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ABSTRACT

It is shown that fractal analysis, as an additional tool of technical diagnostics and nondestructive testing, allows determination
of the most important features of the condition and behaviour of metal structure elements during their operation and failure.
Examples of application of fractal dimension of the fractures are presented, in order to assess the critical dimension of brittle
cracks and to determine its effect on impact toughness, yield limit, ultimate strength, and failure pressure at hydraulic testing,
and to detect the interrelation of fractal dimension with fatigue life after low-cycle fatigue fracture of metal of pipeline welded
joints. It is found that the nature of fractal dimensions of the fractures and diagrams of time dependence of the applied load at
impact loading is due to the direction of cutting and temperature of testing the specimens. It is shown that the main component
of {001} <110> texture of low-alloyed steel promotes an increase of fractal dimension of the fractures and development of

brittle fracture at impact testing.
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INTRODUCTION

Reliability of long-term application of metal structures
largely depends on the approaches to determination
of their technical condition, primarily, by nondestruc-
tive testing techniques. However, premature failure of
structures may be due to presence of invisible defects,
which promote degradation of physico-mechanical
properties of the materials proper. It requires conduct-
ing mechanical testing of the specimens, in particular,
on the selected samples.

Fractal analysis of the structure of metal and parts
of metal structures for prediction of their failure at
this stage has the role of an additional method of ser-
vice life diagnostic. For instance, safe operation of oil
and gas pipeline systems can be ensured, primarily, by
studying the causes of pipeline failure, based on lab-
oratory studies of base metal (BM) and metal of the
characteristic zones of the welded joints (WJ).

Steel fracture is associated with such characteristics
of steels as crystallographic texture, macro- and micro-
structure, ferrite-pearlite banding, structural compo-
nent fraction, etc. [1, 2]. Experimental studies of the
influence of the above structural characteristics on the
regularities of elasto-plastic deformation, low-cycle
fatigue fracture with involvement of physical methods
of investigation (X-ray and fractographic analyses) are
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relevant. Therefore, the use of fractal analysis which
shedying fracture surfaces is urgent [3].

The name ‘fractal’ comes from Latin “Fractus”,
which means “fractional”. “broken”. When measur-
ing the coast line length, it turned out that its length
L depends on selection of measurement scale { by the
following relationship (in logarithmic coordinates):

Lo P, (M

where D is the fractal dimension (FD) [4], which does
not coincide with topological dimension d, is the frac-
tional quantity and exceeds topological dimension d,
(D > d). For instance, for British coast line D = 1.3,
and for Norwegian one D =~ 1.5. D value is the larger,
the more rugged is the coast line [4]. It turned out that
the structure of grain boundaries in metal polycrystals
has a strong effect on the mechanical properties [5]. It
is known that brittleness of metallic materials is often
accompanied by intergranular fracture [6]. Avoiding
intergranular fracture requires strengthening the grain
boundaries by increasing their waviness [7]. The frac-
tal dimension is the characteristic of grain boundary
waviness.

EXPERIMENTAL PROCEDURE

DETERMINATION OF FRACTAL DIMENSION

One of the direct methods of determination of FD of
two-dimensional images (microphotographs) of the
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Figure 1. Example of determination of FD of a specimen of 20K grade steel after Charpy impact testing, using HarFa and ACDSee-

PhotoStudioSoftware

fracture surface is the method of covering a plane
curve with square grids, the dimensions of which
are reduced a certain number of times (box-counting
method) [8].

This method does not introduce distortions into the
studied object. Here, fractal analysis of flat boundar-
ies of fracture surface fragments is performed. A wide
application of this method is due to the fact that it can
be applied to any flat configuration [9]. For a mathe-
matical fractal curve, FD coincides with Hausdorff di-
mension (HD). However, FD analytical calculation is
rather labour-consuming and it is only possible in some
cases. It is shown that fractal dimension, found using
box-counting method in the case of dynamic systems,
has the same values, as Hausdorff dimension [9].

In order to determine the fractal dimension, it is
necessary to cover the image by elementary square
grids with sides €, [9]. At each stage one and the
same curve is covered by cells of a reduced scale.
The smaller the square size, the more accurately is
the curve reproduced. At the same time, the number
of squares N({), crossed by the curve, is calculated.
Then, the size of grid window ¢, is changed. The num-
ber of squares, crossed by the curve N(¢,), N({)) ...
N(¢). is calculated again. The number of squares
N(¢), crossed by the curve, is related to the size of
grid window ¢, by dependence [9]:

N({)=a'P, 2)

. lgN{
where 1gN(() = flgf), D=lim 1§(1 /( 5
is usually called fractal dimension or Hausdorff-Be-
sicovich dimension [9]. Practically, D is determined
by tangent of the angle of inclination of graphic de-

by definition
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pendence IgN(£) = f(lgf) [9]. In order to determine
the fractal dimension, it is convenient to apply HAr-
Fa software (Harmonic and Fractal Image Analysis),
which is freely available [ 10]. Before determination of
fractal dimension, fracture photos are usually cleared
from the background, for instance, using ACDSee-
PhotoStudioSoftware [11], in order to obtain only the
lines of fracture fragment boundaries (Figure 1).

FRACTAL ANALYSIS OF BRITTLE FRACTURES

Fractal dimension of specimens from controlled
rolled steel (Fe, 0.11 % C, 1.58 % Mn, 0.38 % Si)
20 mm thick after impact bend tests at temperatures
from room to —110 °C was studied, and FD of wire
from ADI1 aluminium alloy after fatigue testing for
symmetric bending was also determined at room tem-
perature and at —10 °C.

Fracture surfaces were studied at the microlevel by
microfractograms, obtained in scanning electron mi-
croscope REM-200 at 20000 magnification, and at the
mezolevel — by optical microphotographs (MIM-7,
350 magnification).

On steel specimen fractures the fraction of the sur-
face with brittle fracture was equal to 35 % at room
temperature and 55 % at —70 °C. In aluminium frac-
tures the “brittle” fraction increased up to 50 to 65 %
at temperature lowering from 20 to —10 °C. Typical
microphotograph of brittle fracture is shown in Fig-
ure 2. Fractal dimension of numbered section bound-
aries was determined.

It was found that the fractions after brittle fracture
have average FD values of 1.20+0.06 and 1.15 + 0.06
for steel and aluminium, respectively. Proceeding
from the assumption that in keeping with Griffit’s cri-
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terion at crack size increase by AR elastic energy is re-
leased, which is equal to increment of surface energy
of the cut [13], the following dependence was derived
for evaluation of critical dimensions of brittle cracks:
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where E is the material modulus of elasticity, and
v = 1 is the specific surface energy [14].

Substitution into (3) of the data of studied steel
testing at =70 °C (D, = 1.2; E = 220 GPa [14], 0 =
~ 100 MPa) yielded the value of critical size of fractal
crack R =~ 4.5 pm, that corresponds to average size of
cellular dislocation structure of steel [1] and agrees
well with layered-brittle fracture by the mechanism of
brittle transcrystalline cleavage (Figure 2).

A similar evaluation for brittle fracture of alumini-
umatD = 1.15, E=70 GPa[l5] and c =20 MPa (by
impact toughness) yielded R = 6.75 pum.

FRACTAL DIMENSION OF GRAIN BOUNDARIES
AND MECHANICAL PROPERTIES
OF OXYGEN CYLINDER METAL

40 1 oxygen cylinders from Dc steel (GOST 949-73)
with different service life were studied at working
pressure of 14.7 MPa.

Fractal dimension of grain boundaries of Dc steel
of oxygen cylinders with different service life from
18 to 52 years varies from 1.10 to 1.14. Correlations
of fractal dimension of grain boundaries with impact
toughness, bursting pressure and yield limit with cor-
relation coefficient R of not less than 0.80 were estab-
lished (Figure 3).

Curves in Figure 3 correspond to regression equa-
tions with a high degree of correlation R:

KCV(-10°C) = (~1.14-10* +

¢ o
Sl WAL

Figure 2. Electron microfractogram of layered-brittle fracture of
steel after impact bend testing

KCV(20 °C) = (-1.30°10° +

+38.29 DI®73)/(820.64 + DI®T), R=0.96;  (5)

P(20 °C) = (53410 +
+2.28°10* DI%77)/(1.10-10 + D7), R=0.80; (6)

G,, = (-1.5310°+ .
+5.18102DI292)(8.00' 102 + DR ); R=0.80. '

Correlation analysis of ultimate strength o, of cyl-
inder metal indicates the absence of its connection
with FD of the grain boundaries. The regression equa-
tion has the following form:

c,=710.28; R=10.02. (8)

FRACTAL FEATURES OF LOW-CYCLE FATIGUE
FRACTURE (LCF) OF METAL OF PIPELINE
WELDED JOINTS

Laboratory specimens for experimental determination
of the main regularities of cyclic elasto-plastic defor-
mation of base metal (BM) and metal of the charac-
teristic welded joint zones, namely heat-affected zone
(HAZ) and weld metal (WM), were cut out in the
transverse direction from 530x8 mm pipe of the main
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+26.03D73)/(32.14 + DY), R=0.92; “) pipeline from 17G1S-U steel after prolonged service
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Figure 3. Correlation ties of average FD D of the grain boundaries: a — with KCV impact toughness at —10 °C (curve /) and 20 °C
(curve 2), bursting pressure (curve 3); b — with yield limit 6, (curve /) and ultimate strength ¢, (curve 2)
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Figure 4. Studied texture sections: a — undeformed section (1 —
BM in LT rolling plane; 2, 3 — BM in ST and SL planes; 4, 5 —
WM crossing in ST and SL planes); b — after fracture (6, 7 —
bonded WM fracture surfaces; 8, 9 — WM crossing in SL plane
under the fractures); ¢ — scheme of fragment 4 from Figure 3, b;
L — longitudinal direction; 7 — transverse direction; S — direc-
tion, normal to L and 7 directions
[17]. Figure 4 presents a broken specimen after tensile
testing, showing sections of the studied texture.
Figures 5—7 show the photos of fractures of the
samples, BM, WM and HAZ respectively, after LCF
tests. Conducted fractographic analysis revealed the
differences in fracture mechanisms of the specimens
cut out of BM (Figure 5) and of metal of the charac-
teristic WJ zones after LCF tests.

Figure S. Fracture of BM specimen after LCF testing; a, b —
view of a fragment of a broken specimen in (L-7) and (L-S)
plane, respectively; ¢ — fracture with typical macro- and microre-
lief (pp. 1-5) of fracture; HP — fracture direction; D — fractal
dimension

54

For specimens cut out of BM, quasibrittle fracture
takes place with formation of secondary delamination
cracks. This is promoted by BM {001} <110> crystal-
lographic texture. Delamination can occur along the
cleavage planes {001}.

Specimens, cut out of WM (Figure 6), fail by the
pitting mechanism (ductile fracture). This is promoted
by WM shear texture of {110} <001> type, which is
the main one. It is reflected in decrease of FD value,
compared to BM fracture (Figure 5).

Quasibrittle fracture is observed for HAZ spec-
imens, but to a smaller extent, compared with BM,
as a tensile-compressive crystallographic texture
<001>—<110 > forms, which is due to slip deforma-
tion by {110} <110> and {110} <111> systems [17].
Here, grooved sections are observed on the HAZ mi-
crofractograms. FD value is close to its values for BM
fracture specimen (Figure 5).

Figure 5 shows that the fractal dimension in differ-
ent BM fracture sections changes from 1.09 to 1.11,
average value of fractal dimension of base metal frac-
ture surface was equal to D= 1.10 + 0.01. Similar
results were demonstrated by analysis of fractal di-
mension of HAZ metal specimen. One can see from
Figure 7, c¢ that the fractal dimension in different
HAZ fracture sections changes from 1.07 to 1.15, so
that the average value of fractal dimension of frac-
ture surface of the HAZ metal specimen was equal to
D =1.11+0.01.

Figure 6. Fracture of a specimen from WM section after LCF
testing: a, b — view of a fragment of the destroyed specimen
in (L-T) and (L-S) plane, respectively; ¢ — fracture with typical
macro- (4) and microrelief (pp. /—4) of fracture; HP — fracture
direction; D — fractal dimension
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A more ductile fracture pattern of WM specimen
follows from analysis of Figure 5 and texture. Here,
fractal dimension in different sections of WM spec-
imen fracture changed from 1.05 to 1.13 (Figure 6,
¢), and average value of WM fractal dimension was
equalto D =1.08 £0.01.

It can be stated with 0.95 probability that the av-
erage value when taking a larger sample will not go
beyond the above-mentioned ranges.

Thus, a tendency of fractal dimension increase
during transition from the ductile (WM) to quasi-brit-
tle facture pattern (BM and HAZ) is observed, that
corresponds to lowering of the respective values of
strength and ductility at static testing and shorten-
ing of the fatigue life. Increase of fractal dimension
at quasibrittle fracture may mean that at quasiductile
fracture the surface is “stretched” more due to pres-
ence of wider and deeper micropores. At the micro-
scopic level the surface becomes smoother [18].

Increase of fractal dimension of the studied steel
fractures at transition from the ductile to quasibrittle
fracture agrees with the results of work [18] and oth-
er earlier studies. In [18] it is reported that the steel
shows a decrease of fractal dimension at toughness
increase. So, when studying [18] 24 series of speci-
mens of AISI 4340 steel, it was shown that the fractal
dimension of fracture of a steel specimen with 36 %
fraction of the surface with ductile fracture was equal

2 o off
D=111-1.09

Figure 7. Fracture of a specimen from HAZ section after LCF
testing: a, b — view of a fragment of broken specimen in (L-7)
and (L-S) plane, respectively; ¢ — fracture with typical macro-
(4) and microrelief (pp. /-5) of fracture; HP — fracture direction;
D — fractal dimension

to D~ 1.28. At increase of the ductile component frac-
tion in the fracture to 50 % D =~ 1.25. At 77 % fraction
of the ductile component in the fracture D = 1.20. At
100 % ductile fracture D = 1.10-1.09.

j:‘;\ﬁ |:} _- ___f'l '\ 27 DG

Figure 8. SEM photos of fractures after impact testing of specimens from 20 K grade steel. Scale bar length of 43 um
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Table 1. Chemical composition of metal of the studied cylinders, wt.%

Number Service life, C Mn Si S P Cr Ni
years o
Bl 45 0.513 1.01 0.319 0.023 0.023 0.14 0.11 0.72
B2 52 0.467 0.85 0.247 0.023 0.022 0.11 0.07 0.64
B3 18 0.490 0.88 0.255 0.019 0.026 0.23 0.10 0.69
B4 36 0.442 0.90 0.366 0.014 0.017 0.11 0.11 0.62
B5 49 0.482 0.72 0.257 0.026 0.019 0.10 0.08 0.63

Table 2. Fractal dimension (D) of fractures (Figure 8)

Table 3. Fractal dimension (D) of P(t) diagrams (Figure 9)

T,°C LD TD DD Average Df T,°C LD TD DD Average D,
=50 1.59+£0.01 | 1.60+0.01 | 1.64+0.01 | 1.61 +£0.01 —50 1.27+0.01 | 1.23+0.01 | 1.31+0.01 | 1.27+0.01
20 1.55+0.01 | 1.56+0.01 | 1.59+0.01 | 1.57+0.01 20 1.23+£0.01 | 1.17£0.01 | 1.26+0.01 | 1.22+0.01
50 1.52+0.01 | 1.54+0.01 | 1.55+0.01 | 1.54+0.01 50 1.12+0.01 | 1.13+£0.01 | 1.16+0.01 | 1.14+0.01

It should be noted that characterization of the frac-
ture surfaces, using the above-mentioned average
values of BM, HAZ and WM fractal dimensions is
simplified. Presence of different values of fractal di-
mensions in different sections of corresponding frac-
tures shows that the studied surfaces are multifractals,
which can be interpreted as inseparable mixtures of
simple fractals [17]. Each of them is characterized by
its fractal dimension, and the entire respective frac-

ture is described by an infinite set of fragments of de-
struction, associated with different probability of real-
ization of different fragments in the set. Probability P,
of realization of each fragment is determined by the
following relationship:

©

where a is the scaling parameter,i = 1, 2, ..., N is the
number of fragments in the set [17].
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Figure 9. Diagrams of dependence of applied load P on time ¢ at impact bend testing
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Table 4. Specific fracture energy (J/m?) at impact testing

Specimen number =50 °C 20 °C 50 °C
Longitudinal direction LD

1 0.83 5.04 22.87

2 0.73 431 20.82
Average value 0.78 4.67 21.84

Transverse direction TD

1 0.97 9.88 47.95

2 0.95 10.91 57.95
Average value 0.96 10.39 52.95

Diagonal direction DD (LD + 45°)

1 0.85 13.33 47.24

2 0.91 17.70 54.65
Average value 0.88 15.51 50.94

A detailed description of such fracture surfaces re-
quires application of a multifractal approach [17, 19,
20] that may be the subject of future studies.

ANISOTROPY OF FRACTURE ENERGY
AT IMPACT TESTING AND FRACTAL DIMENSION

Impact toughness parameters and fractal dimensions
of load curves were determined, depending on testing
time and respective fractures at impact bend testing
of V-Charpy specimens, cut out in different directions
from sheets of 20K steel in the temperature range
from —50 to 50 °C [21]. Impact testing was conduct-
ed in a specialized vertical impact tester, fitted with
a high-speed system for recording the deformations
and forces [22]. Standard specimens with a V-shaped
notch were cut out in three directions: longitudinal,
transverse and at 45° angle to the longitudinal direc-
tion. Testing was conducted for three temperatures:
=50 °C, 50 °C and room temperature, three specimens
of each direction for each temperature. Test results
were used to plot the diagrams of the change of the
force in time P(f) and the value of impact toughness
was calculated by the procedure given in ISO 14556—
2000 standard [23]. Figure 8 shows the microfracto-
grams of fractures obtained in scanning electron mi-
croscope REM-200. The results of determination of
fractal dimension D, of the respective fractures are
shown in Table 2. Figure 9 shows P(¢) diagrams of the
change of the force with the time of impact bending
testing of the specimens. The results of determination
of fractal dimension D of the respective diagrams are
shown in Table 3.

As one can see from Tables 2, 3 the behaviours of
fractal dimensions D and D, are similar. Both the FD
values are maximal in the diagonal direction. Minimal
values are observed at elevated testing temperature of
+50 °C (Tables 2, 3).

At the same time, impact toughness at testing tem-
perature of +50 °C is maximal (Table 4).

This is indicative of the ductile fracture pattern.
Maximal values of fractal dimensions are in place at
low testing temperature of —50 °C (Tables 2, 3). Im-
pact toughness value is minimal at the same tempera-
ture (Table 1), which corresponds to brittle fracture
pattern of the studied specimens at —50 °C.

Maximal values of fractal dimensions are observed
for specimens, cut out in the diagonal direction (DD),
i.e. FD anisotropy is in place (Tables 2, 3). This an-
isotropy can be caused by texture. It is found that the
main component of the studied steel texture is {001}
<110>. This is a typical component of rolling tex-
ture of BCC-steels [24]. In this case, crystallograph-
ic planes {001}, which are brittle cleavage planes in
BCC-metals [27], are located normal to the diagonal
direction. Cleavage can take place along these crystal-
lographic planes that promotes a more brittle pattern
of diagonal specimen fracture and is manifested in in-
crease of the fractal dimension.

CONCLUSIONS

1. Configurations of brittle cracks in controlled rolled
steel and AD1 aluminium are fractal, and brittle frac-
ture shows a fractal pattern. Fractal model of the brit-
tle crack was used to assess its critical dimensions R.
For the studied steel, R = 4.5 um, which corresponds
to average size of cells of its dislocation structure.
For ADI aluminium critical size of brittle cracks is
R=6.75 um.

2. At hydraulic testing of oxygen cylinders from
Dc steel close correlation ties are in place between the
fractal dimension of cylinder metal grains boundaries
on the one hand, and impact toughness, bursting pres-
sure at hydraulic testing and conditional yield limit
with not lower than 0.80 correlation coefficients on the
other hand. Low fractal dimension of grain boundaries
corresponds to larger grain size, low values of impact
toughness and yield limit, but high bursting pressure
at hydraulic testing. Increase of fractal dimension of
grain boundaries is accompanied by increase of im-
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pact toughness, yield limit and lowering of bursting
pressure. Respective correlation dependencies have
the form of curves, reaching saturation with increase
of fractal dimension of the boundaries. A transition
from brittle transcrystalline cleavage to quasicleavage
and ductile-brittle fracture pattern takes place with in-
crease of fractal dimension.

3. Increase of the fraction of plastic deformation of
the metal in the HAZ in the overall deformation am-
plitude at low-cycle fatigue testing of specimens of
the characteristic zones of welded joint of a pipeline
from 17G18S-U steel after its prolonged service leads to
an essential lowering of cyclic fatigue life of the base
and weld metal. There are significant differences in the
fracture mechanisms: weld metal specimens fail by the
pitting mechanism (ductile fracture), unlike quasibrit-
tle fracture with formation of secondary delamination
cracks, characteristic for base metal, and, to a small-
er extent, for the heat-affected zone. This is accom-
panied by increase of average fractal dimension from
1.08 £ 0.01 for ductile fracture of the weld metal to
1.10 £ 0.01 for the base metal and to 1.11 £ 0.01 for the
HAZ at quasibrittle fracture pattern. A connection can
be traced between the fractal dimension of the fractures
and fatigue life of the tested specimens. The fractal di-
mension value increases with fatigue life decrease.

4. Fractal dimensions of D_diagram of P(¢) test-
ing, which reflect the dependence of applied load P
on time ¢, and fractal dimensions of fractures Df af-
ter impact testing of specimens from 20K steel in the
temperature range from —50 to 50 °C are of a similar
nature. Maximum average values of both the fractal
dimensions correspond to brittle fracture pattern and
minimum impact toughness. Minimum average val-
ues of both the fractal dimensions correspond to duc-
tile nature of fracture, and maximum impact tough-
ness. The largest values of fractal dimension were
found for specimens, cut out at 45° angle to the lon-
gitudinal direction, which are due to the influence of
{001} <110> texture component, which is the main
component of the low-alloyed texture of steel with
BCC lattice. The presented results can be used for
evaluation of the steel proneness to brittle fracture by
analysis of fracture energy and fractal dimension of
the diagrams of load dependence on time at impact
toughness testing.
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