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Summary

It is shown that with a cyclic loading in the vicinity of the stress concentrator within the static and cyclic
plastic zones, a specific volume of material is gradually formed — the fatigue process zone. Its size d”
determines the length of non-propagated cracks or safety defects in the material and can be a determining
factor in the diagnosis of material damage. For these materials, the size d” does not depend a lot on the type
and geometric characteristics of the stress concentrator. It can be determined by laboratory conditions. While
detecting the defects which are longer than d, it is decided to reduce the intervals between inspections of the
construction element, repair or replace it.
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OSOBLIWOSCI TWORZENIA STREFY PROCESU ZMECZENIOWEGO
W MATERIALACH KONSTRUKCYINYCH

Streszczenie

Pokazano, ze cykliczne obcigzenie w poblizu koncentratora naprezen w statycznych i cyklicznych
strefach plastycznych stopniowo tworzy specyficzng objetos¢ materiatu — strefe procesu zmeczeniowego. Jej
rozmiar d* okre$la dlugo$¢ nierosnoncych peknigé lub innych bezpiecznych defektdw i moze byé czynnikiem
decydujacym w diagnozie uszkodzen materiatu. Dla badanych materiatéw rozmiar d* mato zalezy od rodzaju
i geometrycznych charakterystyk koncentratora naprezen. Jego mozna wyznaczy¢ w warunkach
laboratoryjnych. Po ujawnieniu defektow, dtézszych niz d*, podejmuje si¢ decyzja o skroceniu czasu migdzy
przegladami elementa konstrukcji, jego remoncie lum zamianie.

Stowa kluczowe: zmgczenie; trwatos$c¢; strefa procesu zmegczeniowego; inicjacja i propagacja pgknigcia; defekty materiatowe

1. INTRODUCTION

Practically there are always certain defects in a
material arising as a result of: incorrect
technological process of manufacturing
(metallurgical inclusions or cavities, faulty fusion);
specific features of processing (scratches, burrs);
influence of service conditions (corrosion pittings,
microcracks) and other. Such defects become the
place of stress concentration under loading and just
at that place the accumulation of structural
microdamages of the material and cracking occur
that usually cause the total failure of the product.
Therefore, a reliable diagnostics of the products
damaging for assessing their residual lifetime,
especially under cyclic loading, is a very important

factor for the safe operation of industrial objects,
technological equipment or structural elements.
There are a number of methods for detecting
damages or diagnosing the material state in oil and
gas pipeline constructions [1, 2], railway transport
[3-5] or aviation [6, 7]. It is clear that not all defects
or micro-damages can cause the failure therefore it
is necessary to know the minimum dimension of the
damage that is of danger and that should be reliable
detected.

The performed researches indicate that under
cyclic loading the small size damages can occur in
the material volume which do not influence or
slightly influence the lifetime characteristics of the
material. In particular, in the investigations by Frost
and Dugdale [8] it was found that the endurance
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limit of the notched specimens is higher than that
predicted by the linear formulation using data of
smooth specimens testing. In this case when the
notch radius p<0.5mm, that is the stress
concentration factor K;> 6, the endurance limit is
constant (it doesn’t depend on the notch radius).
Still, when the endurance limit at the rack tip is
lower the cracks initiate but they are non-
propagating, reaching the length of 200...320
microns.

Kitagawa and Takahashi proposed the diagram
[9] that illustrated the dependence of stress range
Ao, necessary for the specimen failure, on length a
of the existing fatigue crack. If a = 0 such stress
range is equal to the endurance limit Acr and
stresses do not change even when there is a crack
shorter than a certain value ao. In case we have the
crack of length a > ao, the crack length a increment
corresponds to the decrease of the stress range Acw.
The short crack critical length ao is constant for a
given material and test conditions and for its
calculation ElI Haddad proposed the empirical

2
dependence 4, zl{AKth] , where AKq, is fatigue

7\ Aog

threshold of the material. This value is called a
structural parameter of the material but no physical
substantiation is proposed [10, 11]. It is shown for a
number of materials that ao corresponds to the
maximum size of non-propagating fatigue cracks
[12] and its value does not depend on K, i.e. on the
notch radius p, so this is a certain constant of the
material.

A number of researchers have established [13-
15] that under testing of the notched specimens
with the same notch depth h = constant and nominal
stress range Aon = constant, with the decrease of
the notch radius p the number of cycles N; to the
macrocrack initiation decreases proportionally.
However, if the radius becomes less than some
value po, because of the material properties, the
number of cycles to the macrocrack initiation
remains constant.

Thus the mentioned parameters (ao Or ao), that
are structural parameters of the material and their
size varies from ten microns to 1 ... 2 mm, can be
criteria of the safe crack or defect dimensions.

Within the frames of the unified model of
fatigue fracture [16] it is proposed to consider as a
structural parameter the fatigue process zone (FPZ)
of size d*, which unlike the above parameters,
contains some physical meaning and it can detect
local stress, deformation or energy in the vicinity of
the concentrator. This is a maximum plastically
deformed zone within the cyclic plastic zone
localized in a narrow (of the depth to several tenth
of millimeter) near-surface layer, what is caused by
the effect of the properties of the body free surface
[12].

Just here the primary damaging (defectiveness)
of structure occurs and at the early stages of fatigue

in the conditions of lower material yield resistance
a local sliding proceeds easier and more intensive
that alongside with the absence of closure effect,
explains the lower fatigue threshold AKth and the
higher rate of microstructurally short cracks growth
to compare with the long ones [17]. Since as a
result of plastic deformation in the process zone the
maximum stresses at the notch tip, calculated
within the elasticity theory, relax to the values of
local stresses and their maximum is reached at
distance d* from the notch tip [17], it can be
considered that the size of the process zone is a
certain constant of the material under given test
conditions  (loading amplitude, temperature,
environment).

The aim of the research is the investigation of
the peculiarities of the fatigue process zone
formation and the initial period of fatigue crack
initiation at the notch tip.

2. MATERIALS AND PROCEDURES

Tests were carried out on the standard
specimens of size W = 25 mm and 40 mm with the
rounding notch radii: p = 0.75; 1.5; 2.5 mm, thus
providing the variation of the stress concentration
values at the notches. Specimens were prepared
from the low-carbon high-ductility steel 08kp (yield
strength 190 MPa; ultimate strength 270 MPa;
elongation 48%), aluminum alloys of types
2024-T3 (275 MPa; 425 MPa; 11%) and 7075-T6
(485 MPa; 525 MPa; 12%) in as-received state.

Fatigue tests were conducted on a servo-
hydraulic machine BISS at constant loading
amplitude with a frequency of 10...15 Hz and stress
ratio R = Pmin/Pmax = 0.1 and 0.5 in laboratory air.
Changes near the stress concentrator were recorded
on the optical microscope with a 200-time
magnification.

Dimensions of the fatigue process zone and the
peculiarities of its formation were determined by
the following methods:

1) the method of laser interferometry by the change
of the specimen cross-section in the vicinity of the
stress concentrator caused by plastic deformation,
where the point with the maximum local
deformation corresponds to size d* of the plastic
zone i.e. the cross - section becomes minimum
[18];

2) the optical method based on the analysis of the
specimen deformed surface image in the stress
concentrator vicinity, where a characteristic point
that correlates with size d” of the process zone , is
determined by the extremum of the function of
distribution of deformation intensity of the
surface along the notch axis [19].

3. RESULTS AND DISCUSSION

The 08kp steel specimens were cyclically
loaded and the specimen surface profile change
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(thinning) in the notch vicinity (Fig.1) was
determined by the speckle-interferometry method
using the phase shifting technologies of respective
images processing [18].

After 1000 cycles the deformation maximum is
at a distance of about 50 microns from the notch tip
(Fig. 1b). Under further loading the value of
deformation increases, what is proved by the
increase of the interference curves, and the point of
the deformation maximum displaces by a distance
of 150 and 165 microns after 5000 and 10000
cycles, respectively (Fig. 1c, d). After 20000 cycles
its size is 250 microns and a crack initiates at the
notch tip with a length of about 250 um (Fig. 1e).
At the crack tip the own process zone is formed and
it again increases by 250 pm (Fig. 1f).

Fig. 1. Interference image of the deformation
maximum in the stress concentrator vicinity in the
initial state (a) and after1000 (b), 5000 (c), 10000

(d), 20000 (e), 25000 (f) loading cycles

So, the process zone, unlike the plastic zones, is
formed not immediately but starting from the first
cycle its size increases until reaches its maximum
value (Fig. 1, 2). Since the high-ductility 08kp steel
shows a slight tendency to deformation streng-
thening, the size of the process zone d* for the
number of cycles N, that is 30-40% of the
macrocrack initiation period, somewhat stabilizes,
while before crack initiation it somewhat increases

(Fig. 2).

NN,
Fig. 2. Dependence of size d* onthe relative
number of cycles to macrocrack initiation in the
08kp alloy

For the investigated aluminum alloys the
appearance on the horizontal region that
corresponds to the established size d”, is observed
for a number of cycles N, what is 20-25% of period
Ni (Fig. 3). The difference between the 08kp steel
and aluminum alloys can be related with the
different rate of plasticity life exhaustion in the
local zones of these materials.
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Fig. 3. Dependence of size d" onthe relative
number of cycles to macrocrack initiation in the
7075-T6 alloy

An interference map was investigated in the
vicinity of a stress concentrator without a crack in
the 7075-T6 aluminum alloy specimen (Fig. 4).

Fig. 4. Interference map in the vicinity of the stress
concentrator without a crack in the 7075-T6
aluminum alloy specimen
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Very often under the action of cyclic loading of
bodies with stress concentrators at the notch tip
after incubation period, which makes up
N=(0.2...0.4) Nj, a system of microcracks, which
size does not exceed d*, is formed within the
process zone (Fig. 5). In terms of N = (0.6...0.9) N;
the increment of one of the initial microcrack length
is observed (Fig.5), which at N =N; increases
jump-like to size a; > d” and becomes a macrocrack,
while at its tip the own process zone starts to form
(Fig. 6). Thus, according to the unified model of
fatigue fracture there is a criterion of the initial
macrocrack size a; = d* [16], while the process zone
is a physical barrier to the macrocrack initiation and
the cracks, that did not go outside its borders, can
be considered safe.

Fig. 5. Interference map in the vicinity of the stress
concentrator with a system of microcracks in the
aluminum alloy specimen

Fig. 6. Interference map in the vicinity of the stress
concentrator at the moment of a macrocrack

formation in the 7075-T6 aluminum alloy
specimen

Visual observation showed that after a certain
number of loading cycles the traces of plastic

deformation appear on the plated surface of the
7075-T6 aluminum alloy specimen at the notch
(Fig. 7-8 zone A), the intensity of which gradually
increases. This zone propagates by some distance
that determines size d* of the process zone
independent of the notch radius p. The macrocrack
within the process zone differs visually from the
macrocrack outside it (Fig. 7-8, zones A and B). A
part of the macrocrack, which is located in the zone
of available plastic deformations due to the notch
effect, is much less (Fig. 5-6, zone A) than a part of
the macrocrack after formation of the visual own
plastic zone near its tip (Fig. 7-8, zone B). Similar
phenomenon takes place when the macrocrack
propagates after cyclic overloading: within the
process zone borders after overloading a crack is
thin and propagates after leaving this zone. Thus,
the moment of macrocrack initiation can be
determined by visual signs. In this case, as our
experience shows, the visual values of the initial
macrocracks practically coincide with the size of
the fatigue process zone. So, when the crack length
a>d", it becomes a macrocrack with its own
plastic zone for which the self-model conditions
typical of macrocracks are satisfied.

Our investigations have demonstrated that
parameter d”, i.e. the size of the process zone,
practically does not depend on the notch radius p at
least in a wide range of the interval values p it
slightly depends on it (Table 1) [16, 17].

Fig. 7. Surface in the vicinity of the stress
concentrator at the stage of the initial macrocrack
formation (zone A) and at the stage of the
macrocrack growth (zone B) at R=0.1, p=0.75 mm

One of the basic factors that have an influence
on the process zone size is stress ratio. Experi-
mental investigations carried out by different above
presented procedures demonstrate that with incre-
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ase of R from 0.1 to 0.5 parameter d* increases
from 150 to 180 microns for the aluminum alloy of
type 7075-T6 and from 120 to 160 microns for the
aluminum alloy of type 2024-T3.

Fig. 8. Surface in the vicinity of the stress
concentrator at the stage of the initial macrocrack
formation (zone A) and at the stage of the
macrocrack growth (zone B) at R=0.5, p=0.75 mm

Table 1. Size d* of the fatigue process zone in the
specimens with a stress concentrator for different
rounding radius of its tip.

Material p=0.75 mm pd:’ 1H_r:mm p=25mm

4. CONCLUSIONS

In the conditions of cyclic loading in the stress
concentrator vicinity the fatigue process zone is
gradually formed, which size d* is the determining
parameter of the fatigue processes of the structural
materials. The steps and peculiarities of its
formation have been experimentally investigated. In
particular, it has been shown that the parameter d*
does not depend on the radius of the notch,
increases with increasing the asymmetry of the load
cycle, and also determines the value of non-
propagating (safe) cracks or defects in the structural
materials and can be a criterial parameter when
diagnosing the material defectiveness or damaging.
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