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Abstract—Statistical data analysis was performed based on the results of standard tests with metallic materi-
als. The relation was found between the so-called fatigue limit, which is considered as the boundary between
micro- and mesoscale fatigue fracture processes, and mechanical characteristics under monotonic tension.
Using heat-resistant alloy EI698 and titanium alloy VT22 as examples, it was shown that the mechanisms of
fatigue crack initiation and growth in materials with different ratios of fatigue limit to yield stress are differ-
ent. The mechanism of slip band formation determines the fatigue crack initiation and its early growth stage
for materials with the ¢ 1/G¢, ratio close to 1 and higher, as was shown for E1698. For materials with the
6 1/6¢, ratio below 1, the fatigue crack initiation is associated with mechanisms other than slipping, as de-

monstrated for VT22.
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1. INTRODUCTION

In the previous papers, it was proposed that fati-
gue failure of metals should be studied on the three
scales (Fig. 1): micro-, meso- and macroscales con-
sistent with very high cycle (VHCF), high cycle
(HCF) and low cycle (LCF) fatigue [1-3]. The upper
boundary of the diagram corresponds to the ultimate
strength of the material and characterizes one half-
cycle of tensile loading to failure. The next boundary
separates the processes of developed plastic deforma-
tion occurring on the macroscale in the entire mate-
rial volume (LCF) and mesoscopic deformation loca-
lized in the zone of fatigue crack initiation (HCF).
On both scales, cracks originate from the surface [4—
6].

On the microscale, a crack initiates below the sur-
face [3, 7-9], but the nature of transition from the
meso- to microscale is undetermined. Consideration
was given only to the relation of the stress defined
earlier as the fatigue limit and determining the boun-
dary between the meso- and microscales with the
macroscale boundaries op and 64, [10-12].
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According to the analysis of the proposed rela-
tions, they either describe materials with different ba-
ses or use such parameters as strength and strain cha-
racteristics under monotonic tension (ultimate
strength, yield stress, elastic modulus, true strain at
fracture g, relative elongation and reduction of cross
section), as well as the hardness value (Brinell hard-
ness Hg) [10-17].

A large number of relations were proposed to pre-
dict the fatigue limit, the most common among which
are single-parameter relations between the fatigue li-
mit and ultimate strength. In [11], the fatigue limit-
to-ultimate strength relation was analyzed for steels,
as well as for aluminum and copper alloys. The
6 /o ratio was found to vary from 0.25 to 0.65.
From the plotted dependences of the fatigue limit on
the ultimate strength, the authors of [11] concluded
that there was a tendency to a linear increase in the
dependence o ;=f(og). For the most considered
steels, the fatigue limit is approximated by the linear
relation o_;=0.505 at op<1400MPa and o=~
700 MPa at 65> 1400 MPa. Later in [12], this relation
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Fig. 1. Generalized diagram of metal fatigue distinguish-
ing different damage accumulation mechanisms on diffe-
rent scales with bifurcation regions Ag,,,; [2].

was modified, and the equation ¢ | ~0.38c3 was pro-
posed for steels.

Domestic literature reports [10] that numerous at-
tempts to relate the fatigue limit to mechanical cha-
racteristics under monotonic loading (as well as to
hardness) resulted in various relations for different
metal materials. In particular, a through-origin linear
dependence of the fatigue limit on the ultimate
strength for steels has the form ¢_; = acg, where a va-
ries in the range from 0.4 to 0.6. The same relation
was given for brasses, bronzes, and aluminum alloys,
in which a varied in the range from 0.3 to 0.4, from
0.3 to 0.5, and from 0.25 to 0.4, respectively.

This necessitates the analysis of the accumulated
experimental data on tension and cyclic loading with
the determination of the characteristics og, 0y, and
o, in order to found reliable correlations between
them.

Of great interest is also the analysis of initiation
of fatigue cracks in specimens made of two model
materials to prove that different fatigue crack initia-
tion mechanisms dominate on the macro- and meso-
scales.

It is believed that slip band formation plays a de-
cisive role in the crack initiation from the surface
[18]. The initiation of a crack in slip bands with the
subsequent formation of a smooth facet, or river
marks, or a facet with numerous blocks of slip bands
was studied in [3, 19-25].

Even the transition to the microscale, where
cracks are initiated below the surface, was considered
in terms of an insufficient density of slip bands in the
surface layers of the material for a fatigue crack to
initiate [18]. Moreover, the classical pattern is the
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initiation of a fatigue crack from the surface, which
was proposed by Miller [26]. First, crystallographic
slip occurs, and then a fatigue crack grows along its
plane (Fig. 2). This pattern, as well as the above-de-
scribed mechanism of scale transition during the fati-
gue crack initiation, is attributed to the dominance of
developed or localized slip with the initial crack
growth along slip planes.

From the aforesaid it follows that the separation
of the macro- and mesoscales in metal fatigue is not
associated with a change in the damage accumulation
mechanism. That is why it is often suggested that the
number of cycles to failure should be considered as
the LCF-HCF boundary [27, 28]. The proposed bo-
undaries fall within the range from several hundred
to several million cycles. Unfortunately, this formal
approach does not reflect the physical essence of the
metal fatigue phenomenon and therefore cannot be
recognized reliable.

Systematic studies of dislocation structures in va-
rious metals [29-34], as well as fractographic analy-
sis in the zone of initiation of fatigue cracks, showed
that fatigue cracks initiated after the formation of a
dislocation band structure [33, 34]. Its formation is
due to the appearance of surface curvature and the
motion of dislocations from the surface [29]. This
suggests that different mechanisms of damage accu-
mulation correspond to different scales during the fa-
tigue crack initiation.

Below we consider domestic and foreign test data
and make their statistical analysis to find relations
between the parameters ¢_;, op, Go2, and og. We also

Stage [

Shear crack

2D crack

Intense
resistance

Fig. 2. Diagram of initiation and growth of fatigue cracks
from the metal surface [26].
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Table 1. Mechanical characteristics of alloys EI698 and VT22 under monotonic tension

Material E, GPa Goo, MPa o, MPa 8, % v, %
EI1698 215.77 904 1298 35.0 54.2
VT22 130 1600+ 10 1695+ 10 3.0+£0.5 —

analyze fracture mechanisms of two materials in the
vicinity of the LCF-HCF and LCF-VHCF bounda-
ries.

2. MATERIALS AND METHODS
OF INVESTIGATION

The difference in the crack initiation mechanisms
on the macro- and mesoscales was studied using the
heat-resistant nickel alloy EI698 and titanium alloy
VT22 strengthened by thermomechanical treatment
[35]. Parameters of tensile curves of round (EI698)
and rectangular (VT22) standard specimens are pre-
sented in Table 1.

Alloy VT22 was deformed by a specially deve-
loped method, which provided high values of the me-
chanical characteristics given in Table 1 [36, 37].

The structure of the studied alloys is shown in
Fig. 3. Titanium alloy is composed of a transformed
B matrix with elongated particles of the primary o
phase 0.5-1.5 um in size and with precipitates of a
highly dispersed secondary a(a") phase. The heat-re-
sistant alloy has a uniformly distributed globular
structure of the strengthening y' phase of two stan-
dard sizes.

The chemical composition of both alloys corres-
ponded to their standards, as shown in Tables 2 and 3.

Cyclic tests were carried out on BISS UTM
150 kN servohydraulic (alloy VT22) and Zwick/Roell
HAT100 (alloy E1698) machines with the frequencies
5 and 0.1 Hz and the cycle asymmetry 0.1 and 0.05,
respectively, at room temperature and in the soft

loading mode. In all tests, hysteresis loops were re-
corded from the test start to the specimen fracture.

The present and previous 20 kHz tests [36] of al-
loy VT22 allow deriving the ratios ¢_;/69,=0.94 for
the alloy EI698 and c_,/69,=0.55 for alloy VT22
[37]. Consequently, only two scales were realized for
alloy EI698, namely, the macro- and microscales, wi-
thout the mesoscale. In alloy VT22, all three scales
were realized in tests with different loading frequen-
cies [37].

Statistical analysis of the relations between the
scale boundaries in the fatigue diagram was made
using reference data [38—40] for 300 domestic and
200 foreign alloys based on Al, Mg, Fe, Ti, Ni, and
Cu. The most practically convenient are one-parame-
ter relations, which were analyzed below. The vali-
dity of the obtained regularities was determined by
various criteria [40].

At the next stage, we analyzed the relations be-
tween the fatigue limit and the above mechanical
characteristics under monotonic tension and plotted
the corresponding diagrams for the entire set of mate-
rials and separately for each alloy base. The plotted
diagrams were used to find the approximating func-
tions 6 =f(og), 6.1=/(002), and o =f(cpL). Linear
functions (through and not through the origin), as
well as power, exponential, logarithmic and quadratic
ones, were studied. The resulting equations were
used to derive the predicted fatigue limit values Gy,
which were then compared with the known experi-
mental values o, The largest deviation of the pre-

(®)

Fig. 3. Microstructure of alloy VT22 after radial shear rolling and subsequent aging at 450°C for 5 h (a) and globular structure of
the strengthening y' phase in alloy EI698 (b). Scanning electron microscopy.

PHYSICAL MESOMECHANICS Vol.27 No.3 2024
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Table 2. Chemical composition of nickel alloy EI1698 (wt %)

C Cr Mo Al Ti Nb Ni
0.03-0.07 | 13.0-16.0 | 2.8-3.2 | 1.45-1.80 | 2.35-2.75 | 1.9-2.2 | Base
Table 3. Chemical composition of titanium alloy VT22 (wt %)
Al \Y% Mo Cr Fe Zr Ti
Specimen 4.74 5.04 5.57 0.81 0.98 0.30 | Base
GOST 44-59 | 40-55 | 40-55 | 0.52.0 | 0.5-1.5 | <0.30 | Base
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dicted fatigue limit from the experimental one was
assessed. The reliability of the prediction was deter-
mined by the standard deviation criterion. The stan-
dard deviation Sp was calculated for each type of the
approximating functions by the following formula
[40]:

}’l])
Sh =\/ ! Z[lncspre —lncexp]2,
n p -1 i=1
where 7, is the number of experimental data. Accord-
ing to [16], a smaller Sp indicates a narrow scatter of
the predicted fatigue limit values relative to the expe-
rimental ones.

For a better quantitative comparison of the appro-
ximating equations, the predicted values were ana-
lyzed using probability density functions. For this
purpose, for each approximating equation, the pre-
dicted fatigue limit values were arranged in an as-
cending order, i.e. in an ordered series. Based on the
recommendation [41], the probability distribution
was sought in the form of log-logistic distribution,
and the cumulative distribution function is expressed
as [41]:

P
—, x>0, k>0, p=1,
kP +x?
where p is the shape parameter, and £ is the scale pa-
rameter. The corresponding probability density func-
tion of the log-logistic distribution is given by the
equation [41]

N2’

TO= ey

The cumulative probability P, of the predicted
data was estimated using the mean-rank method by
the following formula:

F(x)=

pp-1
PREX” o0, k>0, p21.

i

P =
f >
np+1

where i is the number in the ordered series.
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The ratio x=0./0cxp for each approximating
equation was used as an argument of the probability
distribution. The optimum distribution parameters &
and p were determined by the least squares method.

The prediction method was thought to be opti-
mum if the peak value of the probability density
function was around Xx=Gp/Gex, =1, at which the
standard deviation is minimum or close to the mini-
mum value.

Statistical analysis of the entire set of data, re-
gardless of the alloy base, was made only for materi-
als and their heat-treated states with the ratio
0_1/69,<1. This is due to the fact that, for materials
with the ratio greater than 1, an increase in cyclic
stress causes the immediate transition from the mic-
roscale of fatigue damage accumulation to the macro-
scale, bypassing the mesoscale [1].

3. RESULTS OF STATISTICAL ANALYSIS

The fatigue limit-to-ultimate strength relation for
all the considered domestic and foreign materials has
the highest R-squared values when approximating by
linear (through (f(x) =ax) and not through the origin
(f(x)=ax+b)), power or quadratic dependences. The
obtained R-squared values, which exceed 0.8, indi-
cate a high correlation between the studied character-
istics.

It is found that the best approximating depend-
ence for the prediction of the fatigue limit by the ulti-
mate strength for the entire set of the considered do-
mestic and foreign materials (Fig. 4a) has the form

6_,=037cp or o_; =0.38c5 —9.35. (H

Statistical analysis shows that the relations with
the yield stress (Fig.4b) and proportional limit have
the highest R-squared values when approximating by
the same dependences as for the relation with the ul-
timate strength, but with other parameters. For the
studied relations o ;=f(co») and o ;=f(op.), the
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Fig. 4. Dependences of the fatigue limit on the ultimate strength (a) and yield stress (b) for the studied domestic (/) and foreign

(2) metal materials.

R-squared value is no lower than 0.8 and 0.7, respec-
tively.

Comparison between probability density functions
(Fig. 5) and standard deviation values derived by the
above approximating dependences reveals that the
most reliable prediction of the fatigue limit by the
yield stress and proportional limit is given by not-
through-origin linear relations, which have the form:

c_,=0.41c,, +30.49, 2)

6, =047c, +35.75. 3)

The analysis of the cumulative probability and
probability density functions for the fatigue limit
(Fig.5) shows that the relation with the ultimate
strength gives the best prediction.

A similar analysis of approximating dependences
for steels (Fig. 6a) shows that the relations of the fa-

Pr

0.75-

0.50-

0.25-
—1
—2
—3

0.00 ; : :

00 05 10 15 20 opfoeg

tigue limit with the ultimate strength and yield stress
yield high R-squared values, which exceed 0.75 and
0.72, respectively. However, R-squared values for
the fatigue limit-to-proportional limit relation are low
(less than 0.3). This is most likely due to the small
data sample of the proportional limit for steels. Based
on the analysis of probability density functions and
standard deviation values for steels, the following
most predictive equations are obtained:

6_,=0.3405 +75.13, (5)

6, =0.330,, +150.59. (6)

For the data studied for steels, the relation with
the yield stress gives a better prediction compared to
that with the ultimate strength.

For a through-origin linear dependence of the fati-
gue limit on the ultimate strength, the a value obtain-

Jx) (b)

1.0+

0.54

0.0+—=
0.0 0.5 1.0 1.5

/

Opre/Cexp

Fig. 5. Cumulative probability (a) and probability density functions (b) for predicting the fatigue limit by the ultimate strength
(1), yield stress (2), and proportional limit (3) for all studied materials (color online).
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Fig. 6. Dependences of the fatigue limit on the ultimate strength for alloys based on Fe (a), Cu (b), Ti (c), and Ni (d) (color

online).

ed from the analysis of the data set for steels equals
0.39, which is close to the value derived in [12].
However, comparison of the probability density
functions for the analyzed one-parameter dependen-
ces (through-origin and not-through-origin linear, lo-
garithmic or power ones) suggests that the probabil-
ity density function for the through-origin linear de-
pendence has the most distant peak from the value
X=Ope/Gexp= 1. Therefore, the not-through-origin li-
near relation between the fatigue limit and the ulti-
mate strength is the most predictive for the studied
steels.

For copper alloys, approximating dependences for
the relations of the fatigue limit with the ultimate
strength (Fig. 6b) and yield stress have high R-squar-
ed values: about 0.8 and 0.7, respectively. Such a
high R-squared value for the fatigue limit-to-ultimate
strength relation may be explained by the small amo-
unt of data for these characteristics. By analyzing the
probability density functions and standard deviation
values obtained for different types of approximating
functions of the studied relations, it is found that the
most reliable prediction of the fatigue limit is given
by the following equations:
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6, =0.180, +57.82, (7)
6, =0.18c,, +86.53. (8)

Within the studied data, a more accurate predic-
tion of the fatigue limit of copper-based alloys is ob-
tained using the relation with the ultimate strength as
compared to the relation with the yield stress.

For aluminum alloys, the relations of the fatigue
limit with the ultimate strength, yield stress, and pro-
portional limit approximated by the same equations
have the R-squared values 0.3—0.5. This points to a
weaker correlation between their fatigue limit and
tensile properties than that for steels and copper al-
loys. Moreover, the R-squared value is higher for the
fatigue limit-to-ultimate strength relation and lower
for the fatigue limit-to-proportional limit relation.

Analysis of the probability density functions and
standard deviation values reveals the best equations
for the fatigue limit of aluminum alloys:

6_,=0.2605 +12.94, 9

5, =0.2lc,, +50.87. (10)

For the data studied for aluminum alloys, it is
found that the relation with the ultimate strength is
more predictive than that with the yield stress.
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For magnesium alloys, R-squared values for the
relations of the fatigue limit with the ultimate
strength and yield stress are found to be 0.45 to 0.5.
In this case, the R-squared value is higher for the
yield stress relations compared to the ultimate
strength relation. The R-squared value for the propor-
tional limit relation approximated by different equa-
tions is about 0.25-0.30, which points to a weak cor-
relation between the fatigue limit and the proportio-
nal limit. The analysis of the probability density
functions and standard deviation values for the data
sample of magnesium alloys reveals the most reliable
expressions for the prediction of the fatigue limit:

6, =0.2565 +19.61, (11)
6, =022, +47.57, (12)

with the yield stress relation being more accurate
than the ultimate strength relation.

For titanium and nickel alloys, the R-squared va-
lue obtained for the relations of the fatigue limit with
the ultimate strength and yield stress (Figs.6¢ and
6d) is below 0.2. This bears witness to a very weak
correlation between the fatigue limit and the used
tensile properties of these alloys. Thus, no relation
can be determined between the fatigue limit and ten-
sile characteristics of Ti- and Ni-based alloys within
the studied data.

The analysis reveals that the approximation of the
relations of the fatigue limit with the ultimate
strength, yield stress, and proportional limit by a

through-origin linear function leads to the largest
shift of the probability density function relative to the
value X =0p/Cexp = 1. Moreover, the probability den-
sity functions for the given approximating function
have the lowest peaks and the largest scatter compar-
ed to the other types of approximating functions.

Analysis of the cumulative probability shows that,
despite individual cases of high prediction errors in
the entire data set, the probability density function is
less scattered, and the peak value is the closest to
Opre/Cexp = 1. This indicates the necessity of careful
use of the obtained approximating dependences.
With another data set for the fatigue limit, ultimate
strength, yield stress, and proportionality, the propos-
ed dependences may need to be adjusted.

Finally, comparison is made of the relations pro-
posed earlier for predicting the fatigue limit by the
known ultimate strength of the material with similar
relations reported in the present paper. The analysis
1s carried out for materials with different bases,
among which are steels, aluminum and copper alloys.
For steels, we consider through-origin linear equa-
tions at a=0.40, 0.50, and 0.60, as well as the equati-
on from [11] with a linear dependence up to o<
1400 MPa, and the modified equation from [12] at
a=0.38. For these dependences, the corresponding
probability density functions are plotted and the stan-
dard deviation of the predicted fatigue limit from the
experimental value is determined. The dependences
proposed in the present paper give the best agreement
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Fig. 7. Comparative diagrams of the probability density function of the linear approximating equations for the fatigue limit-to-ul-
timate strength relations and those proposed in the literature for steels (a), aluminum (b) and copper alloys (c). In Fig. (a): I—ap-
proximation by Eq. (5), 2, 3—relations proposed in [11, 12], and 4—linear relation with the parameter a =0.41. In Fig. (b): I—
approximation according to Eq. (9), and 2—Ilinear equation with the parameter a =0.29. In Fig. (c): /—approximation by Eq. (7),
and 2, 3—linear equation with the parameters @ =0.32 and a = 0.33, respectively (color online).
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Table 4. Relations between the fatigue limit and mechanical
characteristics of the studied materials under monotonic tension

Base Relation
Fe, Cu, Al, Mg, Ti, Ni 6.,=0.3805—-9.35

Fe o= 0.4165
Al o= 0.2963
Cu 6.1 =0.1805 +57.82

between the predicted and experimental values. It is
found that, as a increases from 0.40 to 0.50 and 0.60,
the peak of the corresponding probability density
functions shifts. To revise the coefficient a in
through-origin linear dependences, an additional
comparison is made between through-origin linear
dependences with the coefficients a varying in the
range from 0.40 to 0.45 in 0.01 increments. Analysis
of the probability density functions for the corre-
sponding dependences shows that the closest peak of
the probability density function t0 Ope/Gexp=1 1is
achieved at a=0.41. Comparison of the probability
density function for the found linear equation at
a=0.41 with the given not-through-origin linear de-
pendence (Eq. (5)) shows close convergence (Fig. 7a).

The use of a similar procedure for determining the
coefficient a in through-origin linear dependences for
aluminum and copper alloys suggests the following.
For aluminum alloys (Fig. 7b) at a=0.29, the pro-
bability density function has the closest peak to
Opre/Cexp = 1, and the previously derived not-through-
origin linear equation has a slightly smaller peak
close to Gpe/Gexp=1. For the analyzed copper alloys
(Fig. 7¢), the not-through-origin linear relation is
most predictive at a=0.32-0.33, and not-through-
origin linear Eq. (7) has a higher peak of the probabi-
lity density function close to Gye/Gexp= 1.

Thus, the analysis of the relations between the fa-
tigue limit and ultimate strength reveals that refined
through-origin relations with ¢=0.41 and ¢=0.29
should be used for the studied steels and aluminum
alloys, respectively. Copper alloys require the use of
not-through-origin linear relation found at the first
stage of statistical analysis. The identified equations
between the fatigue limit and mechanical characteris-
tics for the analyzed materials under monotonic ten-
sion are presented in Table 4.

3.1. Mechanisms of Crack Initiation and Growth
above and below the oy, Boundary

Test results derived for alloy EI698 are presented
in Fig. 8. Judging from the figure, even with the fa-
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10* 10° 10°
Np cycles

Fig. 8. Fatigue test data for nickel alloy EI698.

tigue life 4.3 x 10’ cycles, the material experiences
the stress close to the yield stress, which points to its
fracture under developed macroplastic deformation.
Consequently, the dominant mechanism of crack ini-
tiation in this material in the entire stress range
should be associated with developed plastic deforma-
tion. This material behavior is confirmed by the re-
corded hysteresis loops. Starting from the first defor-
mation cycles, a specimen with the life 4.3 %
10° cycles has signs of macroplastic deformation
with a pronounced hysteresis in the deformation dia-
gram (Fig. 9).

A detailed analysis of the material in the zones of
initiation of fatigue cracks shows the following.

At a high stress and short life of the specimen (no
more than 2.5x 10* cycles), numerous intersecting

o, MPa
800 1

600

4001

2001

O T T T T T
0.2 04 0.6 g, %

Fig. 9. Hysteresis loop in the third loading cycle of alloy
EI698 with the maximum cycle stresses 860 (/) and
865 MPa (2) (color online).
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Fig. 10. Slip bands on the lateral surface under the frac-
ture origin in the EI698 alloy specimen at 1085 MPa (a);
rotation of the material volumes between the developed
slip bands (b).

slip bands are seen on the surface and near the site of
initiation of the main crack (Fig. 10a). Rotations oc-
cur in some material volumes between the developed
adjacent slip bands (Fig. 10b).

With a consistent decrease in stress, slip bands be-
come much less pronounced in the vicinity of the
fracture origin. However, cracks are initiated along
one or more slip bands, which leads to the initial
crack propagation in one of the slip bands with the
formation of a smooth facet (Fig. 11). Consequently,
dislocation accumulation during cyclic deformation
occurs along slip planes, resulting in the formation of
the fatigue crack origin at the critical density of dis-
locations.

2 pm WD=105mm  |Probe= 102pA Date:16Mar2023 State Centre
EHT =2000kV  Signal A= SE1 Photo No. = 8598 for Flights Safety
StagealX=72339mm_StageatY=31258mm __ Mag= 941KX EVO 40

Fig. 11. Faceted systems of slip bands formed at the ini-
tial stage of crack growth on the fracture surface of the
EI698 alloy specimen tested at 900 MPa.

Consequently, fatigue cracks initially propagate
predominantly along slip planes. This causes the for-
mation of a cascade of facets with weak river-like
relief due to multiple slips during crack growth in the
material.

Already at a short distance from the fracture ori-
gin, there appear fatigue striations, which is a typical
relief of many materials after cyclic loading (Fig. 12).
Measurements of the striation spacing and the related
estimation of the crack growth duration show that the
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Fig. 12. Fatigue striations in EI698 alloy specimens test-
ed at 900 (a) and 1085 MPa (b).
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Fig. 13. a—Fracture origin zone on the side (/) and fracture surfaces of the specimen without slip signs (2); b—Tlined relief at the

fracture origin. Alloy VT22 tested at 900 (a) and 1000 MPa (b).

crack growth period does not exceed 0.16 of the spe-
cimen life. This fact indicates that developed slip in
the material volume promotes partial relaxation of the
cyclic loading energy. Initially, energy dissipates
through the formation of developed slip zones in dif-
ferent specimen volumes. Only after one of the zones
has accumulated the maximum energy, the main fa-
tigue crack is formed, which leads to failure.

The relay-race mechanism of fatigue damage ac-
cumulation is confirmed by the analysis of the mate-
rial behavior in the repeated static fracture zone in
transition to final fracture of the specimen. Here, one
can see a pronounced wavy relief on the periphery of
deep dimples, which is typical for necking zones
formed in the cracked material under overloading, for
example, during standard fracture toughness tests
[42]. With increasing fracture toughness, the size of
the zone with a pronounced wavy relief increases,
reflecting the developed rotational deformation of the
material [29].

Thus, slip occurs at all stages of the fracture ori-
gin formation, fatigue crack initiation and propaga-
tion. Its intensity consistently decreases until the fa-
tigue limit is achieved, at which the material passes
to the microscopic fracture with the formation of the
subsurface fracture origin.

In alloy VT22 with the life 10°~10* cycles and
longer, when the cyclic stress Gm.x/Go, does not ex-
ceed 0.75, the deformation loop recording reveals no
hysteresis in the deformation diagram [37]. Analysis
of the material near the fracture origin reveals no slip
bands in this zone and at a distance from it (Fig. 13a).
Moreover, there is a lined relief in the vicinity of the
fracture origin, which is in no way related to the slip
planes responsible for developed slip in the material
(Fig. 13b).
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To prove that the material has a reserve of plastic-
ity and the slip mechanism can be implemented on
the macroscale, analysis is made for the transition
zone between the fatigue zone and the final fracture
zone. Developed slip is revealed in the material near
the fracture surface. This fact indicates that (at high
stresses exceeding the yield stress, i.e. under condi-
tions of nonlocalized damage accumulation), alloy
VT22 implements the same deformation and fracture
mechanism as alloy EI698. The only difference is
that they accumulate damage on different scales,
when different damage accumulation mechanisms
correspond to different scales. On the mesoscale, the
accumulation of damage is localized and associated
with the formation of a dislocation band structure
[29, 33, 34]. It is here that the crack originates, and
its initial propagation is oriented at an angle of al-
most 90° to the loading axis. Structural elements cer-
tainly influence the fracture relief, but it is in no way
related to the orientation of the slip bands in the ma-
terial.

3.2. Generalization of Results

A comparison of the material behavior during the
fatigue crack initiation at and near the meso-macro-
scale boundary shows that mechanisms of fatigue
crack initiation from the surface depend on the ratio
Omax/C02. The classical idea that fatigue cracks initiate
in slip bands and that initial crack propagation also
occurs along slip bands is valid only for materials
with the fatigue limit being equal to or exceeding the
yield stress in the entire stress range. In this case, the
macro-mesoscale and meso-microscale boundaries
coincide. The mesoscale corresponding to high cycle
fatigue is not realized in such materials.

The performed statistical analysis of the relations
of stresses corresponding to the scale boundaries in
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Fig. 14. Initial fracture facet of titanium alloy VT3-1 formed on the mating fracture surfaces in the VHCF region: with slip bands
due to stress relaxation (shown by the arrow) (a) and without them (b).

the fatigue diagram shows that they are described by
simple linear relations. Data on domestic and foreign
alloys are in perfect agreement, and therefore the de-
rived relations are applicable to any material.

Various metals and alloys used as structural mate-
rials with the ratio ¢_,/6p, less than 1.0 amount to
more than 95%. Therefore, for the overwhelming
majority of structural materials, the mechanism of
initiation of fatigue cracks in the high cycle fatigue
region is not associated with the formation of slip
bands. They can form due to the relaxation of resi-
dual stress induced by the cyclic loading energy ac-
cumulated during localized plastic deformation [43]
(Fig. 14). The determining role is played by the me-
chanism of localized deformation associated with the
formation of a dislocation band structure [29, 33, 34].
It is in this band structure that fatigue cracks nucle-
ate, and their initial growth does not reflect the metal
crystallography, in contrast to pure or multiple slip of
the material along one or more slip planes. Of impor-
tance is the type of the dislocation structure, and the
combination of the crack growth along the bounda-
ries of this structure with their propagation within
dislocation cells.

For alloys with the ratio 6 j/6¢,> 1.0, the meso-
scale does not appear. The boundary of transition to
the microscale may be the yield stress of the material
or the stress above it. In such materials, the only pro-
cess on the macroscale is multiple slip with the crack
initiation from the surface, while, on the microscale,
cracks are initiated due to multiple slip below the
surface. This is confirmed by the experimental data
from [44, 45], which show that, in heat-resistant ni-
ckel-based alloy (alloy 690, with an fcc lattice) at the

ratio o_;/09,>1.0, the transition from the micro- to
macroscale occurs without the mesoscale.

4. CONCLUSIONS

More than 95% of structural materials realize all
three (micro, meso and macro) scales under cyclic
loading with different stresses.

Based on the statistical analysis of data for differ-
ent alloys, stable correlations of the VHCF-HCF bo-
undary (c_;) and mechanical characteristics under
monotonic tension were identified, which were de-
scribed by the relations given in Table 4.

If 6.1/0p,> 1.0, the mesoscale did not appear, and
the microscale changed immediately to the macro-
scale.

The slip mechanism, which dominates during the
initiation and initial growth of fatigue cracks, was
realized only on the macroscale, as shown by the
example of superalloy E1698.

On the mesoscale, even with the fatigue life 3 x
10° cycles and the stress below oy, cracks initiated
in the dislocation band structure, and the initial crack
growth was not related to the crystallographic orien-
tation of the slip planes, as shown by the example the
strengthened titanium alloy VT22.

Slip bands observed sometimes at the fracture
origin for alloys with the ratio ¢ /69, <1 may indi-
cate the cyclic residual stress relaxation after the
crack initiation.
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