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ABSTRACT

The study analysed samples made of tin-zinc-lead bronze RG7 after fatigue tests under cyclic torsion conditions.
The behaviour of the material used in both mechanical and building structures was analysed. Samples made for
various load levels were subjected to this analysis. Fatigue cracks during cyclic torsion of samples made of RG7
bronze were analysed for nine load levels. Fatigue crack surfaces were analysed, with particular emphasis on the
crack direction. For lower loads, the macroscopic fatigue crack surface is inclined at an average angle of 40°. The
angle of the inclined plane of the cyclic torsion crack tends to decrease with increasing stress amplitude. The less
load the tested samples carry, the more uniform the appearance of the crack surface. In the case of samples tested
at lower stresses, a crack zone was observed in the lower part of the crack, which was damaged in the final phase
of the test. This part of the crack was characterised by a rougher surface, where the tearing of material grains could
be observed. The 3D surface analysis showed that a large fractal dimension was obtained for the stress amplitude
1, in the range of higher loads, indicating the surface’s high complexity. Analysing the isotropy of the surface us-
ing the Str parameter and assessing the percentage level of isotropy, it can be concluded that the obtained surfaces
have a periodic anisotropic character, which proves that a structure subjected to high stresses has a directed and

dominant direction of cracking.

Keywords: tin-zinc-lead bronze, cyclic torsion, torsion surface, surface topography, fractals.

INTRODUCTION

Fracture planes have been analysed for many
years. These analyses are carried out broadly
from various angles. Such analyses are performed
regarding test conditions: monotonics, dynam-
ics and fatigue. Fracture mechanics deals with a
detailed analysis of these issues. In the case of
fatigue, the loading method is important, particu-
larly whether it is tension-compression, cyclic
bending or cyclic torsion. Here, the crack surface
and the directions of fatigue cracks are important.

The fatigue cracking process can be divided
into three stages. The first stage is the initiation
process, the second is propagation, and the last is
monotonic (or dynamic) collapse. Depending on
the load level and, consequently, on the fatigue

life, these surfaces and their proportions differ.
This also applies to the directions of fatigue cracks.

Generally, materials can be divided into two
types of fatigue cracks. The first type is mate-
rial in an elastic-plastic state, where the initia-
tion of cracks starts from one of the directions
determined by the maximum shear stresses, and
the second type, for materials in a brittle state,
the initiation of fatigue cracks takes place in the
direction of the maximum normal stresses. How-
ever, the propagation has exactly the opposite
direction, i.e. in the first case in the direction of
normal stresses [1-2], and in the second case in
the direction of tangential stresses [1—4]. There
are also materials in an intermediate state, mean-
ing the crack directions are intermediate [5]. Most
often, we deal with materials in an elastic-plastic
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state. In this case, the maximum normal stresses
generally determine the fracture surfaces.

In the case of tension-compression or pen-
dulum bending, the position of the scrap plane is
obvious and is defined by the maximum normal
stresses. Examples of cracks are shown in Figure
1 for our own tests of RG7 bronze [6]. In the case
of tension-compression, fatigue cracks can be
seen developing from the outer surface towards
the sample axis. In the case of pendulum bending,
it can be seen that fatigue cracks develop from the
two points with the highest stress amplitude and
develop towards the bending plane, which is not
a loaded plane. This surface is visible in the photo
as a dark strip running through the entire cross-
section. In both cases, the scrap surfaces are per-
pendicular to the sample axis. However, the mat-
ter is not so obvious in the case of cyclic torsion.
The maximum stress occurs on the circumference
and is zero at the axis of rotation. Bronze is a good
material for outdoor structures because it does not
rust in the same way as steel, which does not mean
that it does not corrode. The oxidation process of
bronze creates an oxide layer on its surface, the
structure of which slows down the process. In the
case of cyclic torsion, the fracture planes are not

as evident as in the case of tension-compression
or cyclic bending. Even before the monotonic
fracture of the sample, various directions of fa-
tigue cracks can be observed on the sample sur-
face. Figure 2 shows an example of such an over-
exposed sample 2a shows the entire sample, and
Figure 2b shows its cross-section. Perpendicular
cracks can be observed, appearing perpendicu-
larly along the sample, so they later develop at an
angle of 45°.

In paper [7], it was shown that the directions
of cracks for torsion of titanium alloy samples
initiate in the direction of the maximum shear
stresses normal along the axis or perpendicularly
and then propagate along the direction defined by
the maximum normal stresses, i.e. at an angle of
45 or in two directions (type X) also at an angle
of 45. It was noticed that [8], in the case of large
loads with variable torque, cracks develop along
the maximum tangential directions in the direc-
tion coinciding with the axis of the sample, and
in the case of smaller loads, at an angle of 45.
However, no differences were noticed for a vari-
able axial load.

It was noticed [9] that in the case of rap-
id growth of fatigue cracks, i.e. for high loads,

Figure 1. Classic fatigue crack surfaces after tensile-compressive and pendulum bending tests
and RG7 bronze with a diameter of 10 mm at the narrowing point

Figure 2. Example of an overexposed RG7 bronze sample after cyclic twisting: (a) the entire sample,
(b) a cross-section of the sample
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cracking occurs according to model I, and in the
case of lower loads it is a mixed model of fatigue
crack propagation.

In the case of cyclic twisting of copper [10],
it turned out that for small shear stress amplitudes
of 75 MPa and 90 MPa, the fatigue crack surfaces
are smooth, while for larger ones (100 MPa and
150 MPa), they are jagged and with faults par-
allel to the sample axis. Similar properties were
observed in paper [11] when testing A357-T6 cast
aluminium alloy. Here, for the highest stresses,
the macroscopic fracture surface for the highest
shear stress amplitudes coincides with the direc-
tion determined by the maximum shear stresses
and is perpendicular to the surface.

In the case of cyclic torsion of 100C6 bearing
steel [12], the place of initiation of a fatigue crack
depends on the load level, i.e., in effect, on the
fatigue life. Generally, fatigue crack initiation oc-
curs on the sample surface for shorter durability.
However, cracking begins on the external surface
and inside the material for loads in the gigacycle
range. According to the authors, this is due to
inclusions that cause local stress concentration,
which causes greater elastic-plastic stresses than
shear stresses resulting from torsion.

Based on fatigue tests on copper [13], it was
found that the fatigue strength exponent b_ (fa-
tigue strength exponent) increases with the in-
crease in the fatigue strength coefficient v’ (fa-
tigue strength coefficient). This is exactly the op-
posite of the tension-compression case.

In [14], the influence of initial twisting on the
cracking direction was demonstrated based on fa-
tigue tests with cyclic twisting of samples made
of 45CrMoVA steel. It was shown that this angle
is increasingly smaller from 51.11° to 44.50°
as the initial twist angle increases from 8.3° to
16.3°. According to the torsional fatigue charac-
teristics described in the literature [15-17], the
fracture patterns of the samples can be roughly
divided into two types. One is NF and TS (trans-
versal shear fracture) mixed mode (NTF), and the
other belongs to NF (normal stress fracture), LS
(longitudinal shear fracture) and TS mixed mode
(NLTF). The NTF surface consists of crack ini-
tiation, crack propagation and final crack zones,
which is characteristic of smaller initial twist
angles. However, for larger initial twist angles
we are dealing with a mixed NLTF mode, the ini-
tiation, propagation and final fracture zones cor-
respond. The NTF model comprises crack initia-
tion, propagation, and terminal crack zones. The

fatigue crack initiation site is at the surface, sug-
gesting that fatigue crack initiation occurs mainly
influenced by the maximum normal stress. This
indicates that the propagation of fatigue cracks in
area Il is mainly dominated by pure shear stress.
The maximum normal stress also caused the ini-
tial fracture of the NLTF. The crack propagated
along AD and the radial direction (RD) under
pure shear stress. Due to a shear stress gradient,
the shear stress gradually decreases along the RD,
and the crack propagation along the RD dominat-
ed by the shear stress will be hindered after trav-
elling a certain distance inward.

Tests of steel 4340 [18] under cyclic torsion
showed that the initiation of fatigue cracks occurs
in accordance with the tangential stress perpen-
dicular to the outer surface. Then, at a certain dis-
tance from the surface, microcracks appear from
shear stresses perpendicular to the surface and
parallel to the axis. These cracks then coalesce,
resulting in a macroscopic crack at an angle of
45, which coincides with the maximum normal
stress. Therefore, a more complete analysis of the
fracture surfaces is necessary, as this approach
may lead to erroneous conclusions.

When analysing the directions of fatigue
cracks, however, one must remember that the
directions of fatigue crack initiation, the macro-
scopic directions of fatigue cracks and the loca-
tions of critical planes used in the case of apply-
ing the multiaxial fatigue criteria are different
[19-21]. Recently, they are increasingly used in
many models when dealing with a multi-axial
load condition to generalise these criteria [22] or
propose new ones [23]. It also turns out that it is
possible to apply the criteria in the critical plane
for composite materials [24]. However, in [25],
the analysis of the location of the critical plane
with the fatigue crack initiation planes was per-
formed for testing St52-3N steel.

In the literature, one can find numerous works
dealing not only with fatigue life, but also with
fatigue crack surface, topography, and fractal
description. However, these analyses mainly
concern tension-compression, less frequently
pendulum bending. However, such descriptions
for cyclic torsion can be found very rarely. Few
works concern this phenomenon for fatigue tests
in these conditions for steel [26-28 ]. However, in
the work [27], this problem was taken up not only
for steel but also for the copper alloy CWO08A.
Therefore, undertaking attempts to analyze
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non-ferrous materials seems to be most relevant
and necessary.

This paper aims to analyse fatigue cracks dur-
ing cyclic torsion of samples made of RG7 bronze
for various load levels. Fatigue crack surfaces
will be analysed in terms of their orientation and
3D surface analysis of fractal dimension and sur-
face isotropy using the Str parameter.

MATERIAL AND RESEARCH

Fatigue tests were performed on samples
made of RG7 tin-zinc-lead bronze. This material
is also known as CuSn7Zn4Pb6 (DIN), CC493K
(EN), 2.1090 (DIN WN), B746 (PN). The mate-
rial was supplied in the form of drawn bars of 16
mm diameter. The basic mechanical properties
are presented in Table 1. Detailed research results
were presented in previous paper [6].

These tests were carried out with cyclic tor-
sion with a controlled torque amplitude, up to a

Table 1. Basic static properties of the tested materials

30% drop in stiffness, i.e. an increase in lever de-
flection, on “diabolo” samples with a diameter of
10 mm and a station presented in detail in [29].
Figure 3 shows a diagram of the test stand and a
drawing of the sample used in the tests.

Table 2 lists the results of these tests ordered
by stress amplitude. According to the elastic-
plastic model presented in [6], the amplitudes of
shear stresses and the corresponding amplitudes
of shear strains were determined for torsion. The
values of the nominal stress amplitudes and for
the elastic-plastic model are shown in Table 2.

The nominal stress amplitude value was de-
termined based on

Tan = Hta (D)

Wo

where: M is the value of the set torque amplitude.

Additionally, the amplitudes of specific
strains were determined and are included in this
table and in Figure 4a, where the deformation
fatigue characteristics are plotted. It can be seen

Material Ominy MPa O, (miny MP2 Asom), % E, GPa u
RG7 270 120 15 92.14 0.3
Note: A — area of cross-section.
Table 2. Tests of RG7 bronze under cyclic symmetric torsion conditions
Sample 7, MPa Toepr MP2 Yaep N, _, cycleS
012 102 79 2.588 > 10000000
030 115 90 3.063 3215695
020 117 92 3.154 1349697
024 117 92 3.154 3021316
029 125 98 3.439 742896
033 125 98 3.439 2499155
004 127 100 3.537 650800
021 127 100 3.537 481710
038 135 107 3.898 289812
039 135 107 3.898 785924
006 143 113 4.227 70400
028 143 113 4.227 19122
018 143 113 4.227 86055
007 153 121 4.699 171275
011 153 121 4.699 93219
040 158 126 5.013 35902
041 158 126 5.013 3215
019 163 130 5.275 17271

Note: y — elasto-plastic shear strain, N — Experimental number of cycles.
aep exp
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Figure 3. (a) Schematic diagram of the test stand and (b) drawing of the sample and (c) photos

that this characteristic is a straight line in a dou-
ble logarithmic system in a large durability range
from 3.000 to 3,000,000 cycles, which is not typi-
cal for deformation characteristics.

FRACTOGRAPHIC ANALYSIS OF FATIGUE
FRACTURES

Figure 3b shows macroscopic photos of
cracked samples, indicating the average macro-
scopic directions and angles of fatigue cracks.
Selected photos showing marked crack angles are
presented in detail in Figures 5-7.

Based on macroscopic SEM (scanning elec-
tron microscope) photos, it was found that at low-
stress amplitudes, cyclic torsion of the analysed
samples causes fatigue cracks in the samples at
an angle of approximately 40° (Figure 4b, 5a).
The fracture surfaces of samples observed in this
system are relatively smooth (Figure 4b). At the
same time, as the stress amplitude increases, the

value of the determined fatigue crack angles de-
creases significantly. A decreasing tendency was
observed in correlation to the increasing value of
stress amplitude (Figure 4b). Thus, with an ampli-
tude of 158 MPa (Figure 5b), the determined fa-
tigue crack angle is 26°44°. It is worth noting that
for the highest amplitude value (163 MPa, Figure
6), the fatigue crack angle was not determined,
and the observed fracture surfaces of samples is
jagged, with characteristic faults developing in
different direction

Figures 7-15 shows macrophotographic im-
ages of the obtained fractures for selected sam-
ples, with characteristic fatigue areas marked,
allowing for the distinction of individual stages
of fatigue cracking. The observed fatigue fracture
surfaces show significant differences depending
on the applied load level.

The place where crack initiation occurs is
an area of local stress concentration, perhaps
caused by the presence of defects. For each an-
alysed sample (Figures 7-15), the visible crack
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Figure 4. (a) Deformation fatigue behavior of RG7 bronze for cyclic torsion, and (b) stress fatigue characteristics
with the given values of fatigue crack angles, (o, —nominal normal stress amplitude, y,— amplitude shear strain)
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82.02mm

20keV.

Figure 5. Fracture surface with the determined angle of the inclined fracture plane for the sample (a) 030;
1T,,= 115 MPa, (b) 041; = 158 MPa, T — nominal shear stress amplitude

8225mm

8225mm

Figure 6. Fracture surface with the determined angle of the inclined fracture plane for the sample 019;
Tt =163 MPa

propagation zone is characterised by slight rough-
ness, where clear beach marks can also often be
observed (Figures 7—-10).

For samples with the lowest stress amplitude
value (Figures 7-9), the share of the fracture zone
in relation to the crack propagation zone is small.
The situation changes as the stress amplitude in-
creases (Figures 10—15), where the observed sur-
face is characterised by a proportionally larger
share of the fracture zone. In the case of Figures
7-12, the crack propagation zone appears smooth
at low magnification, which reflects the impact of
a low-amplitude stress load on the element.

The situation is completely different in the
case of high amplitude (Figures 13-15). Here,
this area is characterised by the presence of ir-
regularities, and along the edge of the crack ini-
tiation, secondary faults can be seen. In these
two cases, the micro-relief of the topography is

similar throughout the area. Small irregularities,
tears and cracks running deep into the surface of
the scrap were noticed.

From the preliminary analysis of the crack
surfaces, it can be seen that the share of the sur-
face that is fatigue and fractured (monotonic)
varies for different samples. This area, or more
precisely the percentage, can be correlated with
the fatigue life or the load amplitude. This was
already noticed by Strzelecki for tension-com-
pression [30] and rotating bending [31]. Figure 16
shows the relationship between the percentages
of the fatigue cracking area and the entire surface,
projected onto surfaces normal to the sample axis.

4
P="Lx100% )

where: P — percentages of the fatigue cracking
area, A — fatigue area of cross-section.
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smm

Figure 7. Fracture surface morphology (a); crack initiation zone (b); fracture zone (c-d) of sample 030;
t =115 MPa

59.10mm 6269 mm

6269 mm

Figure 8. Fracture surface morphology (a); crack initiation zone (b); fracture zone (c-d) of sample 024;
t =117 MPa
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500 ym

Figure 9. Fracture surface morphology (a); crack initiation zone (b); fracture zone (c-d) of sample 029; T, = 125
MPa

57.36 mm

©)

Figure 10. Fracture surface morphology (a); fracture zone (b); crack propagation zone (c) of sample 021; 1=
127 MPa
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60.87mm

60.87mm

Figure 11. Fracture surface morphology (a); crack propagation zone (b-c); fracture zone (d) of sample 039;
T =135 MPa

Figure 12. Fracture surface morphology (a); crack propagation zone (b-c); fracture zone (d) of sample 018;
Tt =143 MPa
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5630 mm

56,30 mm

Figure 13. Fracture surface morphology (a); crack propagation zone (b); fracture zone (c) of sample 007;
T =153 MPa

7003 mm = 57.71 mm

Figure 14. Fracture surface morphology (a); crack propagation zone with longitudinal fracture surface (b-c);
fracture zone (d) of sample 041; 1= 158 MPa
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59.10mm

61.05mm

Figure 15. Fracture surface morphology (a); crack propagation zone with longitudinal fracture surface (b-d)
of sample 019; t_= 163 MPa

Figure 16a shows the relationship as a func-
tion of durability in the form:

P=108.79-4.92 log N, 3)
where: N,— cycles to failure.

a in Figure 16b as a function of shear stress
amplitudes according elasto-plastic model
P=0827, —4091 4
From the analysis of the drawings it can be
observed that in both cases there is a linear rela-
tionship. However, in the case of durability depen-
dence, the logarithm of durability is on the ordinate
axis. It can be seen that as the stress amplitude in-
creases, i.e. lifetime decreases, the percentage of
the surface damaged due to fatigue increases.

TOPOGRAPHIC ANALYSIS OF FATIGUE
FRACTURES

When analysing surface fractures, the first fo-
cus was on fractal analysis. This is because geo-
metric fractals have features or forms that can be
repeated in different sizes and scales, and an ex-
ample of such repeatability of features in different

406

ranges of the room can be Koch curves or Min-
ski sausage (curve) [32]. In other words, fractals
can be used to search for behavioural patterns and
describe surface complexity. Fractals can take di-
mensions that are not natural numbers and frac-
tional values. It is assumed that the values obtained
between 1 and 2 correspond to two-dimensional
(2D) analysis, while values from 2 to 3 correspond
to three-dimensional (3D) analysis. In the case of
fractals with integer values equal to 3, we are deal-
ing with volumetric analysis [33]. To determine
the fractal dimension, the scale-dependent fractal
analysis method was used, in which the analysis is
based on the calculation of relative length or rela-
tive area as a function of scale (patchwork meth-
od). Measurements were repeated three times, and
the presented results are averaged.

Figure 17a shows an example of a chart gen-
erated in the Mountains Map software to calcu-
late the scale- and area-dependent fractal dimen-
sion for sample 030.

This method is used to quantify and model
various phenomena whose geometric complex-
ity may depend on scale and was developed
by Professor Christopher Brown of Worcester
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Figure 16. Dependence of the percentages of the fatigue cracking area to the entire surface P as a function of a)
durability, b) shear stress amplitude
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b) Stress amplitude t,,, MPa
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Figure 17. (a) sample chart for sample 030 to determine fractal dimensions using the scale-dependent fractal
analysis method, (b) changes in the fractal dimension for the analyzed cases

Polytechnic Institute (WPI) [34—35]. This method
uses triangular patches to estimate area as a func-
tion of the area of a single patch. Such a field is
interpreted as the scale of observation or the scale
of influence of morphology-dependent phenom-
ena. This method identifies the so-called transi-
tion points or scale threshold for a given surface
as well as facilitates the determination of the sur-
face complexity parameter and can support the
analysis of surface phenomena. In this method,
the fractal dimension D is extended by the index
as, which indicates that it is a fractal dimension
derived from surface scale analysis [36].

Fractal analysis and other analyses were per-
formed in the Mountains Map v 10 software by
Digital Surf. Unfiltered surfaces were analysed
because filtration of this type of surface may

result in dimensional distortion and falsification
of measurement results.

The highest values of the fractal dimension,
as shown in Figure 16b, were obtained for sam-
ples 021, 041, and 019, while for samples 041 and
019 for stress amplitudes nominal (shear stress
amplitude) 7, = 158 and 163 MPa, the fractal di-
mension was the largest and amounted to (fractal
dimension) Das = 2.065 and 2.066, respectively.
Large fractal dimension values for these fractures
indicate their high complexity compared to other
surfaces, which can be observed in Figure 18 of
the surface after scanning with the 3D S neox opti-
cal profilometer from Sensofar (x-y dimension of
the measured crack areas for all analyzed surfaces
was 13.4 x 10.6 mm). For the surfaces after twist-
ing, a characteristic deformation of the surface
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Isotropy — 45%, Isotropy — 70%,

(autocorrelation thrshold s=0.2) (autocorrelation thrshold s=0.2)

a)
Isotropy — 64%, Isotropy — 72%,
(autocorrelation thrshold s=0.2) (autocorrelation thrshold s=0.2)
<)
Isotropy — 77%, Isotropy — 65%,
(autocorrelation thrshold s=0.2) (autocorrelation thrshold s=0.2)

Isotropy — 68%, Isotropy — 67%,

(autocorrelation thrshold s=0.2) (autocorrelation thrshold s=0.2)

g)

Isotropy — 71%,

(autocorrelation thrshold s=0.3)

R Y

SEE R

2]

)

Figure 18. Examples of 3D views of the surface after scanning on the 3D S neox optical profilometer by
Sensofar for samples: (a) 030; (b) 024; (c) 029; (d) 021; (e) 039; (f) 018; (g) 007; (h) 041; (i) 019
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a)

b)

14 mm

Figure 19. Local property maps: (a) sample 024; (b) sample 041

can also be observed, one of the reasons for which
may be the influence of the temperature occurring
during the twisting tests, which may result in ma-
terial flow and small cracks without visible devel-
opment, visible on the surfaces of Figure 18 and
Figures 7—15 for smaller stress amplitudes. A sta-
bilised course characterises the twist of samples
030-007, the appearance of which can be assessed
as uniform (directed) without any significant spe-
cial features, and the difference between the larg-
est and the smallest value of the fractal dimension
is approximately 0.83%. An example of such a
course of uniform (directed) cracking is shown on
the local property map, thanks to which it is pos-
sible to detect the complexity of the surface (Fig-
ure 19a) for sample 024. However, for samples
with the highest stress amplitudes T (sample 007-
019), the torsion process is multidirectional, char-
acterised by many branches but with dominant
directions. An example of such multidirectional

0.7 -
I 0.4

115 117 125 127 139 143 153 158 163
a) Stress amplitude 1,,, MPa

4
o

0.71

e o o o o
w > «» o S

Texture aspect ratio Str

o

N
Specimen 041
Specimen 019

cracking is sample 041, also shown in the local
property map of Figure 19b.

Figure 20a shows the change in the Str pa-
rameter (texture aspect ratio) for the analysed
surfaces after twisting. Thanks to this parameter,
we can assess the isotropic or anisotropic nature
of the surface. Str ranges from 0 to 1, where val-
ues close to 0 are surfaces showing anisotropy
(the surface then has a dominant direction), while
when Str is close to 1, we are dealing with isotro-
pic surfaces (surfaces having the same properties
regardless of the direction). An example of such
a surface division for the Str parameter is shown
in Figure 20b. All analysed surfaces are periodi-
cally anisotropic surfaces, as evidenced by the
obtained parameters Str (Figure 20a). This fact is
also confirmed by the percentage of surface isot-
ropy, which for most cases was in the range of ap-
proximately 60—70%. On average, it gave a result
of 66%. and did not exceed the 80% threshold.

Value close to 0

Value close to 1

b)

Figure 20. Str parameter for all analysed surfaces (a), assessment of isotropic and anisotropicity
of the surface (b) [33]
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Above the 80% threshold, we are dealing with
isotropic surfaces [37]. However, this value was
much smaller for one case (the lowest load) and
amounted to only 45%.

CONCLUSIONS

The analysis of the tests performed showed that:

1. The deformation fatigue characteristic for tor-
sion is a straight line in a double logarithmic
system over a large range of durability. Fatigue
tests during cyclic torsion were characterized by
relatively large scatter — R? coefficient is 0.799.

2. Load levels determine the direction of fa-
tigue cracks for cyclic torsion. For lower
loads, the macroscopic surface of fatigue
cracks is inclined at an average angle of 40°
(42°, 40°48°, 40°20°, 40°57’). The angle of
the inclined plane of a torsion fatigue crack
tends to decrease with increasing stress am-
plitude. For higher loads, it is characterised by
a decrease in the value of the surface inclina-
tion angle (38°56°, 37°34°, 35°3°, 26°44°), be-
cause in the final stage of cracking faults ap-
peared propagating in different directions.

3. On the surface of fractures obtained from fa-
tigue tests, fracture zones and crack initiation
zones of various sizes can be distinguished.
The greater the loads the samples were subject-
ed to, the more difficult it was to distinguish the
boundary between these zones in the fracture
structure.

4. The lower the load carried by the tested sam-
ples, the more uniform the appearance of the
fracture surface. In the case of samples tested
at lower stresses, a fracture zone was observed
in the lower part of the fracture, which was
damaged in the final stage of the test. This part
of the fracture was characterised by a rougher
surface, where tearing of material grains could
be observed. The analysis of selected break-
throughs reveals the edge separating charac-
teristic zones. The crack initiation areas were
located in the top layer. Several crack initiation
sites were observed in all samples. In the case
of a large stress amplitude, microcracks of sig-
nificant dimensions appeared in the vicinity of
the sample perpendicular to the edge.

5. The percentage of the fatigue crack area to the
total crack area can be described by a linear
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function concerning the logarithm of lifetime
or the shear stress amplitude resulting from cy-
clic torsion. In this case the R2 coefficients are
0.565 and 0.653, respectively.

6. The analysis of the 3D surface showed that the
large fractal dimension obtained for the stress
amplitude t_ in the range of 153-163 MPa in-
dicates the high complexity of the surface. For
this load level, correspondingly lower fatigue
lives were obtained

7. Analyzing the isotropic of the surface using the
Str parameter, which is on average 0.66, and as-
sessing the percentage level of isotropy, it can
be concluded that the obtained surfaces have
a periodic anisotropic character, which proves
that the structure subjected to high stress has
a directed and dominant direction of cracking.
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