0.2 = 770 MPa, the relative elongation was δ = 9–
11%, and the relative reduction of area was ψ = 20–
30%. The EMT and AUFT hardening processes were
carried out on a standard turning lathe. A hardening
process was adjusted by changing tool in a lathe tool-
holder. For EMT specimens, the conditions ensuring
the maximum increase in the microhardness were as
follows [13]: the current density was j = 400 A/mm2,
the treatment speed was v = 0.61 m/min, the feed
speed was S = 0.4 mm/rev, the deforming force was
F = 500 N, and the electrode tool consisted of conic
rolls made of a VK6S hard alloy 60 mm in diameter
with a sharpening angle of 5° and a contact band of
0.5–0.7 mm. The AUFT conditions were as follows:
the emitter radiation frequency was 22 kHz, the treat-
ment speed was v = 4.71 m/min, the feed speed was
S = 0.07 mm/rev, and the deforming force was F =
100 N [13]. The conditions were also used for com-
bined EMT + AUFT hardening.

Rapid heating and cooling of a titanium alloy
during EMT are known to be accompanied by struc-
ture–phase transformations and hardening of the
metal [13]. Figure 1 (region 2) shows the fine-grained
 5
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Table 2. Effect of the state of specimen surface on the mechanical properties

Property
Surface treatment

initial EMT AUFT EMT + AUFT

Microhardness, MPa 3800 5700 4370 5800
Relative change in

microhardness 1 1.5 1.15 1.53
ultimate tensile strength 1 1.05 1.05 1.08
relative reduction of area 1 0.5 1.38 0.86

Number of cycles to failure Nf, ×103 87 19.1 98 111

Relative change in fatigue life 1 0.22 1.12 1.27
structure of the surface layer (0.1 mm deep) formed
under these conditions.

The hardening of the surface layer was estimated
from its microhardness. For this purpose, a series of
20 indentations at a load of 0.5 and 1 N on an indenter
was made on the sample surface using a PMT-3M
microhardness tester, and the indentation sizes were
determined with the special-purpose VideoTest-
Struktura software package.

Cyclic loading was carried out using corset speci-
mens of type 1 (GOST 25.502–79) 8 mm in diameter
on a servohydraulic BISS-100 kN testing machine
interfaced with a PC. The loading frequency was 3 Hz.
We used a zero-to-compression stress cycle with a
stress ratio R = 0.1. During tests, we specified the max-
imum and minimum cycle loads, which were used to
RU

Fig. 2. Effect of surface hardening on the fatigue life of a
pseudo-α-titanium alloy during tension (stress ratio
of 0.1): (Ini.) initial state after polishing, (1) after EMT,
(2) after AUFT, and (3) after EMT + AUFT.
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calculate the maximum and minimum cycle stresses,
respectively. In tests, we detected the maximum (emax)
and minimum (emin) cycle strains and recorded
mechanical hysteresis loops.

Metallographic analysis of the structures of the
surface layer and the base metal after fatigue tests and
a preliminary detection of a fracture zone were per-
formed using a METAM LV-32 microscope. Fracture
surfaces were studied by electron microscopy on a
Versa 3D scanning electron microscope.

RESULTS AND DISCUSSION

Surface Microhardness 
and the Fatigue Life of Specimens

Influence of surface hardening on the mechanical
properties of specimens. After specimen preparation
and surface hardening, we measured the surface micro-
hardness and performed cyclic loading to failure under
the conditions described above. Table 2 gives the exper-
imental results of measuring the microhardness, the
strength and plasticity characteristics, and the fracture
number of cycles Nf at σmax = 0.8σ0.2. Figure 2 shows the
segments of fatigue curves that correspond to the
fatigue life for various types of surface treatment.

The surface hardening of a titanium alloy of type
PT3V can be accompanied by a noticeable increase in
the microhardness of the hardened layer: by 50% in
the case of EMT and combined EMT + AUFT treat-
ment (from 3800 MPa for initial specimens to 5700–
5800 MPa after hardening) and by 15% in the case of
AUFT (see Table 2).

The existence of a relatively thin hardened layer
(depth of 1.25% of the diameter) on the specimen sur-
face increases the ultimate tensile strength by 5% (after
EMT and AUFT) or 8% (after EMT + AUFT). The
relative reduction of area after EMT decreased twofold
as compared to the initial state. AUFT increases the
plasticity during static tension by 38% for specimens
with the initial structure and by 72% for the EMT-
hardened specimens (see Table 2).
SSIAN METALLURGY (METALLY)  Vol. 2019  No. 5
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Fig. 3. Hysteresis loop in a loading–unloading cycle with
specified (σmax, σmin) and controlled (Ec, emin, Δe)
parameters.

600

500

400

300

200

100

0 0.1 0.2 0.3 0.4 0.5

σ,  MPa

Δe

Ec

emin
emax

σ m
in

σ m
ax

e, %
An analysis of the fatigue curves of initial speci-
mens revealed the following two stages for the alloy
under study (see Fig. 2): quasi-static fracture and tran-
sition stage [10]. The stage of quasi-static fracture cor-
responds to a high level of stresses. As the stress ampli-
tude decreases, the role of fatigue damages increases
and the stage of quasi-static damage in the fatigue
curve changes into the transition stage. The maximum
stresses (σmax = 0.8σ0.2) specified in experiments
approximately correspond to the center of the stress
range in the transition stage of the fatigue curve. For
this stress level, we determined the fatigue lives of
specimens with various states of the surface layer,
namely, after polishing (initial state), EMT, AUFT,
and EMT + AUFT (see Fig. 2).

As follows from these data, the presence of a hard-
ened layer with a high microhardness on the specimen
surface does not mean an analogous increase in the
fatigue life: in some cases, the fatigue life even
decreased (see Table 2). For example, the fatigue life
of the PT3V alloy after EMT decreased by more than
75% (from 87000 cycles of the initial alloy to
19 000 cycles for the EMT-hardened specimens), and
AUFT leads to an increase in the fatigue life by 12%
(98000 cycles) for the initial specimens and by 27%
(111000 cycles) for the specimens after combined
hardening EMT + AUFT.

The factor such as the embrittlement of the hard-
ened surface metal, the formation of internal stress
concentrators, and the formation of dangerous resid-
ual stresses during surface treatment are likely to be
decisive in the cases of decreasing the fatigue lives of
the specimens. The mathematical simulation of ther-
momechanical treatment during EMT of titanium
alloys [15] demonstrates that tensile stresses appear in
their surface layers, and the intense plastic deforma-
tion of a thin surface layer during AUFT is accompa-
nied by the formation of compressive stresses. Along
with the ultrafine-grained structure formed in the sur-
face layer during treatment, these stresses can increase
the fatigue life.

Change in the Inelasticity Characteristics

The development of fatigue damages in the loaded
volume is accompanied by the accumulation of one-
sided quasi-static deformation e and is expressed as a
nonlinear stress–strain relation, which can be charac-
terized by hysteresis loop width Δe (Fig. 3). Moreover,
as a crack grows, the cross-sectional area and its rigid-
ity decrease, which manifests itself in a decrease in the
slope of the elastic loading line Ec (see Fig. 3) [11].

To determine the controlled parameters during
cyclic tests, we recorded the loading and deformation
parameters and mechanical hysteresis loops. Using
these data, we determined the maximum (emax) and
minimum (emin) cycle deformations and parameter Ec
(see Fig. 3). The change in the minimum cycle defor-
RUSSIAN METALLURGY (METALLY)  Vol. 2019  No.
mation emin during tests was taken to be cyclic creep
deformation e, the change in the hysteresis loop width
Δe was used to estimate the degree of fatigue damages,
and Ec at the stage of crack growth reflected the com-
pliance of a specimen.

Figure 4 shows the characteristics (emin, Δe, Ec)
determined as functions of the number of cycles for
the initial state of the alloy and after its surface hard-
ening by EMT and AUFT. We present the data
obtained for the last 20000 cycles before fracture: they
cover part of the stage with a stable change in the
inelasticity characteristics and the stage of accelerated
change in the inelasticity parameters. For the EMT-
hardened specimens, the range of 20000 cycles
includes the entire range of tests (Fig. 4a).

The titanium alloy under study was shown to have
low inelasticity parameters (emin, Δe) at the stage of
crack nucleation in all cases of surface hardening
during pulsed loading. For example, the hysteresis
loop width of the initial alloy at the beginning of tests
was 0.0013% and changed weakly up to failure, which
is typical of cyclically stable materials at given cycle
parameters (Fig. 4b). The average creep rate calcu-
lated using the obtained data at the stage of steady
creep is 10–7 cycle–1, which is characteristic of the
fatigue fracture of titanium alloys [16].

In all cases, we detected a general character of
changing the inelasticity parameters as functions of
the number of loading cycles. Specifically, we detected
two stages, namely, a steady stage and a stage of an
intense change in emin, Δe, and Ec (see Fig. 4). The first
stage is characterized by almost constant values of
parameters emin, Δe, and Ec during cyclic loading. In
the second stage, cyclic creep emin and hysteresis loop
width Δe increase intensely and compliance Ec
decreases. This behavior is related to the processes of
accelerated growth of a main crack and rupture of a
specimen [11, 17].
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Fig. 4. Change in inelasticity parameters (1) emin, (2) Δe, and (3) Ec in the last 20000 cycles before fracture for specimens with
the following states of surface layer: (a) after EMT, (b) after polishing (initial state), and (c) after AUFT.
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For the EMT-hardened specimens, the beginning
of the stage of intense changes in the inelasticity
parameters corresponds to 13000 cycles (Fig. 4a), and
its duration to final fracture is 19100 – 13000 =
6100 cycles. For specimens in the initial state, this
stage begins at 82000 cycles and lasts to fracture of a
specimen in 5000 cycles (Fig. 4b). The AUFT-hard-
ened specimens have similar stages of rapid changes in
the inelasticity parameters, namely, 98000 – 94000 =
4000 cycles (Fig. 4c).

A comparison of the curves shown in Fig. 4
demonstrates synchronous changes in the intensities
of emin, Δe, and Ec at the stage of prefracture. There-
fore, we can conclude that the stage of intense changes
in the inelasticity parameters is determined by simul-
taneous development of plastic deformation and
accelerated crack growth. The duration of the stage of
accelerated crack growth and the rupture of a speci-
men is 4000–6000 cycles irrespective of the total
fatigue life of the specimen and the type of surface
RU
hardening (this range is indicated by vertical dashed
lines in Fig. 4). A longer fatigue life of a specimen does
not affect the stage of accelerated crack growth and
rupture.

Stage of Stable Crack Growth
Microfractography, fatigue crack growth parame-

ters. The stage of stable fatigue crack growth during
cyclic loading can be characterized by the dependence
of the crack growth rate on the stress intensity factor
(SIF), which is based on the Paris equation

(1)

where dl/dN is the crack growth rate, Kmax is the max-
imum SIF in a cycle, and C and n are the experimen-
tal characteristics of the fracture toughness of the
material.

The primary reconstruction of the stable crack
growth kinetics is performed using fractography based

= max,ndl CK
dN
SSIAN METALLURGY (METALLY)  Vol. 2019  No. 5
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Fig. 5. Micrograph of the fatigue fracture surface in (a–c) stable crack growth zone at various depths ((a) 3.2, (b) 1.5, (c) 1.08 mm)
and (d) rupture zone.
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on an electron-microscopic analysis of fracture sur-
faces (Fig. 5). A fracture surface is used to reveal pre-
dominant fracture mechanisms at various stages and
in various surface zones, from a crack nucleation site
to the fracture zone, where a crack reaches critical
sizes.

One of the microfractographic signs of stable crack
growth is the presence of fatigue grooves on a fracture
surface [8, 18, 19]. Distance s between neighboring
grooves is determined by the crack growth rate, s =
dl/dN. The fatigue step, the elastic properties, and SIF
Kmax at the stage of stable crack growth are related as
s ~ (Kmax)n [18, 19].
RUSSIAN METALLURGY (METALLY)  Vol. 2019  No.

Table 3. Fracture surface parameters in the zone of stable c
PT3V titanium alloy

Parameter
Distan

3.2

s, m 3 × 10–6

Kmax MPa m1/2 60.2

C

n

Figures 5a–5c show the fracture surface of the
EMT-hardened specimen in the zone of stable crack
growth with fatigue grooves, the average distances
between at various distances from the crack nucleation
site are given in Table 3.

At the stage of rupture, the fracture surface shown
in Fig. 5d corresponds to ductile fracture with a pro-
nounced dimple relief.

To estimate the maximum SIF in a cycle Kmax as a
function of fatigue groove spacing s, we use the expres-
sion [18]

(2)= 2 2
max10 ,s K E
 5

rack growth and the fatigue crack growth characteristics in a

ce from crack nucleation site, mm

1.5 1.08

1.2 × 10–6 7.5 × 10–7

41.2 35.0

9 × 10–12

3.17
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Fig. 6. Fatigue crack growth curve of a PT3V titanium
alloy.
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where E is the elastic modulus.
Table 3 gives the results of calculating SIF Kmax as a

function of the groove spacing and the distance from
the crack nucleation site. SIF Kmax is seen to increase
when a crack grows, which is accompanied by an
increase in groove spacing s.

To test the reliability of these results, we use the
data on the fatigue crack growth in the titanium alloy
under study that were obtained from experiments on
cyclic three-point bending of prismatic specimens.
The diagram plotted using these data is shown as the
solid line with solid circles in Fig. 6. The values of SIF
Kmax calculated by Eq. (2) using the fractographic
results are shown as the open circles in Fig. 6. These
values are seen to agree well with the experimental
results.

Using the microfractographic data (see Table 3),
we estimated the duration of the stage of stable crack
growth. The number of cycles required for a crack to
grow from an initial length to the end of stable growth
is determined by integrating Paris equation (1),

(3)

where l0 and lf are the initial and final crack length,
respectively, σ is the maximum cycle stress amplitude,
and F1 is a calibration constant [20].

If initial crack length l0 in Eq. (3) is taken to be
comparable with the EMT-hardened layer thickness
(0.15 mm), the calculated stage of stable crack growth
is 4600 cycles for the limiting value lf = 3.2 mm (see

( )− −

= =
− σ π

× −


f

0 max 1
2 2

2 2
f 0

1
(2 ) ( )
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n n

dlN
CK n C F

l l
RU
Table 3). Thus, the durations of the stages of stable and
accelerated crack growth and rupture are comparable,
about half the fatigue life of the EMT-treated speci-
mens. For specimens of other types, these two stages
are ~10% of the total fatigue life.

According to these results, the fracture parameters
of the pseudo-α-titanium alloy at the stages of stable
fatigue crack growth and rupture weakly depend on
the state of the surface layer, including the high-
microhardness layer hardened by various methods, at
the given level of cyclic stresses. Here, the change in
the fatigue life is mainly determined by the stage of
crack nucleation, and the role of the state of surface,
its mechanical properties, and residual stresses
becomes one of the most important factors.

CONCLUSIONS
(1) We studied the influence of various types of

hardening of the surface layer in pseudo-α-titanium
alloy specimens on the durations of the stages of stable
and accelerated crack growth and rupture during
pulsed cyclic loading at σmax = 0.8σ0.2. As follows from
the changes in the inelasticity parameters, the hard-
ened surface layer does not affect the stage of acceler-
ated crack growth and rupture during tests of labora-
tory specimens.

(2) Using the methods of linear fracture mechanics
and microfractography, we estimated the duration of
the stage of stable crack growth. When laboratory
specimens are subjected to fatigue tests, the period of
stable crack growth can account for 5–30% of the total
fatigue life of the specimens at an insignificant differ-
ence between the absolute numbers of cycles.

(3) The key role of the state of surface layer in the
total fatigue life of a specimen was supported. The
strength estimated from the microhardness was shown
not to characterize the ability of material to withstand
the nucleation of fatigue cracks.

(4) To achieve a balanced set of the surface micro-
hardness, the strength, the plasticity, and the fatigue
life of a PT3V-type titanium alloy, it is reasonable to
use a combined surface hardening method with a
sequential application of electrochemical and ultra-
sonic treatment.
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