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The study investigates the patterns of crack initiation and propagation during the plastic deformation of two-
dimensional aluminum polycrystals with different grain sizes. The high-purity (99.96%) research objects are aluminum
polycrystals containing only through grain boundaries. The samples were subjected to uniaxial tension at a constant strain
rate of ¢ = 5 x 1075¢~! at room temperature. An original method based on light diffraction on a quasi-periodic surface
structure was used, allowing real-time tracking of crystallographic orientation changes in any region of the sample during
plastic deformation and simultaneously recording the initiation and propagation of cracks leading to the destruction of
the sample.

Experimental results showed that cracks most often originate at the sample edge due to stress concentration and
structural features of the material. Their subsequent development can occur both within the grains and along their
boundaries, depending on local deformation conditions, the type, and structure of the grain boundaries. It was found that
before a crack forms in a specific region of the sample, significant crystallographic orientation changes occur, which may
play a crucial role in the initiation of fracture.

In some cases, the formation of a "torch" of orientation changes — a zone into which the crack propagates, leading to
accelerated sample destruction was experimentally recorded. This effect may be related to the redistribution of internal
tensions and the activation of plastic deformation in the zone ahead of the crack. The study also documented a rare case
of “recrystallization” during deformation, where two adjacent grains "merged into" one due to a change in the
crystallographic orientation of one of the grains as a whole during plastic deformation. The ability of entire grains to
reorient in two-dimensional samples under plastic deformation was experimentally confirmed in previous studies.
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INTRODUCTION

It is well known that fracture is a multi-stage and multi-
scale process, and in this regard, fracture mechanisms
should be considered within an approach that accounts for
the interaction of various deformation processes at
different levels. When polycrystalline samples are
subjected to loading, structural and substructural
heterogeneity leads to a complex stress state, which can
relax in different ways, either sequentially or
simultaneously. These processes include the development
of crystallographic slip in specific regions of the
polycrystal with high Schmid factor values; the formation
and evolution of rotational structures that differ in shape,
type, and mode of initiation and development; and the
initiation and propagation of one or multiple cracks in
different regions of the polycrystal (within the grain body
or along grain boundaries).

The nature and sequence of crack initiation and
propagation during plastic = deformation remain
insufficiently studied. The aim of this work is to investigate
the patterns of crack initiation and propagation during the
plastic deformation of two-dimensional aluminum
polycrystals with different grain sizes using a highly
sensitive, original method for obtaining color orientation
maps (COM).

SAMPLES AND EXPERIMENTAL METHODS

The objects of study were two-dimensional aluminum
polycrystals (containing only through grain boundaries)
with a purity of 99.96%. As experimental results show [1],
in such objects, due to the absence of constraints in the
direction perpendicular to the sample surface, rotational
processes are most prominently manifested.

Samples with working part dimensions of
100 x 20 x 0.15 mm® were cut from aluminum foil. The
required average grain size, ranging from 5 mm to 20 mm,
was  achieved by  selecting an  appropriate
thermomechanical treatment regime. Grain boundaries
were revealed using the chemical etching method with the
well-known Keller's reagent [2]. All samples were
deformed under tensile loading conditions at a constant
strain rate of ¢ = 5 x 107°¢™1,

The absence of constraints during the plastic
deformation of two-dimensional aluminum polycrystals in
the direction perpendicular to the sample surface allowed
for the identification of specific features of crack initiation
and propagation, as well as the influence of orientation
changes on this process.

An original method [3—10], based on the effect of light
diffraction on the quasi-periodic surface structure of the
sample, was used. This structure arises as a result of
chemical etching and produces a color image of different
regions of the sample surface depending on their
crystallographic orientation. This approach makes it

possible to continuously track any orientation changes and
the patterns of crack initiation and propagation across the
entire sample surface in real-time during deformation.

RESEARCH RESULTS

The main research results are presented in Figures
(1 —5) as color orientation maps (COM), continuously
obtained during the deformation process from the entire
sample surface. The figures show only fragments of the
sample surface areas where cracks initiate and propagate,
ultimately leading to destruction. Each COM is labeled
with the total sample strain & (in percentage) and the
elapsed time At from the start of deformation. It should be
emphasized once again that any color changes in the
sample surface regions during deformation indicate
changes in the crystallographic orientation of that region
[2].

Of particular interest are the results obtained for
Sample Ne 1, shown in Figure 1. When the sample reaches
a relative strain of approximately 10%, it appears that the
strain in one of the grains has exceeded 20%. A detailed
examination of the COM reveals that this grain elongation
occurs due to the incorporation of an adjacent grain and the
disappearance of the grain boundary. Based on these
observations, '"recrystallization" occurs during sample
deformation — two grains merge into one (Figure 1b). This
effect is clearly visible in an enlarged fragment of this
sample region (Figure 1f). Thus, it can be confidently
stated that during the plastic deformation of a two-
dimensional aluminum polycrystal, "recrystallization"
takes place, leading to grain coarsening. The mechanism of
this recrystallization is the orientation change of one of the
neighboring grains, which occurs due to the absence of
constraints on rotations in the direction perpendicular to the
sample surface.

With further deformation, a well-developed rotational
structure emerges between the boundary of this grain and
the sample edge, within which a crack forms. The crack
then propagates within the recrystallized grain, changing
its propagation direction and affecting the rate of sample
destruction. From the moment of crack initiation to
complete sample destruction, approximately 4 minutes
elapse.

For the polycrystalline aluminum sample whose COM
is shown in Figure 2, crack initiation also occurs at the
sample edge. As the crack develops within the grain, this
process is preceded by orientation changes. Subsequently,
the crack propagates along the boundary of a neighboring
grain, altering its direction. The time required for this
sample to fail from the moment of crack initiation does not
exceed 2 minutes.

In Figure 3, the crack, similar to the previously
described samples, initiates in one of the grains at the
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Fig. 1. Fragments of COM obtained from the entire surface of polycrystalline sample Ne 1 during its deformation at

different levels of plastic strain € and elapsed time At.
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Fig. 2. Fragments of COM obtained from the entire surface of polycrystalline sample Ne 2 during its deformation at

different levels of plastic strain € and elapsed time At.

sample edge. During its propagation, it crosses two grains
and their boundary without changing direction. At a
considerable distance from the crack, orientation changes
manifest themselves in the form of a “torch”, the sharp end
of which is directed in the direction opposite to the crack.
When the specimen is deformed, this “torch” expands and
the crack moves into the area of the “torch”, which leads to
rapid fracture of the specimen. In this case, the time from
crack initiation to complete fracture is about 2 minutes. In
the next (fine-grained) sample (Fig. 4), the crack initiates
at the edge of the sample. As it propagates, it moves into a

grain where orientation changes occur. Despite the fine-
grained structure of the sample, crack propagation occurs
only within the grains. At a certain stage of crack
development, orientation changes appear in a narrow
region on the opposite edge of the sample, causing the
crack to shift into this region, ultimately leading to sample
failure. The time from crack initiation to failure is
approximately 2 minutes.

Of particular interest are the results of studying crack
initiation and propagation in polycrystalline aluminum
sample Ne 5.
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Fig. 3. Fragments of COM obtained from the entire surface of polycrystalline sample Ne 3 during its deformation at

different levels of plastic strain € and elapsed time At.

1
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e=0% £=8.9%
Fig. 4. Fragments of COM obtained from the entire surface of polycrystalline sample Ne 4 during its deformation at
different levels of plastic strain € and elapsed time At.

10 mm
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f) At =22 min 00 sec, g) At =23 min 00 sec h) At =24 min 32 sec
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Fig. 5. Fragments of COM obtained from the entire surface of polycrystalline sample Ne 5 during its deformation at
different levels of plastic strain & and elapsed time At.
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The unique feature of this sample is that the crack
initiates and propagates in the central region of the sample
along a grain boundary. As it progresses along the
boundary, the crack eventually stops. Its further
development occurs in the opposite direction. Moving
along the boundary, the crack exits it, crosses the grain
body, the boundary, and the body of a second grain. This
ultimately leads to sample failure. Thus, in this sample, the
failure mechanism exhibits a mixed nature, with crack
initiation occurring in the central part of the sample.

CONCLUSIONS

1. Experimental studies were conducted to investigate
the patterns of crack initiation and propagation during
deformation of two-dimensional polycrystalline aluminum
specimens using the original technique of obtaining color
orientation maps for the entire specimen surface. This
approach allowed us to identify a number of features of the
fracture process of the specimens and to establish a
relationship between the initiation and development of
cracks with orientational changes in the specimens.

2. It was shown that in most samples, cracks initiate at
the sample edge; however, their subsequent propagation
behavior is unpredictable. Crack development can occur
both within the grain body and along grain boundaries, and
this propagation pattern may change during the
deformation process.

3. Crack formation is almost always preceded by
orientation changes in the corresponding region of the
sample. Such changes can also develop over a sufficiently
large area around the crack as it propagates.
Experimentally, during sample deformation, the formation
of a “torch” of orientation changes was observed at
significant distances from the crack. As the crack develops,
it always moves into the “torch” region, which expands
during the deformation process, ultimately leading to the
failure of the sample.

4. In certain cases, a crack may initiate in the middle of
the sample, most often along a grain boundary. This is
typically preceded by orientation changes near the
boundary. During sample deformation, the crack may
reverse its propagation direction, leading to failure. This
reversal is also driven by orientation changes occurring in
the newly affected region.

5.An wunusual type of ‘'recrystallization" was
discovered in polycrystalline aluminum samples, which
involves a change in the crystallographic orientation of one
of the neighboring grains, leading to the disappearance of
the boundary between them.
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OCOBbJINBOCTI BUHUKHEHHA TA PO3BUTKY TPILLWH
B NONIKPUCTANIYHUX 3PA3KAX AINTIOMIHIIO

€. 0. bagisH, A. I'. Tonkonpsag, M. P. WypiHos, P. B. lWypiHoB
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Hapiiira o penaxiiii 20 Bepecust 2024 p. [lepernsuyro 04 nuctomnana 2024 p.
IpuiiasTo no apyky 15 mucromana 2024 p.

B poGoti mocmimkeHO 3aKOHOMIPHOCTI 3apODKEHHS Ta PO3BUTKY TPIIMH MiA Yac IUIACTUYHOI aedopmariii ABOBUMIpHHX
MIOMIKPHUCTANIB AMIOMIHIIO 3 pI3HUMH po3MmipaMu 3epeH. O0'ekTamu JociikeHHs Oymu BucokoducTi (99.96%) momikpucramm
QTIOMIHIIO, 10 MICTATh JIMIIE HACKPi3HI TPaHMIl 3epeH. 3pa3Ku MiJiaBajd OJHOBICHOMY PO3TACYBAHHIO 3 MOCTIHHOIO IMIBUAKICTIO
nedopmanii § = 5 x 1073¢~! 3a xiMHaTHOT TeMmepaTypy. BHKOPHCTaHO OpUTiHANBEHY METOIMKY, 3aCHOBAHY Ha AudpaKiii cBiTia
Ha KBa3iMepioJUYHIi CTPYKTYpi MOBEPXHi, IO J03BOJSIE B PEaTbHOMY Yaci BiICTEXKYBaTH 3MiHU KpucTaiorpadigaoi opieHTamii B
OyIb-sIKill MUISAHIN 3pa3ka MiJ 4ac IUIACTHYHOI AedopMariii Ta OJHOYACHO PEECTPYBATH 3apODKEHHS 1 MOIIUPEHHS TPIIUH IPH
pyiHyBaHHI 3pa3ka.

ExcniepyMenTanbHi  pe3ynbTaTH MOKas3aid, IO TPIMIMHM HaW9acTille 3apo/DKYIOThCS Ha Kpalo 3pas3Ka, IO IOB'SI3aHO 3
KOHIIGHTpALI€I0 HAIIPYXKEHb 1 CTPYKTYPHUMH 0COONUBOCTSIMH MaTepiainy. [Tonanbimmid iX po3BUTOK MOXE BiiOyBaTHCS SIK BCEPEANHI
3epeH, TakK 1 B3IOBXK IX I'PAaHHUIIb, 3AJICKHO BiJl JIOKAJEHUX YMOB Je)OpMyBaHHS, THUITY Ta CTPYKTYpU T'paHHUIb 3epeH. BCTaHOBIEHO,
10 Tepe] YTBOPEHHSM TPIIIMHU y BIANOBiAHIM o6nacTi 3pa3ka BigOyBaroThCs 3HA4HI 3MiHM KpucTanorpadiyHoi opieHTamil, sKi
MOJXYTh BiJIirpaBaTH BUPIIIAIBHY pOJIb B iHINIIOBaHHI PyHHYBaHHS.

V neskux BUMaaKax eKCIepUMEHTAIbHO 3aikcoBaHO (popMyBaHH «(paKeaay) OpieHTaliiHNUX 3MiH - 30HH, B SIKY HOIIUPIOETHCS
TpIIIKHA, IO IPH3BOIUTH 0 IPUCKOPEHOro pyiHyBaHH: 3pa3ka. Lleit epekt Moxe OyTH MOB'sI3aHUIA 3 IEPEPO3MOIiIOM BHYTPIIIHIX
Halpy>keHb 1 aKTHBI3alli€ro IIacTHYHOI nedopmManii B 30HI mepex TpimuHoo. B podoTi excriepuMeHTanbHo 3adikcoBaHO piAKicHUI
BHIIAJIOK “‘peKpUCTaii3amii” mig yac nedopmariii, KoM JBa CyCiIHIX 3epHa «3IHUBAIOTHCSD) B OJJHE BHACIIIOK 3MiHU KpUCTaJIOrpadiyHoi
OpieHTalii OJJHOTO i3 CYCiHIX 3epPEH SK LIOTO B MPOIIEC IIACTUYHOTO Ne(opMyBaHHs 3pa3Kka. MOKIMBICTh TIEPEOPIEHTAITIT 3epeH K
LJIOTO B JBOBHUMIPHHMX 3pa3kaXx IpH IUIACTHYHOMY naehopMyBaHHI Oyj0 BCTAHOBJIECHO EKCIEPUMEHTANIBbHO B MONEPEIHIX
JIOCIIIKEHHAX.

Knrwowuoei cnosa: nonikpucmaniuno2o 3pasku amominito, niacmudua oegpopmayis, pyiuHy8anHs, MexaniyHi 61acmueoCmi.
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