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Abstract—The structure and properties of 12Cr1MoV steel irradiated with a zirconium ion beam were studied by
optical microscopy, scanning electron microscopy, and micro- and nanoindentation. It is shown that the modifica-
tion covers the entire cross-section of the irradiated specimens to a depth of 1 mm. The data on irradiation-induced
structural changes are used to interpret the changes in mechanical properties of the irradiated specimens under static
and cyclic loading. Particular attention is given to analysis of strain estimation by the digital image correlation

method.
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1. INTRODUCTION

In one of our previous papers we studied the influ-
ence of irradiation of heat-resistant 12Cr1MoV steel
with a Zr" ion beam on its mechanical properties and fa-
tigue life [ 1]. Most attention was focused on assessment
of structural modification in a thin layer of a few micro-
meters. Transmission electron microscopy and X-ray
diffraction analysis revealed the presence of intermetal-
lic and carbide compounds, substantial grain refinement
in the thin specimen layer after irradiation, and forma-
tion of phases with a size of 100—150 um. Particular at-
tention was given to analysis of the processes occurring
on the surface because it was evident that the untreated
and treated specimens differed in their deformation re-
lief. It was found that fracture of the modified layer in-
volved cracking only in a small area which experienced
substantial thinning (necking). At the same time, the de-
formation relief in the modified layer was much less pro-
nounced compared to the untreated specimens, as was
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evidenced by measurement data on the roughness at dif-
ferent distances from the necking site.

Tests for static and cyclic tension revealed an in-
crease in ultimate strength by 15% and in fatigue life by
a factor of 2 or 3. It was supposed that a possible cause
for the observed effects was multiple microcracking
capable of providing substantial dispersion of powerful
stress concentrators and impediment of strain macrolo-
calization. However, multiple cracking was observed on-
ly in individual regions. Moreover, the steel matrix
(core) displayed considerable ductility which could
compensate to a certain degree the negative influence of
cracks as stress concentrators (notches).

Thus, the data obtained in our previous study and
their explanations [ 1] are insufficient for understanding
the multiscale nature of the observed phenomena. There-
fore, our further research was focused on studying the
structural changes not only in thin surface layers but also
beneath them, including core regions. A more detailed
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analysis was performed to study the mechanisms of de-
formation under static and cyclic loading.

The strain-induced behavior of 12Cr1MoV steel be-
fore and after ion beam treatment was studied using a
TOMSC television-optical measuring complex based on
an Instron-5288 electromechanical testing machine. For
estimation of meso- and macroscale strains, we used the
digital image correlation (DIC) method [2], allowing one
to obtain qualitative and quantitative strain distribution
patterns (displacement vector fields, shear strain inten-
sity, and its integral value over a surface under study).

2. MATERIAL AND RESEARCH TECHNIQUE

The test material was chosen due to its heat resistance
for minimizing the thermal effect of ion beam treatment.
The proposed method of modification can be recom-
mended for continuous casting rolls made of
25Cr1MolV steel [3, 4], which is similar in purpose and
properties to 12Cr1MoV and is intended for operation at
high temperatures (570-585°C) [5]. The test material
was spark cut from a steam pipeline to obtain flat speci-
mens of dimensions 70x10x1 mm?. For fatigue tests, a
hole of diameter 2 mm was drilled in the specimens at
50 mm from one of the edges. The specimens for static
tension were dumbbell shaped to have a double gage sec-
tion of dimensions 20x5x1 mm?® (first section) and
3x5x1 mm?® (second section). The specimen shape al-
lows direct observation of strain localization in tension
and quantitative estimation of mesoscale strains on the
specimen surface by the DIC method.

Like in our previous study [1], the test specimens
were in the as-received state (untreated) and subjected to
irradiation with a Zr" ion beam (treated) on a UVN-02
Kvant high-current vacuum arc source of metal ions [6].
When treated, the surface layer of the specimens experi-
enced short-time heating to temperatures of about 600—
900°C. However, due to rotation of the specimens with
respect to the ion source (Fig. 1), their surface heating
(which occurred at instant of interaction with the ion
beam) was not continuous and this eliminated heat-in-
duced softening (tempering). The specimens experienc-
ed a certain degree of cyclic thermal action which was
bound to result in structural changes not only in their
modified thin surface layer but also beneath it.

The specimen microstructure was examined through
chemical etching in a 5% solution of nitric acid. Images
of the specimen surface were taken using an Axiovert 25
CA optical microscope and EPIQUANT microscope
(Carl Zeiss). The surface relief was imaged using a LEO
EVO 50 scanning electron microscope (Carl Zeiss). For
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X-ray diffraction analysis, an INCA energy dispersive
analyzer (Oxford Instruments) was used.

Tests for static tension were performed on an Instron
5582 electromechanical testing machine while tests for
cyclic tension on a Biss UTM 150 servohydraulic ma-
chine. For optical estimation of strains in fatigue tests
and characterization of deformation reliefs, images of
the specimen surface were taken with a Canon EOS
550D camera. For construction of displacement vector
fields and their subsequent translation to strain compo-
nents, we used the TOMSC television-optical measuring
complex and special software [7]. For strain estimation,
we calculated the normalized shear strain intensity [8].

The specimen microhardness was measured with a
PMT-3 device at a load of 50 g; the measurements were
taken on the flat surface and over the specimen cross-
section before and after ion beam treatment. For this pur-
pose, no less than 20 indentations were statistically pro-
cessed. The specimen nanohardness was measured using
an MTS G200 nanoindenter with a Berkovich pyramid
indented to a depth of ~1 um. The objective of these
measurements was to compare the data of micro- and na-
noindentation and to estimate the structural changes in-
volved in Zr ion beam irradiation of 12Cr1MoV steel.
The load in nanoindentation was 50 mN and the averag-
ing was over ten measurements.

Fatigue tests were performed in two modes of cyclic
tension: high-cycle fatigue with a maximum load of 2.5 kN
(320 MPa) and minimum load of 0.9 kN (115 MPa) and
low-cycle fatigue with a maximum load of 2.7 kN
(345 MPa) and minimum load of 0.9 kN (115 MPa). The
parameters of alternate cantilever bending were the follow-
ing: amplitude 6 mm, shoulder 51 mm, frequency 9.5 Hz.

3. EXPERIMENTAL RESULTS
3.1. Modified Microstructure
Figures 2a and 2c show the microstructure of the un-

treated steel representing a mixture of ferrite-pearlite
grains. The macrostructure after ion beam treatment was

Fig. 1. Schematic of ion beam treatment: /—specimens; 2—
ion gun.
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Fig. 2. Optical images of the 12Cr1MoV sections in the as-received state (a, ¢) and after Zr" ion beam treatment (b, d).

analyzed on lateral sections to estimate the modified
layer depth (Fig. 2b). As expected, ion beam irradiation
modifies not only a thin surface layer due to Zr ion pene-
tration but also deeper matrix (core) layers. The modi-
fied layer of thickness 90—130 wm with a clear white hue
on etching is characterized by rather coarse grains. How-
ever, any clearly defined interface with underlying core
layers escapes detection. The cause for the so consider-
able increase in surface grain size in this type of steel can
be heating to high temperatures (to about 900°C). At the
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same time, the initial grain structure in the core is pre-
served which can be due to periodic cooling of the speci-
mens in their rotation with respect to the ion beam. Mo-
reover, thermal cycling of the irradiated material results
in fragmentation and decreases the grain size from 30—
50 um (Fig. 2¢) to d <20 um (Fig. 2d). Analysis of the
images shows that the observed structure is more typical
for troostite-sorbite phases. The internal structure in the
core is modified with attendant increase in microhard-
ness compared to the untreated material (Fig. 3).

(b)
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Indentation depth, nm

Fig. 3. In-depth variation of the microhardness (a) and nanohardness at a load of 50 mN (b) for 12Cr1MoV steel before (/) and after ion

beam treatment (2).
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Table 1. Results of nanoindentation

Specimen type Hardness, GPa | Elastic modulus, GPa
Untreated 3.5+0.5 226.5+13.5
Treated 2.8+0.6 237.4+26.0
Change after treatment 120% T 5%

3.1.1. Microhardness and Nanoindentation

The microhardness of the untreated specimens is 1.67+
0.1 GPa. After the ion beam treatment, its value varies
greatly with depth from the surface (Fig. 3a). The micro-
hardness on the irradiated surface decreases to 1.5+
0.1 GPa. Reasoning from the indentation diagonal, the
penetration depth of the Vickers pyramid is 16 um. The
softening is likely due to the temperature which can
reach 600—900°C in local surface regions during irradia-
tion. At a depth of 40—50 wm from the surface, the micro-
hardness decreases to 1.45+0.04 GPa, and at a depth of
50-150 wm, it increases to a constant value of about
2.16+0.1 GPa and thus remains higher than the micro-
hardness of the untreated specimens (H, ~ 1.7 GPa).
These results agree well with the data of optical micros-
copy (Fig. 2b). Thus, the microhardness of the speci-
mens after ion beam treatment decreases through a depth
of about 100—150 um from the surface, whereas its value
at a larger depth increases by ~22%.

The results of nanoindentation at a Berkovich pyra-
mid penetration depth of 900 nm are presented as load-
ing—unloading curves in Fig. 3b and are summarized in
Table 1. It is seen that the modified thin surface layer of
up to 1 wm thick features a lower nanohardness and
slightly increased Young’s modulus. The data agree with
our previous results [ 1] and with the data on microinden-
tation (Fig. 3a).
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3.1.2. X-ray Diffraction Microanalysis

The content of chemical elements over the cross-sec-
tion of the untreated and treated specimens is presented
in Fig. 4. It is seen in the diagrams that near the surface
the content of Cr, Mn, Si, and Fe decreases and the car-
bon content increases. The chemical compositions of the
untreated and treated specimens are rather close at a
depth of more than 100 um from the surface. In the core
region at a depth of ~400 um, the content of the elements
differs within the measurement error.

3.2. Static Tension

For more detailed study and quantitative estimation
of deformation processes under static tension, we tested
the untreated and treated specimens with a double gage
section. Diagrams of tensile loading and shear strain in-
tensity are shown in Fig. 5; summarized data on main
mechanical properties are presented in Table 2. It is seen
that that the ultimate strength after ion beam treatment
increases by 10% and the elongation decreases by 19%.
These data agree well with our previous tests of dumb-
bell-shaped specimens [1]. Noteworthy in analyzing the
data is that the difference in mechanical properties of
two specimen types is likely due to structural modifica-
tion over the entire specimen cross-section rather than to
an “implanted” surface layer of no more than 2 um.

Another important feature is that the ultimate
strength of both specimen types is attained when the
strain degree measures less than a half of the total elon-
gation before fracture. This fact was already discussed as
applied to 25Cr1MolV steel [9]. On the one hand, the
specimens are characterized by noticeable strain harden-
ing at the parabolic stage of deformation; on the other
hand, when they reach their ultimate strength, they are
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Fig. 4. Atomic percentage of chemical elements in depth from the specimen surface: a—Fe (/) and C (2) before irradiation, and C (3)
and Fe (4) after irradiation; b—Cr (7), Mn (2), and Si (3) before irradiation, and Cr (4), Mn (5), and Si (6) after irradiation.

PHYSICAL MESOMECHANICS Vol.18 No.3 2015



FATIGUE LIFE ENHANCEMENT BY IRRADIATION OF 12Cr1MoV STEEL WITH A Zr" ION BEAM

o, MPa R

500 1 i
1 F0.020

400 1 L
1 L0.016

300 2 ' T
] L0.012
2007 F0.008
100 L 0.004

] N!
o (@) 0.000

10 20 30 40
g, %
o, MPa Y

600 [
0.016

500 1 [
400 -0.012
3007 - 0.008

2001 r
L 0.004

100 i

(b)
o< 0.000

0 4 8 12 16 20 24 28 32 36

g, %

Fig. 5. Tension diagram (/) and shear strain intensity (2) for
the specimens before (a) and after ion beam treatment (b).

rather long deformed without necking. This deformation
behavior remains the same after ion beam treatment of
12Cr1MoV steel.

During the tests, images of the specimen surface were
taken at an interval of 5 s. Then, the optical images were
computer processed to calculate the vector-field average
(normalized value) of the shear strain intensity with in-
creasing elongation (Fig. 5). The trends of the curves sug-
gest that the shear strain intensity increases almost linearly
with strain. For the untreated specimen, the maximum
shear strain intensity (before fracture y = 23x107%) is
26% higher than that for the treated specimen (y =
17x107%). For quantitative and qualitative comparison
of the shear strain intensity in both specimens, the distri-
bution fields of this parameter were analyzed (Fig. 6).
For correct calculation of the displacement vector fields

Table 2. Results of tensile tests for the specimens with a double
gage section

Specimen type Elongation, % Ultimate strength, MPa
Untreated 42.0+0.1 500+27
Treated 34014 555+44

PHYSICAL MESOMECHANICS Vol. 18 No.3 2015
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and strain fields, a mask was superimposed on the ima-
ges of the specimen after irradiation; the procedure is de-
scribed in detail elsewhere [2]. The specificity of mask
superimposition on the irradiated specimen image gives the
impression that a neck is formed even early in the loading;
however, this effect should be considered as an artifact.

It is seen that early in the loading (Fig. 6a), the un-
treated specimen reveals a Chernov—Liiders band orient-
ed at an angle to the load axis. In the treated specimen,
this effect is not observed (Fig. 6e). Further in the load-
ing, the strain distribution over the gage section of the
untreated specimen becomes more uniform (Fig. 6b),
and the maximum shear strain intensity is found mostly
near the center of the observation region: Y, = 285x
107 at & = 16%. For the treated specimen at the same
strain degree, the strain localization in the centre of the
observation region is more pronounced (Fig. 6f); the ma-
ximum shear strain intensity reaches vy, =366x 1073,

The further loading involves a gradual decrease in the
size of the strain localization region at the center of the
specimen. In the untreated specimen, the maximum
shear strain intensity reaches y = 5081 07 at an elon-
gation of € =23%; in the treated specimen, the maximum
shear strain intensity in the region under study is notice-
ably higher: y=732x107. Before fracture, the total
strain is localized in a thin macroband located roughly at
the centre of the gage section and oriented normal to the
direction of applied external load. The shear strain in-
tensity increases almost an order of magnitude and is
y=3640x107°, whereas the shear strain intensity in the
treated specimen before fracture is lower and is y =
2720x107. Tt should be noted that the observed varia-
tion in the shear strain intensity in the region under study
agrees well with the data on deformation reliefs, which is
an additional support for correctness of the optical me-
thod of strain estimation.

The same character of gradual plasticity exhaustion
under static tension was demonstrated elsewhere [10,
11]. The behavior of a loaded solid was compared with
elastic vibration of a string and the formation of a neck
was considered as a process of gradual reduction of the
specimen region in which such “elastoplastic waves of
local curvature” can propagate [11].

In the treated specimen, no Chernov—Liiders band is
formed (Fig. 6¢). This agrees well with the absence of a
sharp yield point characteristic for low-carbon steels on
the loading diagram. Next, the treated specimen is de-
formed in the same way as the untreated one, except that
its maximum shear strain intensity y in the observation
region is higher. Before fracture, the treated specimen
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Fig. 6. Images, displacement vector fields, and shear strain intensity distribution for the specimens with a double gage section under ten-
sion: untreated material (a—d), treated material (e—h); =3 (a, e), 16 (b, f), 23 (c, g), 34 (h), and 42% (d), fracture (d, h).
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Fig. 7. Optical images (a—d) and shear strain intensity distributions (e—h) at a minimum load of 0.9 kN: untreated material (a, b, e, f),
treated material (c, d, g, h); 1000 (a, e, c, g), 44000 (b, f), and 150000 (d, h).

also reveals a strain localization macroband along which
amain crack propagates (Fig. 6h).

3.3. Cyclic Tension
3.3.1. Low-Cycle Fatigue and Shear Strain Intensity

Our previous tests for cyclic tension and bending
show that ion beam treatment can provide a considerable
increase in fatigue life [1]. In the paper presented, our
aim was to clarify the features of meso- and macroscale
deformation by the digital image correlation method. Fi-
gure 7 shows optical images and shear strain intensity
distributions for the treated and untreated specimens in

! (a)
0.03 A1

0.02 1

low-cycle fatigue. It is seen that cross-shaped macro-
bands of strain localization not found on the optical
images develop in the untreated specimens in the direc-
tion of maximum tangential stresses even after the first
thousand of cycles (Fig. 7¢). This is due to a rather high
level of applied external load (345 MPa) which approxi-
mates the yield strength of the ductile steel. At this load-
ing stage, the average shear strain intensity in the region
under study is y = 14x1073 (Fig. 8, curve 7). At the next
loading stage, two main fatigue cracks in the region of
minimum cross-section develop in opposite directions
perpendicular to the load axis (Fig. 7b). This corres-
ponds to the increase in average shear strain intensity in

v ® (b)

120 N, 10% cycle

Fig. 8. Average shear strain intensity versus the number of cycles at two loads: a—0.9 kN (115 MPa), b—2.7 kN (345 MPa); /—un-

treated material, 2—treated material.
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Fig. 9. Optical images (a—d) and shear strain intensity distribution (e—h) at a load of 2.5 kN: a, b, e, f—untreated material; c, d, g, h—
treated material; 61000 (a, ), 122000 (b, f), 193000 (c, g), and 247000 cycles (d, h).

the observation region to ¥ = 30x107, which is bound
to result from severe plastic deformation involved in
opening of both cracks (Fig. 8, curve 7).

In the treated specimen, due to structural modifi-
cation over its cross-section, no macrobands of strain lo-
calization are observed under cyclic loading (Figs. 7¢
and 7g). This is supported by the average shear strain in-
tensity which is more than two times lower in the obser-
vation region for the treated specimen compared to the
untreated one (Fig. 8, curve 2). In the specimens sub-
jected to ion beam treatment, changes in the strain inten-
sity distributions are observed only before fracture (N =
150000 cycles, Figs. 7d and 7h).

The dependences of the average shear strain intensity
on the number of cycles at different levels of applied
load (Fig. 8a) reveal two characteristic stages. The dia-
gram for the untreated specimen has two characteristic
portions: a portion which precedes propagation of a
crack and a portion which corresponds to propagation of
main fatigue cracks when the average shear strain inten-
sity increases to over y = 27x107>. For the treated speci-
men, individual stages escape detection almost to the
point of fracture and its shear strain intensity starts gra-
dually increasing only at N >120x1 0’ cycles, which al-
so corresponds to nucleation and propagation of fatigue
cracks. The disclosed mechanisms allow us to adequa-
tely explain the cause for fatigue life enhancement in the
specimens subjected to ion beam treatment. Figure 8b
shows the same dependences but calculated by the DIC me-

thod at a maximum load of 2.5 kN. By and large, the stage
character of the curves is preserved, and the absolute value
of the analyzed parameter decreases about two times.

3.3.2. High-Cycle Fatigue

Figures 9a and 9c present optical images of the sur-
face for the treated and untreated specimens under cyclic
tension shortly before fracture. Similarly to the low-
cycle fatigue tests, the untreated specimen reveals a
crack nucleating in the region of minimum cross-section
with the formation of two conjugate strain localization
bands (Fig. 9b). The fracture region is characterized by
noticeable contraction of the specimen and formation of
a clearly defined strain-induced relief. The surface of the
treated specimens is smoother, the deformation relief'is
not formed, and the contraction is much less pronounced
(Fig. 9d).

Figures 9e—9h show shear strain intensity distribu-
tions for the treated and untreated specimens tested in
the mode of high-cycle fatigue; the images were taken
at a load of 2.5 kN. It is seen that near the hole of the
untreated specimens after N = 60000 (the total number
of cycles before fracture is N,= 122000), strain locali-
zation macrobands develop in the direction of maximum
tangential stresses. Under further cyclic loading, the
strain localization macrobands in the form of a cross
become more pronounced, particular after the onset of
fatigue crack growth (Fig. 9e, N = 122000 cycles). In
the treated specimens, noticeable changes in the strain

PHYSICAL MESOMECHANICS Vol.18 No.3 2015
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Fig. 10. Average shear strain intensity vs the number of cycles: a—0.9 kN (115 MPa), b—2.5 kN (320 MPa); /—untreated material,

2—treated material.

intensity distribution are observed only before fracture
(Fig. 9h, 247000 cycles).

The foregoing results become more obvious if we
analyze the average shear strain intensity against the
number of loading cycles (Fig. 10). Figure 10a shows
diagrams obtained by optical data processing at the mini-
mum load. It is seen that like in the low-cycle fatigue
tests, the shear strain intensities for both specimen types
differ about two times (Y =0.4x10™ and 0.7x107> for
the untreated and treated specimens, respectively). How-
ever, the stage patterns in the modes of low- and high-
cycle fatigue differ markedly due to the difference in the
time of fatigue crack nucleation. The data on high-cycle
fatigue in normalized coordinates show that the fatigue
crack in this mode nucleates later. For the same reason,
the second stage is much shorter and the increase in
shear strain intensity at the second stage is several times
greater compared to the mode of low-cycle fatigue. For
the treated specimen, this parameter changes in a similar
way. The above data are supported by the diagram of the
shear strain intensity calculated through image process-
ing at a maximum load of 2.5 kN (Fig. 10b).

Thus, the degree of fatigue life enhancement in the
mode of low-cycle fatigue is noticeably higher compared
to the mode of high-cycle fatigue. This is because the
contribution of the modified surface layer (of up to seve-
ral tens of micrometers) to the fatigue crack resistance
decreases, and once a fatigue crack arises, the fracture
patterns in both modes are similar.

3.4. Alternate Cyclic Bending

Figure 11 shows dependences of the crack length on
the number of cycles; the diagrams were constructed
from the images taken in mechanical tests. The same fi-
gure presents images of the specimens in the stress con-

PHYSICAL MESOMECHANICS Vol.18 No.3 2015

centrator region at the initial stage (soon after crack nuc-
leation) and shortly before fracture. It is seen that both
specimen types reveal crack nucleation at about the same
number of cycles. However, the growth rate of the main
fatigue crack in the untreated specimen is much higher. A
more detailed description of these results can be found in
our previous paper [1].

Figure 12 shows displacement vector fields for the
untreated and treated specimens. The vector fields for
the untreated specimens (Figs. 12a and 12¢) represent
displacements typical for brittle-ductile growth of a fa-
tigue crack [12] when opening of its tip is preceded by
translational-rotational vortex motion of material. In the
region of crack growth, a clearly defined deformation re-
lief in the form of slip traces and folds at grain boun-
daries arises (Fig. 12a). In our opinion, the fatigue crack
propagates through coalescence of microcracks at the
boundaries of structural elements. At the next stage of fa-
tigue fracture [12], the mechanism of crack growth can
be characterized as opening mode cracking (Figs. 12¢
and 12g). Despite the branching of its tip, the displace-
ments at both crack edges unambiguously suggest that
the crack opening occurs by the above mechanism. The
substantial stress concentration at the crack tip governs
the formation of a pair of strain localization bands in the
direction of maximum tangential stresses (Fig. 12g).

The treated specimens reveal another character of de-
formation (Figs. 12c, 12d, 12g, 12h). On their surface,
quite many mesoscale strain-induced defects are observ-
ed and mostly as folds of extruded material (Fig. 12b),
which owes to the pattern of alternate cantilever bend-
ing. Several surface microcracks with noticeable branch-
ing propagate at a time from the hole as a stress concen-
trator. This fact becomes clear from analysis of the dis-
placement vector field (Fig. 12d). It is seen that due to
dispersion of the powerful stress macroconcentrator and
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Fig. 11. Crack length versus the number of cycles: /—untreated material, 2—treated material.

formation of a large number of mesoscale defects, the
deformation is less localized and this impedes the nucle-
ation and subsequent propagation of a main fatigue crack
(Fig. 11, curve 2).

As the number of loading cycles is increased to N =
15%10°, the main crack grows with attendant substan-
tial fragmentation of the surrounding material: the dis-
placement vector field reveals clearly defined regions
with identical displacement directions (Fig. 12h). The
crack propagation mechanism, in this case, can hardly be
treated as opening mode cracking. Thus, the structural
modification of the surface to a depth of tens of micro-
meters changes the character of fatigue crack nucleation
and propagation and increases the fatigue life of the ma-
terial about two times. It should be noted that although
the change from cyclic tension to bending changes the
influence of the modified surface layer on the mecha-
nisms of fatigue crack growth, the modification does
provide a considerable increase in the fatigue life of the
material.

5. DISCUSSION OF THE RESULTS

The results obtained in the study can have a dual in-
terpretation. On the one hand, the modification increas-

ed the fatigue life more than two times, and on the other
hand, the hardness of the near-surface layer was notice-
ably decreased thus making the effect of Zr ion doping
less positive. In terms of fatigue crack resistance, it is
preferable to retard the deformation processes in the sur-
face layer, which does take place according the data on
deformation reliefs. At the same time, it is desirable not
to impair the hardness of the underlying layers. A similar
effect is attained by surface nanostructuring through ul-
trasonic treatment [6] which increases the microhard-
ness at a depth of several hundred micrometers. In this
case, the increase in fatigue life is bound to be greater.
This issue is the subject of our future studies.
Particularly noteworthy is the result presented in
Fig. 11. It is seen that the specimen after ion beam treat-
ment undergoes fatigue fracture with a lesser degree of
crack opening compared to the untreated one. This corre-
lates well with lower crack velocities. The curvature at
the crack tip is proportional to the number of curvature
vacancies [ 13] which nucleate in the region and provide
the possibility for further crack growth. The foregoing
fact gives an insight into the cause for the lower fatigue
crack velocity in the treated specimen and hence its
higher fatigue life.
PHYSICAL MESOMECHANICS Vol. 18
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Fig. 12. Optical images and corresponding displacement vector fields under cyclic bending: untreated material (a, c, e, g), treated ma-
terial (b, d, f, h): a, c—(3 +4)x10%, b, d—(1 +45)x10°, e, g—(19+20)x10°, £, h—(3+25)x10>cycles. The stress concentrator is at

the bottom.

Compared to the untreated specimens, the specimens
subjected to ion beam irradiation reveal complex struc-
tural transformation over their cross-section. In a surface
layer of several micrometers, softening is observed (na-
noindentation); in a layer of up to 120 um, heat-induced
softening takes place (microindentation); and in the
core, the microhardness increases due to the processes
induced by local ion beam heating. This, as a whole, in-
creases the yield stress of the material under tension and
its fatigue life. However, this mode of treatment cannot
be considered optimum, and our further efforts will be

PHYSICAL MESOMECHANICS Vol. 18 No.3 2015

put into searching for such conditions that provide mini-
mum thermal action on the matrix during Zr ion beam ir-
radiation.

6. CONCLUSION

Thus, it is shown that the 12Cr1MoV specimens of
thickness 1 mm subjected to irradiation with a Zr ion
beam undergo structural modification over the entire
cross-section. The microhardness in their surface layer
of'up to 100 um decreases, while its value in the core in-
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creases compared to the untreated specimens. The modi-
fication increases the iron percentage and decreases the
carbon percentage in the surface layer.

The quantitative and qualitative estimates made for
the shear strain intensity by the digital image correlation
method demonstrate that the treated specimens, due to
their structural changes over the entire cross-section, ex-
perience earlier strain localization at the center of the
gage section.

The data of fatigue tests show that under cyclic ten-
sion, the modified structure of the irradiated specimens
retards the localization of plastic strains before nuclea-
tion and during propagation of a main fatigue crack, and
this decreases the average shear strain intensity. As a re-
sult, the fatigue life of modified 12Cr1MoV steel can in-
crease two times.

The treatment considered in the paper cannot be cha-
racterized as surface modification because the structure
is modified through large depths due to high local tempe-
ratures. The observed changes in mechanical properties
under static and cyclic loads should be interpreted in the
context of the loaded specimens as a multiscale system:
(1) a Zr-doped surface layer of several micrometers, (2)
a thermally softened layer of up to 100—120 wm, and (3)
a core hardened due to short-time cyclic thermal action.
The most efficient behavior of the multiscale system is
observed under cyclic loading.
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