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Anomauia. Posensnyma npobiema, axa nos sa3ama 3 6mpamoro onopy KpuxKomy
PVUHYBAHHIO CMATI 8 elleMeHmax MemaioKOHCMPYKYii nepeeanmantcy8anoHoi mexHiKu.
bys nposedenuil ppaxmoepapiunuii ananiz MaxKpo- ma MiKpopieHie 3pasKie, eUpi3aHux 3
080X OLISAHOK Kpaua, sKi Oyau niooaui eunpo0yeanusm OJisl GUSHAYEHHS IXHbOI yOapHOol
8'sskocmi. OOpani 3pasku OXONIIOBANU HAUMEHW Ma HAUOLIbUL HABAHMANCEHT OLISHKU
MEMANOKOHCMPYKYIT KPana, 3 Memoio 81000padicents MiHIMATbHO20 MaA MAKCUMATLHO20
pienis excnayamayiinoi deepadayii cmali.

Oyiniosanns odecpadayii memany 30ilCHIOBANIOCS 34 1020 ONOPOM KPUXKOMY
pyinyeannio. byno ecmanogneno 36'130k midxc xapaxmepom pyuny8aHHs, eHepeoEMHICIIO
ma NOKA3HUKAMU ONOPY KpuxKomy pyunysaunio. Ocobnusa yeaza dyna npudinena poma-
WLYBAHHIO PO3ULAPYBAHHI 83008C HANPAMY B8AILYIOBAHHA NPOKAMY Ni0 4ac MAKpo- mda
MIKpoghpaxmozpagiunux 00CaiodNCeHb.

Maxkpogpaxmoepagiunuii ananiz niomeepous 3a2aibHy CXUIbHICHb Memany 00
PO3ULAPYBAHb, 0COONUBO 8300804C 80JIOKOH meKkcmypu. Ll cxunbHicme 6apilosanacs 014
PIBHUX OLISAHOK MEeMAlLOKOHCMPYKYIL KpaHa ma 3a1exicuid 610 PieHst pOOOHUX HANPYICEHD
Y KOHCMPYKYIUHUX eneMeHmax.

byno ecmanosneno, wo no3006xcui 3pasku mawmo @paxmozpadiuni oznaxu
PO3ULAPYBAHHA Y BUTIAOI 8MOPUHHUX MPIWUH, NEPNEHOUKVIAPHUX 00 NJIOWUHU DYUHY-
eanHs. Makposnam 3paska 3 HagaHmadxceHoi OLNAHKU BUABUE 3HAYHY KIIbKICMb po3ulapy-
6aHb, WO CEIOUUMb NPO IXHIO POTb Y HOWUPEHHI PYUHY8AHHS 34 YOApHUMU GUNPOOY-
BAHHAMU.

L]i pesynbmamu 0036014A10Mb 8CMAHOBUMU 38'S30K MIdC CMPYKMYPOIO Mame-
piany, 1020 MexauiYHUMU 81ACIMUBOCMAMU MA eKCHAYAMayiiHo dezpadayicio, Wo Mae
sajiciuse 3HawyeHHs OJisl NOKPAWeHHs. HAOIHOCMI ma 0Oe3neKku MemanioKOHCMPYKYill
Kpamia.

Knrouosi cnoea: xkpuxxe pyuHy8awHs cmani, MemaioOKOHCMPYKYia nepesanma-
AHCYBANLHOL mexHiKuY, hpaxmoepapiunuil ananis, KOHYEHMPAMOPU HARPYHCEHb, POIULADY-
B8aHHsl, Ko2e3is, HeMemanesi GKIOYeHHs, CMAMUYHA MPIWUHOCMIUKICG, eKChiyama-
yiina dezpadayis, NONEepeyri 3pasku, YOapHa 6 sI3KiCmb.
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Abstract. The problem related to the loss of resistance to brittle fracture in steel
elements of the metal structure of loading equipment has been investigated. A fracto-
graphic analysis was conducted at macro and micro levels on samples taken from two
sections of the crane that underwent testing to determine their impact toughness. The
selected samples covered the least and most loaded areas of the crane's metal structure to
reflect the minimum and maximum levels of operational steel degradation.

The assessment of metal degradation was carried out based on its resistance to
brittle fracture. A correlation was established between the nature of the fracture, energy
absorption, and indicators of resistance to brittle fracture. Special attention was given to
the location of delamination along the direction of rolling during macro and microfracto-
graphic studies.

Macrofractographic analysis confirmed the general tendency of the metal to
delaminate, especially along the fibers of the texture. This tendency varied for different
sections of the crane's metal structure and depended on the level of operational stresses
in the structural elements. It was found that longitudinal samples exhibited fractographic
signs of delamination in the form of secondary cracks perpendicular to the fracture
plane. The macrofracture of a sample from a loaded area revealed a significant amount
of delamination, indicating their role in the propagation of fractures during impact tests.

These results allow establishing a connection between the material's structure, its
mechanical properties, and operational degra-dation, which is crucial for improving the
reliability and safety of crane metal structures.

Keywords: brittle fracture of steel, metal structure of loading equipment,
fractographic analysis, stress concentrators, delamination, cohesion, non-metallic inclu-
sions, static fracture toughness, operational degradation, transverse samples, impact
toughness.

Abstract. The resistance to brittle fracture of metal structures in overload
machinery significantly depends on the energy absorption characteristics of the materials
they are made of. Different fractographic features correspond to various mechanisms of
their fracture.
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Due to the prolonged operation of metal structures in overload machinery leading
to a significant decrease in their resistance to brittle fracture, the investigation of
operational degradation can be based on the use of fractographic analysis [1-3].

In the study [4], based on macro and microfractographic ana-lysis of fracture
surfaces of samples after impact toughness testing, features of the fracture mechanisms
were identified depending on the degree of metal degradation and orientation relative to
the rolling direction of the rolled steel in the metal structure of a portal crane. Operational
degradation of steel was determined, taking into account its dependence on the predicted
level of cyclic stress Ac. under real operating conditions of the metal structure. Thus,
dependencies of the degree of operational degradation on the specified indicator were
established.

Objective. The aim of the article is to conduct macro and microfractographic
analysis of crane metal structure samples and to establish patterns of their fracture.

Presentation of the main material. Fractographic analysis was conducted at
both macro and micro levels for samples taken from two sections of the crane subjected
to impact toughness testing. The samples were cut to encompass the least and most
loaded areas of the metal structure during crane operation. Since the evaluation of metal
was based on its resistance to brittle fracture, it was assumed that the selected samples for
analysis corresponded to the minimum and maximum degrees of steel operational
degradation, respectively. Thus, a correlation was established between the fracture
characteristics in terms of their energy absorption and quantitative indicators of brittle
fracture resistance. In the course of macro and microfractographic investigations,
particular attention was also given to the location of delamination along the rolling
direction of the rolled steel.

Macrofractographic analysis confirmed that the overall tendency of the metal to
delaminate is particularly evident along the fibers of the texture. This tendency varies for
different sections of the crane metal structure and depends on the level of operational
stress in structural elements, increasing with the growth of these stresses. In the analysis
of longitudinal samples, it was found that the macro-surface of the fracture intersects the
texture fibers, reflecting fractographic signs of delamination in the form of secondary
cracks perpendicular to the fracture plane (Fig. 1).

In particular, the macrofracture of a longitudinal sample from a lightly loaded
crane element is almost smooth, without pronounced signs of delamination (Fig. 1a),
while on the fracture of a longitudinal sample from a more heavily loaded element, a
significant number of delaminations of varying sizes oriented in the direction of fracture
propagation under impact testing were observed (Fig. 1b).

In particular, the macrofracture of a longitudinal sample from a lightly loaded
crane element is almost smooth, without pronounced signs of delamination (Fig. 1a),
while on the fracture of a longitudinal sample from a more heavily loaded element, a
significant number of delaminations of varying sizes oriented in the direction of fracture
propagation under impact testing were observed (Fig. 1b).
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c d
Fig. 1. Macrofractographs near stress concentrators
of fractures from longitudinal (a, b) and transverse (c, d) samples,
extracted from the least loaded (a, c) and most loaded (b, d) crane elements

Since stress concentrators on the samples are distributed through-out the
thickness of the rolled steel, the delaminations identified on the fracture of the sample
from the heavily loaded crane element are associated with the intersection of the
delamination fracture plane that occurred in the rolling direction of the element due to the
loss of cohesion between the matrix and non-metallic inclusions. Similar results with
pronounced macrodelaminations were observed in the study of long-operated gas pipeline
pipes made from sheet metal [5; 6]. This phenomenon is attributed to the operational
degradation of the physical-mechanical properties of the metal and the embrittlement of
the metal pipe wall.
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It is important to note that the static crack resistance of rolled metal, as one of the
indicators of resistance to brittle fracture, is also highly sensitive to the texture of the
rolled metal [7]. However, its determination is methodologically complex, and therefore,
in research conditions, preference is given to impact toughness as a characteristic of metal
resistance to brittle fracture.

On the fractures of transverse samples, delaminations were more pronounced
(Fig. 1c, d). However, their impact on the samples is not as obvious as in the case of
longitudinally oriented samples. Both in longitudinal (Fig. 1c) and transverse (Fig. 1d)
fractures, a large number of various-length secondary cracks were recorded, oriented on
one side perpendicular to the macrofracture plane and on the other side in the direction of
fracture propagation from the stress concentrator.

As in this case, the stress concentrators are located along the thickness of the
sheet; the identified delaminations are also associated with the texture of the rolled steel.
It is important to note that the fracture of the heavily loaded element is characterized by a
greater number of perpendicular (from the notch to the opposite edge of the sample)
delaminations (Fig. 1d). Additionally, more opening of such cracks is observed, which
may indicate a higher intensity of stresses contributing to these delaminations. Thus,
macrofractographic analysis allows a clear assessment of the tendency of long-operated
rolled metal to delaminate.

For microfractographic analysis, the fracture region immediately following the
stress concentrator was considered, which characterizes the initial stage of sample
fracture. Figure 2 presents microfractographs of fractures of longitudinal samples
extracted from metal structure elements near the stress concentrator.

Fig. 2. Microfractographs of fractures near stress concentrators
of longitudinal samples, extracted from metal structure elements:
a — less loaded element; b — more loaded element
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It is observed that for the initial section of the fracture surface, a typical
mechanism with the formation of a pit relief is characteristic. However, certain
differences were found for samples of different orientations — longitudinal and transverse.
On the fractures of longitudinal samples, small parabolicshaped pits were identified,
which remain unchanged even with changes in the level of operational stress during the
operation of the element. At the micro level, this indicates the preference for a shear
mechanism of metal deformation, which operates until the moment of fracture of the
partitions between the pores, providing a ductile nature of the fracture.

On the fractures of longitudinal samples, traces of inclusions in the form of large
(up to 7 um) and deep pits were also visible. However, certain variations were found for
elements with different levels of cyclic loading Ac., which determined the intensity of the
reduction in the impact toughness of the metal, as previously demonstrated, i.e., resi-
stance to brittle fracture. Such pits were less frequent on the fracture of the less loaded
element (Fig. 2 a), while on the fracture of the maximally loaded element, they prevailed
(Fig. 2 b). Thus, it can be concluded that operational loads are responsible for the loss of
cohesion between the inclusions and the matrix. With an increase in operational stresses
in the element, the number of inclusion traces on the fracture of a sample made of such
metal increases. This is a characteristic of microlevel operational degradation of steel,
where pits from inclusions indicate the loss of their cohesion with the matrix.

Let's consider the actual separation of inclusions from the matrix during the
prolonged operation of the metal structure and during mechanical testing of samples for
impact toughness. Microfractographs of fractures of transverse samples near the stress
concentrator are shown in Figure 3.

Fig. 3. Microfractographs of fractures near stress concentrators
of transverse samples, extracted from metal structure elements:
a — a sample that operates under higher load;

b — a sample that operates under lower load
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In the fracture relief, long delaminations in the direction of fracture predo-
minated, which occurred during the metal's operation along the boundaries of non-
metallic inclusions with the matrix. Clear traces of these inclusions were evident at the
bottom of the delaminations. Layers of undamaged metal between delaminations divided
the working cross-section of the sample into thin fragments. Within these layers, the
fracture occurred by the formation of larger, nearly equidistant, and finer pits than on the
fractures of longitudinal samples, formed by the mechanism of detachment. The change
in the deformation mechanism from shear to the detachment mechanism indicates the
transition from ductile fracture to a less energy-intensive one. This was more pronounced
for metal operated under harsher loading conditions and, accordingly, with lower impact
toughness (Fig. 3b). Simultaneously, for metal operated under lower load levels and with
higher resistance to brittle fracture (Fig. 3a), the shear nature of pit formation remained
more pronounced.

Conclusions:

1. Macrofractographic analysis provides the ability to analyze the susceptibility
of metal from longterm operation to delamination.

2. Microfractographic analysis revealed that with the increasing length of the
crack from the initial notch into the depth of the sample crosssections, the fracture
mechanism remained predominantly ductile void coalescence; however, the roughness of
the fractures increased, indicating an elevated energy intensity of the fracture process.

3. For assessing the current technical condition of longterm operated metal, it is
most advisable to use transversely oriented samples.
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