ISSN 1027-5495. Functional Materials, 26, No.1 (2019), p. 88-91.
doi:https://doi.org/10.15407/fm26.01.88 © 2019 — STC "Institute for Single Crystals”

Features of the occurrence and development
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The results of the study of the regularities of the occurrence and development of cracks
during plastic deformation of polycrystalline aluminum samples which contain only
through grain boundaries (parquet structure) are presented. It was experimentally shown
that in the studied polycrystalline aluminum samples, the average size of which varied
from 1 to 15 mm grain-boundary, transcrystalline and mixed failure can occur. The
regularities of the occurrence and development of cracks and the physical mechanisms for
various types of failure of polycrystalline aluminum samples are determined. It has been
shown that grain-boundary failure is caused by the presence of pores in the grain bound
aries of a general type, and transcrystalline failure is caused by the deformational bounda-
ries or a well-developed rotational structure that occurs during sample deformation.
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IIpuBemensl pesyabTATBH MCCIEIOBAHUS 3AKOHOMEPHOCTH BOSHUKHOBEHUS U PAa3BUTHUSA
TPEeIUH [IPY IACTHUYECKOM Ae()OPMHUPOBAHUMN IMOJUKPUCTAINIESCKUX OOPASIOB ANIOMUHUSI,
COJepPIKAIUX TOJbKO CKBO3HBIE I'DAHUIIBI 3ePeH (IapKeTHas CTPYKTypa). OKCIePUMEHTAILHO
IIOKAa3aHo, UTO B MHCCJAEJOBAHHBIX IIOJUKPUCTAJINUYECKUX O0Opasnax AaJlOMUHUS, CPeIHUI
pasmep KOTOPBIX MeHsAca oT 1 70 15 MM, BOBMOMKHO 36PDHOIrPAHUYHOE, TPAHCKPUCTAJINTHOE
U CMeIlIaHHOe PaspylleHne. BolsgBieHa 3aKOHOMEPHOCTh BOSHUKHOBEHUSA U PASBUTHS TPEIUH
[IPX PABJIUYHBIX CIIOCO0aX PaspyIleHus IOJUKPUCTAIINIECKUX 00Pa3IOB aJIOMUHASL U OIIpe-
nenensl (pusrvecKkre MexaHusMbl. I[oKasaHo, UTO 3ePHOrPAHUYHOE PaspyIieHne o6yCI0BICHO
HAJIMYMEM B MPAHUIAX OOIero THUIA II0P, 4 TPAHCKPHUCTAJIUTHOE — IpaHuimamMu aedopmaru-
OHHOT'O IIPOMCXOMKIEHUS MM BOSHUKAWIINEH B mpolecce nedopMUpPOBaHUA 00pasna XOpOIIo
PasBUTON POTAIMOHHON CTPYKTYPHI.

Oco6aMBOCTI BHHUKHEHHA Ta PO3BHUTKY TPIlIMH y HOJIKpHCTAJIYHUX 3pas3sKax aJaiomi-
Hilo 3 pizmum posmipom 3epen. €.J0.Badian, A.I'.Tonrkonpad, O.B.Illexoeyos, P.B.Ilypinos.

Hasegeno pesyabraTu HOCHiIKeHHS 3aKOHOMIPHOCTEH BUHMKHEHHS Ta PO3BUTKY TPIIlUH
npu miIacTuvHiili medopmanii moaikpucramivnmx spaskiB amomimiio, axi micraTe TinbKm
Hackpisui memxi sepen (maprerHa cTpyKTypa). EKCcIOepuMEeHTAaNbHO [IOKA3aHO, IO € MIO-
CHimKeHNX HOJMIKpHCTANIUHMX 3pasKax aJMiHil, cepemHiii poamip sxmux smimioBascs Bim 1
10 15 MM, € MOMINBUMU 3€PHOTrPAHMYHE, TPAHCKPHCTAJITHE Ta 3MimiaHe pyiHyBamusa. Bu-
SBJIEHO 3aKOHOMIipHOCTI BUHMKHEHHS Ta PO3BUTKY TPIIMH HpU PisHUX ciocobax pyHHYBaH-
HA HOJIKpUCTANIUYHNX 3pasKiB ajmoMiHio Ta BuaHaueHo ¢disuuni mexamismu. IToxaszano, mio
3epHOrpaHNYHEe PyHHyBaHHA 00YMOBJIEHO HASBHICTIO y MeXKax 3epeH 3arajibHOro THUIY IIOp, a
TPaHCKPHUCTAJITHE — MexaMu mgeopMaIliliHOro mOXoM:KeHHd abo mo0pe PO3BHUHEHOIO PO-
TAI[iHHOI CTPYKTYPOIO, IKA BUHHUKAE y IIpolleci gedopMyBaHHS 3pasKa.
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1. Introduction

The problem of the failure of crystalline
materials including metals has been central
to the creation of various structural materi-
als for decades. The study of the macro-
scopic patterns of the occurrence and devel-
opment of cracks and the search for a con-
nection between the nature of the fracture
process and the microstructure of the sam-
ple is one of the possible approaches to solv-
ing this problem. This is mostly true for
polycrystalline samples in which the grain
boundaries differ in type, shape, length,
and other characteristics.

In the present paper, experimental stud-
ies of the patterns of the occurrence and
development of cracks in the process of
plastic deformation of polycrystalline alumi-
num samples with different average grain
sizes are carried out. Use as samples of two-
dimensional aluminum polycrystals contain-
ing only through grain boundaries and
original techniques [1-3] studies of struc-
tural, substructural and orientational
changes accompanying plastic deformation
of the sample made it possible not only to
trace the origin and development of cracks
in different areas of the sample but also to
determine the physical mechanisms of their
occurrence and further development.

2. Experimental

The objects of study were two-dimen-
sional polycrystalline samples of aluminum
containing only through grain boundaries.
The research samples with the working part
size of about 100x20x0.15 mm3 were cut
out from an aluminum foil (99.96 %)
0.15 mm thick with average grain size of
about 0.01 mm. The necessary average
grain size from 1 to 12 mm was provided by
selection of preliminary strain and recrys-
tallization annealing regime which included
pre-annealing at a temperature of 400°C for
3 h, subsequent plastic deformation of the
sample by 1.0-5.0 % and recrystallization
annealing at a temperature of 600-630°C
for 5 h. Grain boundaries were detected by
chemical etching using Keller etchant [4].
The crystallographic orientation of all
grains relative to the tensile axis and the
complete certification of all grain bounda-
ries were performed using the Laue X-ray
technique before and after the deformation of
the large-grained samples. The specimens
were strained under active tension conditions
at a constant straining rate € =109 g71,
During deformation of the samples from
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their entire surface color orientation maps
were continuously recorded and color shades
were visualized. The color shades charac-
terized the structural and orientational het-
erogeneity of the samples [5—6]. This made
it possible to trace the substructural and
orientational changes in each of the grains
that occur during the deformation of poly-
crystalline samples.

3. Results and discussion

Grain-boundary, transcrystalline and
mixed failures were observed in the studied
samples (there were more than 200), de-
pending on the grain size during plastic de-
formation. It has been experimentally
shown that it is impossible to unambigu-
ously determine how the grain size affects
the type of failure of a sample. However,
the probability of grain-boundary failure in
polycrystalline aluminum samples increases
with decreasing average grain size. Figure
shows the dependence of the probability of
grain-boundary failure on the average grain
size d of the studied samples. Failure al-
most always occurs along the grain bounda-
ries in samples with an average grain size
of not more than 5 mm. The occurrence of
cracks almost always occurs within the
grain boundaries of a general type (Fig.).
This was shown using the developed com-
puter-aided technique of automatic full cer-
tification of all grain boundaries in a sam-
ple after scanning the Laue patterns re-
ceived from all grains. Almost all grain
boundaries are of a general type in samples
with an average grain size of not more than
5 mm. Thus grain-boundary failure is asso-
ciated with the presence of general type
grain boundaries in the samples. Pores are
found in almost every one of these bounda-
ries. These ones are the source of cracks
during the deformation of the samples. It
was experimentally shown that the charac-
ter of the distribution of pores in the grain
boundaries of a general type and their num-
ber (density) are different. This makes it
possible to explain the specifics of grain-
boundary damage in fine-crystalline alumi-
num samples, which consists in the variety
of types for the occurrence and development
of grain-boundary cracks. The process of
failure of the sample can be carried out by
the occurrence of a single crack and its suc-
cessive development in other grain bounda-
ries. The appearance of cracks can occur in
the grain boundaries in the entire sample
(multiple grain-boundary failure). In this
case, it is impossible to predict the number
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Fig.. The dependencei of the relative number
of the grain boundaries of a general type
Nop/Ng and the transcrystalline failure prob-
ability Wy on the average grain size in poly-
crystalline aluminum samples (N, is the total
number of grain boundaries in the sample,
Nop is the number of the grain boundaries of
a general type).

of grain-boundary cracks and determine the
crack in the boundary which ultimately will
lead to the failure of the sample. One of the
appeared grain-boundary cracks can stop its
development, and the other to continue.
During plastic deformation, this crack can
stop its development, and the first crack
will begin to develop again. Such a develop-
ment may also occur for other appeared
grain-boundary cracks. As noted above,
everything is determined by the number of
grain-boundary pores in the sample and the
character of their distribution.

The pattern of the occurrence and devel-
opment of cracks may be different if there
are special or similar types of grain bounda-
ries in a polycrystalline sample. If a crack
appears in the grain boundary of a general
type, it spreads in the grain body due to the
impossibility of its further development in
the neighboring boundary of a special type.
If it crosses the general type grain bound-
ary, its further development can occur
along this boundary. Otherwise, it develops
in the body of the neighboring grain. This
is the so-called mixed character of the fail-
ure of polycrystalline samples which contain
the grain boundaries of a special and gen-
eral type. Failure is almost always tran-
scrystalline in the large-gr ained aluminum
samples (d > 10 mm). It was experimentally
shown that the occurrence of cracks in the
body of a grain is possible in two cases. In
the first case, it is necessary that the ten-
sile axis of the sample coincides with the
direction of the {811} type, and the normal
to the surface of this grain coincides with
the direction {411}. If there is a grain with

90

such a crystallographic orientation in poly-
crystalline samples prior to their deforma-
tion, then a crack appears in such a grain
almost always. If the crystallographic orien-
tation of the grain differs from the above
then its rotations may occur as a result of
sliding. Such rotations favor the activation
of the conjugate slip system and thus make
the orientation of the grain or its individual
regions unstable to failure [7-9]. In the
grains that have experienced such a reorien-
tation, the sequence of deformation proc-
esses and failure is as follows. Initially, the
deformation occurs due to the action of the
primary slip system. Then, the accompany-
ing reorientation of the crystal lattice, the
activation of the conjugate slip system, dou-
ble slip and failure as the final result occur.
In the second case, the occurrence of a
crack in the body of the grain is associated
with the formation of a well-developed rota-
tional structure or a new interface in it
during plastic deformation. Such a bound-
ary is as a rule small-angle.

It should be noted that the development
of cracks in the body of a grain always
takes place in certain crystallographic direc-
tions and is viscous in nature. The direction
of crack development always changes if it
intersects with the grain boundary and ex-
tends further in the grain with a different
crystallographic orientation.

4. Conclusions

Investigation of the pattern of the ap-
pearance and development of cracks in poly-
crystalline aluminum samples containing
only through grain boundaries showed that
there are three possible types of failure de-
pending on the grain size: grain-boundary,
transcrystalline and mixed. In the first
case, the formation and development of
cracks occurs only along the grain bounda-
ries. In the second case, the formation of
cracks and their development can occur only
in the body of the grain. In the third case,
the formation of cracks can occur at the
grain boundary but its development always
occurs only in the grain body.

It has been experimentally shown that
the grain boundaries of a general type, in
the region of which pores are found, prede-
termine the grain-boundary failure of poly-
crystalline samples. The relative number of
the grain boundaries of a general type in
the studied samples increases with decreas-
ing average grain size. This leads to an in-
crease in the probability of grain-boundary
failure with a decrease in the average grain
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size. In case of transcrystalline failure, the
occurrence of cracks is associated with the
presence of a well-developed rotational
structure in the body of the grain, which
occurs during deformation of the sample, or
the boundary of deformation origin, which
as a rule is small-angle.
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