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FASCINATING WORLD OF NANOSCIENCE
AND NANOTECHNOLOGY

Researchers whose work has led to significant discoveries, looking much
further, beyond the immediate resolution of technical problems, are asking them-
selves important questions such as: why individual phenomena occur, how they
develop, and why they work. In order to enhance our knowledge about the world
around us, and to see pictures of worlds that elude the human eye, through histo-
ry many experimental and theoretical methods have been developed and are still
being improved, including the development of telescopes and microscopes, which
enable us to see "very large" and "very small" things.

Researchers involved in the "big things" (the universe, galaxies, stars and
planets) have found that a galaxy of an average size of about 100.000 light-years
has, on average, around one quadrillion (10'°) stars. Researchers involved in the
"little things" (nanostructures, molecules, clusters of atoms, individual atoms,
atomic defects, etc.) have discovered that 1 cm3 of aluminum alloys also contains
approximately one quadrillion (10"°) nanoparticles that strengthen these alloys in
order to be utilized as a structural material for aircrafts, without which modern
transport is unimaginable. How do we count the number of stars in a galaxy or the
number of nanoparticles in an aluminum alloy? Relatively easy, because we can
see the nanoparticles in aluminum alloys using electron microscopes, and stars in
a galaxy using telescopes. Scientific discoveries form the basis for scientific and
technological progress, and one such example are the discoveries in the fields of
nanosciences and nanotechnologies.

Why is this monograph dedicated to nanosciences and nanotechnologies?

To answer this question, we must first answer the question: what are nano-
science and nanotechnology? In the inevitable Wikipedia, Encyclopedia Britannica
(and any other encyclopedia), dictionaries as well as internet sources, the terms
"nanoscience” and "nanotechnology" are related to the study, understanding,
controlled manipulation of structures and phenomena, and the application of
extremely small things, which have at least one dimension less than 100 nm.
Modern aspects of nanosciences and nanotechnologies are quite new and have
been developing intensively in the last twenty to thirty years, but the nanoscale
substances have been used for centuries, if not millennia. Particulate pigments, for
example, have been used in ancient China, Egypt, etc., several thousands of years
ago. Artists have decorated windows in medieval churches using silver and gold
nanoparticles of various sizes and composition, without understanding the origin
of the various colors. Nanoparticles that strengthen alloys of iron, aluminum and
other metals, have been used for over a hundred years, although they have not
been branded with a prefix "nano", but rather called "precipitates”. Scientific disci-



plines, involved in significant research activities related to nanoscience and nano-
technology, are: physical metallurgy, materials science and materials engineering,
chemistry, physics, biology, electrical engineering, and so on.

Where does the prefix "nano" come from? "Nano" comes from the Greek
words vavog, which means a dwarf, indicating a dimension of one nanometer
(1 nm), which represents one-billionth (10°) of a meter; Similarly, "nanosecond"
(ns) denotes a billionth of a second, and so on. This sounds a bit abstract to many;,
but to put things into context with which we are familiar, we can mention that the
diameter of a human hair, for example, is on average about 100.000 nm (10° nm
=100 microns = 0.1 mm), which is roughly the bottom threshold of human eye
detection; Thickness of newsprint on average is also about 100.000 nm = 100 pm =
0.1 mm; Person of 2 m height is 2.000.000.000 (2x10°) nm high. For comparison,
if we assume that the diameter of a children's glass marble was 1 nm, then the
diameter of the Earth would be 1 m.

When we talk about the structures of inorganic, organic and bio-nanosys-
tems, their dimensions are as follows: Diameter of carbon atom is in the order of
0.1 nm, or one-tenth of a billionth of a meter; Single-wall carbon nanotubes have
a diameter of around 2 nm, or 2 billionth of a meter; The width of the deoxyribo-
nucleic acid (DNA) chain is also about 2 nm, or 2 billionths of a meter; Proteins,
which can vary in size, depending on how many amino acids they are composed
of, are in the range mainly between 2 and 10 nm, or between 2 and 10 billionths
of a meter (assuming their spherical shape); Diameter of individual molecules of
hemoglobin is about 5 nm, or 5 billionths of a meter.

Indeed, these are small sizes, but why should they be important, or why
does size matter? When analyzing physical systems on the nanoscale, their funda-
mental properties change drastically. Consider the example, melting point of gold:
transition temperature of solid to liquid for gold nanoparticles ~4 nm in size, is
about 400°C, while the melting temperature of bulk (macroscopic) gold is 1063°C.
The same can be said for other properties: mechanical properties, electric conduc-
tivity, magnetism, chemical reactivity, etc., also may be drastically changed, which
means that nanosystems deviate from the laws of classical physics that describe the
motion of the planets, the direction of movement of a rockets which carry satellites
to explore space, etc. The base of this fascinating behavior of nanostructures are
bonds between the atoms. As structures become smaller, more atoms are present
on the surface, hence the ratio of the surface area to volume for these structures
increases dramatically. It results in a dramatic change of physicochemical prop-
erties of nanostructures from the bulk, as well as possible appearance of quantum
effects: nanoscale structures become stronger, less brittle, demonstrate enhanced
optical and catalytic properties, and generally, are very different compared to the
usual, macroscopic system dimensions to which we are accustomed to in everyday
practice.

This monograph comprises a number of contributions which illustrate the
sparkling and fascinating world of nanoscience and nanotechnology.



Nanoporous organometallic materials, that can mimic the properties of
muscles upon outside stimuli, are ideal actuators, thereby offering a unique com-
bination of low operating voltages, relatively large strain amplitudes, high stiff-
ness and strength. These phenomena are discussed in the manuscript of J. Th. M.
DeHosson and E. Detsi.

Drugs in nanodimension range will become much more efficient with re-
duced adverse effects. A typical example are drugs, carried by various types of
nanoparticles which have been previously functionalized, so as to only recognize
diseased cells which is a highly selective medical procedure on a molecular level.
Besides drugs, functionalized nanoparticles can carry radioactive material or a
magnetic structure, which in a strong magnetic field develop high temperatures,
and destroy cancer cells. Some aspects of electron microscopy utilized in the study
of biological nanostructures are discussed in the paper of A. E. Porter and I. G.
Theodorou.

Increased production of nanomaterials raises concern about their safety, not
only for humans but also for animals and the environment as well. Their toxicity
depends on nanoparticle size, shape, surface area, surface chemistry, concentra-
tion, dispersion, aggregation, route of administration and many other factors. The
review by M. Coli¢ and S. Tomi¢ summarizes the main aspects of nano-toxicity in
vitro and in vivo, points out relevant tests of demonstrating toxicity and explains
the significance of reactive oxygen species, as the main mechanism of nanoparticle
cytotoxicity and genotoxicity through the complex interplay between nanoparti-
cles and cellular or genomic components.

Carbon nanomaterials are a large group of advanced materials that are in
focus of extensive research, due to their interesting properties and versatile appli-
cability, especially carbon nanostructures doped by covalently bonded heteroa-
toms (N, B, P, etc.) which leads to improved properties. This topic is discussed in
the manuscript by G. Ciri¢-Marjanovi¢.

Combinations of optical, magnetic and photocatalytic properties of nano-
materials, especially those with large energy gaps, are of great interest for nano-
science and nanotechnology. One of such systems are TiO2 nanostructures with
different crystal lattices and shapes (spheres, nanotubes, nanorods), either pure or
hybrid, in the form of nanocomposites with matrices based on conducting poly-
mers, which is presented in the work of Z. Saponji¢ and coauthors.

Design and manufacturing of multifunctional nanomaterials is one of the
most important trends in materials nanoscience, where combining nanomaterials
of various characteristics, such as ferroelectrics, ferromagnetics and ferroelastics
can lead to achieving adequate multifunctionality, a good example of which are
multiferroic nanomaterials, presented in the work of V. Srdi¢ and coauthors.

Materials containing crystal grains of nanodimensions can demonstrate
dramatically improved properties. Theoretically as well as experimentally, it has
been shown that metallic nanostructures can attain a high percentage of theoret-
ical strength, which questions the classical definition of material strength, stated
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until recently by textbooks that does not depend on size of a tested sample. Some
aspects of mechanisms of formation, growth and shrinking of crystal grains are
discussed in the paper of T. Radeti¢.

Computational methods, including first principal calculations, have been
proven to be a powerful tool in allowing investigations of systems of various com-
plexities, spatial and temporal scales. This allows for screening of a large number
of systems, which is not experimentally feasible, and also the understanding of
general trends which is of great importance for both theoreticians and experimen-
talists. The use of this concept in applications of metallic and oxide nanoparticles
is described in manuscript of I. A. Pasti and coauthors.

Being aware of the importance of nanosciences and nanotechnologies and
their global impact on humanity, in the autumn of 2017, Serbian Academy of
Sciences and Arts launched a series of lectures dedicated to these topics from
which this monograph arose. We hope that this monograph will be of interest to
the reader and can serve as a motivation for creating opportunity for research to
those who want to find out more about these fascinating fields of sciences and
technologies.

Velimir R. Radmilovi¢
Serbian Academy of Sciences and Arts

Jeff Th. M. DeHosson
Royal Netherlands Academy of Arts and Sciences



OACHVMHAHTHNM CBET HAHOHAYKA I
HAHOTEXHOJIOTUJA

VcTpaskuBauu uuju je paj; 0Beo 10 3Ha4ajHUX oTKpuha Iiefiajy MHOTO fiajbe,
M3BaH HeIIOCPEIHOT pelllaBarba TEXHIYKIMX IIPOodIeMa, HOCTaB/bajy cedu BaXkKHa M-
Tama, Kao ILITO Cy: 3alITO ce flelllaBajy ofpeheHe mojase, kako ce OHe pasBujajy u
Ha Koju HauuH ¢pyHkumonuury? Kpos ucropujy je passujex Benuku Opoj ekcrepu-
MEHTA/IHUX Vi TEOPUjCKMX METOfIa, Koje ce 1 aH-fAaHac yHanpebyjy, kako ducmo
odoraTim 3Hame 0 CBETY KOjJ Hac OKPY)Kyje ¥ MOIVIM Jja BUAVMO C/IMKe CBETOBA
KOjJ MI3MIYY JbYZICKOM OKY, YK/by4yjyhu Ty 11 IIpOHa/Ia3aK Te/ieckora 1 MUKPOCKO-
Ia, Koju HaM oMmoryhaBajy fa BUJMMO ,,BeOMa BeJlKe” U ,,BeoMa Majie” CTBapH.

VcTpaxxnBauu Koju ce daBe ,BeIMKMM CTBapuMa’~ (yHUBEP3yMOM, Tajak-
cMjaMa, 3Be3[jaMa I IIaHeTaMa) YCTAaHOBWIM CY fia jefHa Tajakcuja, oko 100.000
CBeT/IOCHMX TOIMHA, ¥ IPOCEKY CafApK! OKo jegHy dmmmjappy (10'°) 3Besna.
VcTpaknBaun Koju ce daBe ,ManuM CTBapuMa’ (HAHOCTPYKTYpaMma, MOJIEKY/IN-
Ma, KJTacTepyMa aToMa, Moje;HaYHIM aTOMIMa, aTOMCKUM JedeKTuma 1T.)
YCTaHOBWMIN CY Aa 1 cm® Jierype anyMuHmjymMa capyku oko jenHy dmnmjapay (10%)
HAHOYeCTHUIIA KOje 0jadyaBajy Ty /IeTypy, Kako Ou MOIJIa fia ce KOPMCTI Kao Mare-
pujas 3a u3pajiy Ba3gyxoIIoBa, de3 KOjiX je CaBpeMeH! TPAHCIIOPT He3aMUCTINB.
Kaxo MoxeMo 1pedpojatu 3Besie y jefHOj rajlakCyjy VI HAHOYECTHUIIE Y jeTHO]
JIeTypu aTyMuHUjymMa? PelaTuBHO J1aKo, 3aTO IITO y3 TOMOh e/IeKTPOHCKUX MU-
KPOCKOIIa MO>KEMO BIJIeTY HAaHOYeCTHUILIe Y JleTypaMa alyMUHIjyMa, a 3Be3jie y
rajlakcujama y3 nomoh reneckomna. Hayuna otkpuha mpepcraB/bajy 0oCHOBY Ha-
YYHOT ¥ TeXHOJIOIIKOT HAIIPETKa, a jeflaH TaKas IpumMep cy oTkpuha y odmactu
HaHOHAyKa M HAHOTEXHOJIOTHja.

3amTo je oBa MoHOrpaduja mocsehena HaHOHayKaMa ¥ HAHOTEXHOIOTMjaMa?

[la d1cMo ofroBOPM/IM Ha OBO NMUTaMe HajIpe MOPaMO /Ia YCTAHOBMMO
IITa Cy TO HAHOHAayKe U HaHOTexHosnoruje? Ilpema HemsdexxHoj Bukunennjn,
Ennuxnonenyjun bpurannim (may dumo Kojoj Apyroj eHIMKIONej), pedHM-
IVIMa, Kao ¥ M3BOPMMA Ca UHTEPHETa, II0jMOBU ,HAHOHAyKa M ,,HAHOTEXHOJIO-
ruja” ce OfHOCE Ha IIpOydYaBambe, pa3yMeBambe, KOHTPOIMCAHO MaHUITY/INCAE
CTPYKTYypaMa M I10jaBaMa, Kao U Ha IPUMEHY U3Y3€THO MaJINX YeCTUIIA, YNja je
HajMarbe jeffHa fuMeHsuja y oncery go 100 nm. Jako ¢y caBpeMeHu aclieKTy Ha-
HOHayKa M HaHOTEXHOJIOTHja CAaCBMM HOBM Y MIHTEH3MBHO C€ pa3Bujajy y IOC/IEN-
BUX IBajieceT 10 TPUeceT TOAMHA, OONNIM MaTepyje Ha HAaHO CKa/lu KOPNCTe
ce Beh BexoBNMMa, ako He 1 MwIeHrjymMmuMa. Ha nmpumep, oppebenn nmurmentn
kopuihenu cy jom y gpeBHoj Kuay n Erunry, mpe HeKOMMKO X1/bajia TOAMHA.
YMeTHMIIM Cy YKpalllaBa/iu IIpo30pe Ha CPehOBEKOBHIM LIpKBaMa KopucTtehn
cpedpHe I 37TaTHe HAHOYECTHIIE PA3/IMUNTe BeNIMHE VM CAcTaBa, P 4eMy HUCY
3HaJIM OfjaKje MoTu4y pasHe doje. HaHodecTuile kojuMa ce ojauyapajy yerype
reoxxba, anymMuHujyMa 1 Ipyrux MeTana, Kopucrte ce seh Buie oy cTo roguHa,
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MaKO Y HJUXOBOM Ha3MBY HUje cafpykaH npeduxc ,,HaHo , Beh ce odu4yHO Hasu-
Bajy ,Tano3n . HayuHe AMCUMIUINHE KOje Cy YK/bydeHe Y 3Ha4ajHe ICTPaXKMBauKe
aKTUMBHOCTY y 0O/IaCTM HAHOHAYKe U HAHOTEeXHOJIOTHje CY: pU3nIKa MeTalypruja,
HayKa 0 MaTepujaauMa ¥ MH>KelhepPCTBO MaTepujaa, XeMija, pusnuka, duonoruja,
€NIEKTPOTEXHIKA, U TAKO JaJbe.

Opaxie motnde npedukc ,HaHO ¢ IIpedukc ,HaHO” TOTNYE Off TPUKe pednt
VA&V0G, LIITO 3HAYM MATy/bakK, YKa3yjyhu Tako Ha IMEeH3Mjy Off jefHOT HAaHOMeTpa
(1 nm) xoja npencras/ba MuMjapauTH geo Merpa (10° m). Crmyao ToMe, ,HaHO-
ceKyHzia” (ns) 03Ha4YaBa MWIMjapANUTH [ieo ceKyHze. OBO MHOTMIMA MO>Ke 3By4aTH
IIOMaJIO aIlCTPAKTHO, MelyTuM, cTBapy MO>KeMO fia IIOCTaBUMO Y KOHTEKCT KOju
je HaMa II03HaT, U JlJa IOMEHEMO, Ha IIpPUMep, a IPEeYHMK BIACH JbyCKe KOCe y
npoceky n3uocu 100.000 nm (10° nm = 100 muxpona = 0.1 mm), IITO OTIIPUINKE
IpefiCTaB/ba IIpar OHOr'a IIITO MOXKE Jja Ce OIIa3) TOIMM OKOM. [led/b1iHa HOBUH-
CKOT mamupa y mpoceky takohe nsnocu oxo 100.000 nm = 100 um = 0.1 mm.
Ocoda BucuHe 2 m Bucoka je 2.000.000.000 (2x10°) nm. ITopebhewa pagn, ako
IPeTIIOCTaBUMO JIa je IPeYHMK Jednjer KIuKepa 1 nm, oHja Oy IpeYHNK [IaHeTe
3em/be M3HOCKO 1 m.

Kaza roBopuMo 0 cTpyKTypaMa HEOPTraHCKMX, OPTaHCKUX U IPUPOFHUX
HAHOCHICTEMA, BJIXOBE IMMeH3uje Cy crefiehe: mMpeyHNK aToMa yI/beHMKa je pefa
BenmyuHe 0.1 nm, a TO je jefiHa leceTMHA MUIUjapAUTOT Jje/la METPa; jeHO3MHE
yI/beHMYHe HaHOLIeBY MMajy IIPEeYHMK Off OKO 2 nm, a TO Cy AiBa MUIMjapAUTa
flena MeTpa; MMpUHA TaHIa Je30KcupudonyknenHcke kucenune (JTHK) Takobe
M3HOCK OKO 2 N, a TO CY IBa MUIMjapANTA ie/la MeTpa; IPEYHNK IIPOTENHA, YNja
Be/IMYMHA 4YeCTO Bapypa y 3aBYCHOCTH O} TOTa Off KOJIMKO Ceé aMMHO KICe/IMHA ca-
cToje, pena je BemuumHe 2—-10 nm, v nsMely fBa 1 feceT MUMMjapaUTHX JieT0-
Ba MeTpa (IIOf IPeTIIOCTaBKOM Jja Cy CepHOT 0d/MKa); IPEYHNK M0jeTHAaYHIX
MOJIEKY/Ia XeMOITIOSHA M3HOCK OKO 5 M, WIN 5 MWIMjapAUTHX [e/I0Ba MeTpa.

YucTtuny, 0BO Cy CBe MaJie AMMeH3uje, ajIi 3alITO O OHe yomuTe Tpedao
ma dymy BaxkHe, WM 3amITO je BenmnmunHa dutHa? Kaja ce anamsmpajy dpusmd-
KJ CHCTEMM Ha HaHO CKa/lM, BbJMX0Ba OCHOBHA CBOjCTBA Ce NPacTUYHO MEmHajy.
PasmoTpumo, Ha mpuMep, TauKy TOIbeIba 3/1aTa: TEMIIEpaTypa Ha KOjoj HaHOYe-
CTHLIE 371aTa pefja BeIMUMHe ~4 nm Ipenase U3 YBPCTOT Y T€YHO CTalbe M3HOCU
oko0 400°C, 10K je TeMIlepaTypa TOI/bebha MaKPOCKOIICKNX y3opaka 3nara 1063°C.
Ha ety HaumH Memajy ce U Heke pyre 0coOuHe: MeXaHU4Ke 0COOMHE, eleKTpud-
Ha IIPOBOJ/bMBOCT, MarHETU3aM, XeMIjCKa PEaKTUBHOCT UTJ,. MOTY IpaCTUYHO fia
ce IIPOMeHe, IITO 3HAYM JIa HAHOCKCTEMM OACTYIIajy Off 3aKOHa K/IacuHe QU3NKe
KOj! OINCYjy KpeTambe IIJIaHeTa, IpaBall KpeTama paKeTa Koje HoCe caTe/InTe 3a
UCTpaXxKMBambe cBeMupa nth. OBo GacuyHAHTHO OHAIIAkbe HAHOCTPYKTYpa I10-
Tide off Beza uaMeby aroma. IlITo cy cTpyKType Mame, TO je BUIIIe aToMa IIPUCYT-
HO Ha IIOBPILNHIY, YC/Ief] Yera ce OHOC IIOBPIINMHE I 3allpeMIHe OBUX CTPYKTYpa
npactu4Ho nosehasa. Kao mocmennia jaBpa ce pamariyHa npomeHa puamdko-
-XeMMjCKIX CBOjCTaBa HAHOCTPYKTYpa Yy OGHOCY Ha CTPYKTYpe MaKpOCKOIICKMX
AMMeH3Mja, Kao 1 Moryha rmojaBa KBaHTHMX edeKara: CTPYKType Ha HaHO CKaJIi
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nocrajy uBpirhe, Marmbe KpTe, IOKa3yjy do/ba ONTHYKA U KaTaTUTUYKa CBOjCTBA,
U, YOIILITEHO, BEOMa Ce PA3/IMKYjy Ofi CTPYKTYpa yodudajeHnx, MaKpOCKOIICKIX
[VIMEeH3Mja, Koje cycpeheMo y cBaKOJHEBHOj IIPaKCH.

OBa MoHOrpadmja cafipKyt HU3 pajjoBa KOji WIYCTPYjy daclMHaHTaH CBET
HaHOHayKa I HAHOTEXHOJIOTja.

HanonoposHu opranoMeTaaHM MaTepHjay, KOju MOTY [ja OIIOHAILAjy 0CO-
dune mymmha M3/10)KeHNX CIIOJbAIIBYIM MOACTUIAMMA, MJeA/THN Cy TIOKpeTadn,
KOju HyJie jeAMHCTBeHy KOMOMHAIN]y Ma/INX PajIHNX HAIIOHA, PeTIATVBHO BE/INKe
aMIUIUTYJle HAaIlpe3arba, BEMMKY KPyTOCT 1 cHary. OBe IlojaBe Cy OIMCaHe y pafy
unju cy ayropu I1. T. M. leXocon un E. [lercn.

JlexoBu y odnacTu HaHOfUMeH3uja he moctaTu MHOrO edpuKacHMju U ca
CMameHNM IITeTHUM edekTrMa. TummyaH npuMep cy JIeKOBU Koje IpeHoce
PasIMYNTU TUIIOBY HAHOYECTUIA, & KOje Cy MPEeTXOAHO (PYHKIMOHA/IN30BaHe
TAaKo fla Ipeno3Hajy camo odosesne henmje, mMTO MpefcTaB/ba BUCOKO CENEKT-
BaH IIOCTYIIaK Ha MOJIEKY/IapHOM HUBOY. [Iopen ekoBa, PyHKIMOHATM30BaHe
HAaHOYeCTHIle MOTy fa Oyly HOCauyl pafilOaKTVBHOT MaTepujaja My MarHe THIUX
CTPYKTYPa, KOjU Y jAKOM MarHeTHOM I10/bYy Pa3BUjajy BMCOKE TEMIIEPATYPE U TAKO
yHumTaBajy hennje paka. Onpehenn acrexTn eeKTpoHCKe MUKPOCKOIje KOju
ce KOPNCTe y IPOy4aBarby OMOJIOIIKIX HAHOCTPYKTYpa OIMCAHM Cy Y PafloBUMa
uyju cy ayropu A. E. Iloptep u 1. I. Teomopy.

IToBehaHa mponsBozba HAaHOMAaTepUjaIa N3a3MBa 3adPUHYTOCT Be3aHy 3a
BIXOBY de30eJHOCT, He caMo IO 37ipaBibe JbYAY, Beh 1 3a )KUBOTUIbE 1 )KMBOT-
Hy cpepiuHy. IbrxoBa TOKCMYHOCT 3aBMCHU Off BENMYMHE HAHOYECTUIIA, IUXOBOT
o0/1Ka, BeIMYMHE U XeMMje TIOBPIIIHE, KOHIIeHTpalluje, AUCIep3nje, CKTOHOCTH
Ka CTBapamy arjioMepara, Ha4lHa IIpYIMeHe, Kao ¥ MHOTUX Ipyrux ¢akropa. Pax
uuju cy ayropu M. Honnh n C. Tomuh faje mperieq rmaBHUX acrieKata HAHOTOK-
CMYHOCTH MH BUTPO U UH BUBO, yKa3yje Ha pelleBaHTHe TeCTOBe 3a yTBphusa-
€ TOKCUYHOCTH, II0jalllbaBa 3Ha4aj peaKTMBHOCTY MOJIEKY/Ia KMCEOHNKa, Kao
ITTABHOT MEXaHM3Ma IUTOTOKCMYHOCTH U TEHOTOKCUYHOCTY HAHOYECTUIIA KPO3
cnoxxeHo MehynejcTBo HaHOUecTHIIA 1 henmmjcKuX mmm reHCKMX KOMIOHEHTH.

YreHrYHY HAaHOMATEePUja/u IPEICTaB/bajy BEMMUKY IPYITy HAIIPEIHUX Ma-
Tepyjaja, Koju 300T CBOjUX 3aHUM/BUBMX CBOjCTaBa I MIMPOKe HPUMEHBUBOCTI
3ay3¥Majy LIEHTPATHO MECTO Y OIICEXKHMM MCTPAKMBAKMIMA, HAPOYUTO Kajja Cy Y
NUTalby YI/beHMYHE HAHOCTPYKType JONMPaHe PasHOPOJHUM aTOMMMA, ITOBE3a-
HMX KoBajleHTHMM Be3ama (N, B, P utz.), mto goBoau 0 modospluama BIXOBYX
cojcraBa. OBy Temy odpabyje pax uuju je ayrop I. Rupuh-Mapjanosuh.

KomOuHanuje onTUYKNX, MarHeTCKMX ¥ (OTOKATAIMTUIKIX CBOjCTaBa
HaHOMarepujaja, HAPOYUTO OHMX Ca BEIMKMM €HEPIUjCKUM IPOLEIIOM, Of Be-
JIMKe Cy BaYKHOCTH 32 HAHOHAyKe Ml HAHOTEXHOJIOTHje. JeflaH Off TAKBUX CUCTeMa
cy TiO, HaHOCTPYKTYpe ca pasMU4INTUM KPUCTaTHUM peleTKama 1 0dmniuma
(HaHOCepe, HAHOLEBY, HAHOWITANINAMK), Y YUCTOM WM XUOPUTHOM OONUKY, Y
00Ky HAaHOKOMIIO3MTA Ca OCHOBaMa Koje Cy Ha das3y MpOBOJTHMX MOMMepa,
IITO je IpeficTaBbeHo y pany 3. lllamomnha u capagnuka.
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[TpojexToBamwe 1 MPOU3BOAIbA MYITUDYHKIMOHATHIX HaHOMAaTepujaa
NPeJCTaB/bajy jeflaH Off HajBAKHUjUX TPEH0BA Yy HAHOHAYLM O MaTepujalnMa,
I7ie KOMOMHOBabe HaHOMaTepljaia Koji MOCeAyjy pasndnuTa CBOjCTBA, IOy T
depoenexTpruHocTy, Ppepomarnetnsma u GpepoeracCTUIHOCTH, MOXKe JOBECTH
JI0 IIOCTM3ama OAroBapajyhe MyITHQYHKIMOHATHOCTY, YUji CY Bodap mpumep
MynTrdeporyHy HaHOMATepujan, Koji Cy mpefcTaBbenn y pangy B. Cpauha n
capaJIHMKa.

Marepujanu Koju cafprKe KpUCTa/lIHa 3pHa HAHOAMMEH3Mja II0Ka3yjy 3HaT-
HO 1odosplraHe ocodyHe. Teopujckim 1 eKCIIepyMEeHTATHO je OKa3aHo Jja MeTaJl-
He HAaHOCTPYKTYype MOTY fia JOCTUTHY BUCOK IIPOLieHaT Teopujcke 4Bpcrohe, ITO
JIOBOZIM Y INTabe KIAcU4Hy AedrHMINjy uBpcTohe MaTepujaa, KojoM ce, 10 CKO-
PO, Y yIIOeHI[MMa HaBOAMIIO fla He 3aBUCHU Of Be/IMYMHe VICIIUTYBAHOT Y30pKa. Y
pany T. Pagetuh pasmarpanu cy Heku acrieKTu MexaHusama popMmpama, pacTta
U CMambMBamba KPUCTATHNUX 3PHA.

IToxasao ce ja padyHapcKe MeTOfe, YK/by4yjyhu Ty 1 mpopauyHe Ha dasu
IIPBOT NIPYHLMIIA, NIPeACTaB/bajy MONHY a/aTky koja omoryhasa ncTpaxupame
CHCTEMA Pa3INMYNTUX KOMIIEKCHOCTH, KaKO Ha UMEH3MOHO] TAKO M Ha BPEMeEH-
ckoj ckamm. OHe omoryhaBajy u mperyies; BemKor dpoja cucTeMa, IMTO eKCIIepu-
MEHTAJTHO HMj€ U3BOJI/bUBO, KaO U padyMeBarbe OIIITUX TPEH0BA KOju CY Off Be-
JINKOT 3Hayaja, KaKo 3a TeopeTryape Tako 1 3a eKcrepumeHTarope. Kopunrheme
OBOT KOHIIEIITa y IPMMEHM MeTaTHUX M OKCUJHUX HaHOYeCTHUIIA OIMCaHe Cy Y
pany unmju cy aytopu V. A. Tlamtu u capagauim.

CBecHa 3Hauaja HAHOHAyKa U HAHOTEXHOJIOTH]ja, Kao U HUXOBOT I7100aI-
HOT yTUIIaja Ha YOBe4aHCTBO, CpIICKa aKajieMyja HayKa 1 YMETHOCTH je Y jeceH
2017. rogyHe IIOKpEHYy/Ia Cepujy IpefaBama nocBeheny oBuM TeMama, Ha OCHOBY
KOjUX je HacTaza 1 oBa MoHorpaduja. Hagamo ce na he oBa MoHorpacduja dutn
3aHMM/BMBA YMTAOLY U Aa he MohM #a mOCIyX1 Kao MOTHUBAIVja 3a CTBapambe
IpWINKA 32 MCTPAKMBamba OHMMA KOjI >KeJle [ja Ca3Hajy HeITO BMUIIE O OBUM
dacuMHaHTHMM 00TacTVIMa HayKa M TeXHOJIOTHja.

Benmumup P. Pagmunosnh
Cpiicka akagemuja HAyKa u yMemiHOCTHU

Iledp T. M. leXocon
Kpamescka xonangcxka akagemuja Hayka u yMeimHOCIHU



ATOMISTIC AND CRYSTALLOGRAPHIC
PHENOMENA DURING NANOGRAIN
ISLAND SHRINKAGE

TAMARA RADETIC"

Abstract. - Nanocrystalline and ultrafine-grained metallic materials are
considered to be interface-controlled as key factors in determining their unique
properties are associated with grain boundaries. Due to the small size effect, atom-
ic structure and mobility of grain boundaries have an important influence on the
stability of a nanocrystalline structure. In this contribution, the phenomena relat-
ed to the mechanism and kinetics of capillary driven grain boundary migration
in thin Au films are reviewed. The shrinking of island grains in {110} and {111}
mazed bicrystal thin films at elevated temperatures was observed by conventional
and high-resolution in situ electron microscopy. Measurements of grain boundary
anisotropy showed the preference for low index facets. Observed migration mech-
anisms of the facets involve collective motion of the atoms such as regrouping by
atomic shuflles, glide and step migration. In situ HREM revealed that the facet
migration is controlled by the nucleation and propagation of the steps/disconnec-
tions - by lateral motion as well as the propagation of buried steps perpendicular to
the film surface. The erratic kinetic of grain shrinkage is consistent with migration
mechanisms controlled by the step nucleation. Detailed analysis of the interfacial
defects showed a range of step heights and dislocation contents. The step height
limits the mobility of steps/disconnections in {110} films, while no such influence
was observed in {111} films. There was no measurable grain rotation during the
grain shrinkage.

Keywords: grain boundaries, interface facets, interface migration, capillarity,
in-situ HREM

INTRODUCTION

It is well known that in polycrystalline materials, grain boundaries have an
important influence on a number of material properties such as mechanical and
electrical properties, corrosion resistance etc. The volume fraction of the grain
boundaries increases exponentially in the microstructure of a new generation
of structural materials such as nanocrystalline (grain size < 100nm) and ultraf-

*Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, Belgrade,
Serbia; e-mail: <tradetic@tmf.bg.ac.rs >
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ine-grained (grain size ~100-1000nm) bulk metallic materials [1, 2]. These mate-
rials are considered to be interface-controlled as key factors in determining their
unique properties are associated with grain boundaries [3, 4]. In nanocrystalline
materials, capillary pressure or the driving force for curvature driven grain bound-
ary migration, although of orders of magnitude smaller than, for example, driving
force for recrystallization [5], becomes decisive for the stability of a nanocrystal-
line structure due to the small size effect [6, 7]. Hence, properties of grain bound-
aries, such as atomic structure and mobility gain additional significance. However,
while there are a plenty of studies of structural aspect of grain boundaries, atomic
mechanisms of grain boundary motion are far less understood.

A number of mechanisms for transfer of atoms across the interface has been
proposed ranging from the motion of interfacial defects by climb and glide to
uncorrelated atoms jumps by self-diffusion [5]. The migration mechanism and
mobility is boundary specific and depends not only on the factors inherent to
the structure of the boundary, but on a number extrinsic factors. Experimental
studies of grain boundary migration at atomic scale are enormously complex due
to a number of variables such as grain boundary geometry, thermodynamic and
chemical aspects as well as the effect of surfaces and grain boundary grooves. In
his pioneering work on direct observations of grain boundary migration on the
atomic scale, Merkle [8-11] identified several mechanisms: grain boundary glide,
collective rearrangements by atomic shuffles and motion of steps or disconnec-
tions [12] along the boundary.

This contribution gives a review of phenomena associated with dynamics
of shrinking of circular, nanosized grains (~ 100 nm) under capillary forces in Au
thin films. Study of the migration of grain boundaries in {110} and {111} mazed
bicrystal films [13] covers behavior of the boundaries at opposite ends of coinci-
dence lattice space [5]: low coincidence £99 and low energy X3 boundaries. Direct
observations of grain boundary motion on the atomic scale by in-situ high-resolu-
tion electron microscopy at elevated temperatures and evaluation of mechanisms
and kinetics of migration are of great importance to our understanding as well as
predictive modeling of the behavior and design of advanced new materials [14, 15].

MAZED BICRYSTAL FILMS

Experimental studies of dynamics and mechanism of a grain boundary mi-
gration have to address a number of extrinsic and intrinsic parameters such as
chemical segregations, surface effects, thermodynamics and crystallography of the
interface, all of them having a strong influence on a grain boundary motion [5,
16]. Even with the elimination of the chemical effect by choosing model systems
such as pure metals, the complexity persists since five parameters are describ-
ing grain boundary geometry - three to define misorientation and two for grain
boundary plane or inclination [5]. Polycrystalline materials contain a network
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of the various types of grain boundaries, so the dynamic study of such system
would require knowing the geometric aspects of a spectrum of changing grain
boundaries, rendering it an almost impossible task. The challenge to control and
characterize grain boundary plane resulted in the oversight of the effect of the in-
clination on grain boundary energy and mobility in a number of studies [17-21].
However, recent computational studies [22] emphasized the significant effect of
the inclination on grain boundary mobility.

An additional complication for the experimental studies of the grain bound-
aries at the atomic level is projection requirement that crystal lattices in both grains
are on, preferably low index, zone axis reducing a range of grain boundaries suita-
ble for the investigation to tilt and some special twist boundaries [8, 9, 23]. Various
techniques of a bicrystal preparation have been employed to fabricate specimens
that contain tilt grain boundaries, but most of them produced grain boundaries
that cover small section misorientation/inclination space and characterization
has been mostly confined to short segments of flat boundaries [24]. The method,
based on physical vapor deposition growth of the heteroepitaxial metal thin films
with multiple orientation variants on a single crystal substrate, was developed to
provide fabrication of model grains with well-defined crystallographic parameters
and geometry [13, 24]. Depending on the epitaxial relationship between the film
and substrate it is possible to grow bicrystal, tricrystal or textured polycrystalline
thin metal films [13]. The origin of the multiple variants is the lower symmetry of
the thin film orientation with respect to the substrate orientation. This symme-
try-breaking leads to formation of two or more variants in the film, with each vari-
ant equally probable since the substrate/thin film interface energies are degenerate
for the variants. The resulting morphology is a polycrystalline film with the grains’
orientations corresponding to variants’ orientations.

Mazed bicrystals, polycrystalline structures with only two grain/variant ori-
entations, are of special interest for the studies of dynamics of grain boundary mi-
gration. In conventional polycrystalline materials or, even, tricrystals grain bound-
ary migration is affected by the presence of triple junctions and other geometric
constraints that can act as pinning sites [25-27]. In mazed bicrystals, due to the
absence of triple junctions, migration of grain boundaries is solely controlled by
a grain boundary mobility. Morphology of a mazed bicrystal film resembles a jig-
saw puzzle (Fig. 1), with grains having convoluted shapes with both concave and
convex sections and a range of curvature [24, 28].

As a result, all grains have the same misorientation but boundary incli-
nation is variable. The presence of a range of inclinations within a grain enables
investigation not only of migration of a particular grain boundary plane but also
interaction between different inclinations and its effect on grain boundary mo-
bility and migration mechanism. Since grains/variants’ surface energies are de-
generate, the grain boundary migration in mazed bicrystal is driven by capillary
forces leading to grain growth/shrinkage by eliminating grain boundaries of high
curvature or unfavorable inclination.
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Figure 1. Typical mazed bicrystal morphology of {110} Au thin film. The dark field
CTEM micrograph close to <110> _shows the two variant orientations in black and
white. The area fraction of grams in each variant is roughly the same.

{110} mazed bicrystal films were grown on single crystal {001} Ge substrates
[13, 28]. The epitaxial relationship between the film and substrate defined as:

{110} || {001}, and <110>, || <110>,

The <110> two-fold symmetry axis of the film is parallel to the <001> 4-fold
symmetry axis of the germanium substrate resulting in two equivalent variants in
the film (Fig. 2a).

Au 110 L Au110R

Figure 2. (a) Schematic presentation of the crystallographic relationship between
two variants in {110} mazed bicrystal film Au thin film and {001} Ge substrate;
(b) The bicrystal diffraction pattern shows the two orientations rotated 90° around
common <110> axis. For clarity, diffractions spots corresponding to each variant are
colored differently. Traces of mirror planes are outlined.
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Two allowed grain orientations are related by a 90° rotation about the com-
mon <110> surface normal resulting in 4mm’ color symmetry group of the bic-
rystal as can be seen from the diffraction pattern in Fig. 2b. Characterization of
the {110} mazed bicrystal film cross-section [29] showed that the grains are strictly
columnar with grain boundaries perpendicular to the film surface, i.e. parallel to
the <110> rotation axis. Hence, the crystallography of the grain boundaries is de-
scribed by a 299 90° <110> tilt character. In this geometry, out of five macroscopic
crystallographic parameters describing a general grain boundary, single is variable
- one that defines grain boundary plane and it can vary from 0 to 2.

{111} mazed bicrystal films were grown on a single crystal {111} Ge sub-
strate [30]. The orientation relationship between two variants can be described by
60° rotation about the common <111> axis. The orientation relationship between
the variants is not apparent from the diffraction pattern (zeroth order Laue zone)
where it appears as a single crystal (Fig. 3a), since it is related to three-dimensional
crystallography rather than to two-dimensional projection. Using the familiar no-
tation of ABC stacking of close-packed {111} planes in f.c.c. crystals, one variant
can be described as having ABC... and another ACB... stacking sequence (Fig.
3b). Such orientation relationship corresponds to the twinning operation, i.e. the
interfaces between variants are X3 grain boundaries. The morphology of the film
is more complex than in the {110} mazed bicrystals since grains are not strictly
columnar. Majority of the boundaries are incoherent twin boundaries with {112}
inclination that is parallel to the rotation axis. However, some of them do not pen-
etrate through the film but are connected by short stretches of horizontal facets
parallel to the standard {111} coherent twin plane [30, 31].

Au 111 Au 111

i}.
Jenlf

Figure 3. (a) Schematic presentation of the crystallographic relationship between two
varjants in {111} mazed bicrystal Au film and {111} Ge substrate; (b) The diffraction
pattern of {111} mazed bicrystal thin film Au thin film does not reveal the existence
of two variants. Terminal (forbidden) 1/3<422> reflections are observed in the pattern;
(c) Bright field image close to <111>_ . of polygonal, strongly faceted grain.

<110> mazed bicrystals

Shrinking of the island grain. - During thermal an-
nealing, a grain boundary migration is mazed bicrystal films is driven by capillary
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forces. The grain boundaries of high curvature or unfavorable inclination are elim-
inated. In small, isolated, fully convex island-like grains (Fig. 1) grain boundary
moves toward the center of curvature causing shrinking of the grain until the grain
annihilation. Well defined geometry and topology of the fully convex grains made
the suitable for investigation of a number of phenomena and effects taking place
during the grain shrinkage.

Since grain boundary migration is a dynamic process, the primary interest
is to establish whether grain boundaries preserve tilt character during the grain
shrinkage. Following the Mullins analysis [32], the expectation was that the grain
would adopt a catenoid shape during the contraction. Catenoid is zero-mean-cur-
vature shape resembling the hour-glass; grain boundaries should adopt such shape
under influence of capillary forces acting at the triple points at the surfaces in
an isotropic grain when the grain diameter approaches a thickness of the film.
However, the experimental results on shrinkage of island grains in {110} mazed
bicrystals films showed that the grain boundaries preserve tilt character as they
move. An example of the final stages of an island grain shrinkage is presented in
Fig. 4 [33]. The image sequence corresponds to the frames from the in situ record-
ing with TV rate (30 frames/s). The specimen is tilted for a large angle providing
the three-dimensional visualization of the cylindrical shape of the island grain. It is
clear that the grain remains cylindrical until the last 33ms. In contrast to {110} Au
films, the adoption of the catenoid shape was observed during island grain shrink-
age in Al films by Mompiou et al. [34]. The difference in behavior of island grains
in Au and Al films is likely to be related to the strong anisotropy of <110> grain
boundaries in Au. The anisotropy and strong tendency of <110> grain boundaries
to preserve tilt character was also observed during the retraction of the Ge wedge
in contact with the mazed bicrystal Au film leading to grain boundary drag and
abnormal grain growth [29].

The important consequence of preservation of the cylindrical shape is that,
since the grain boundaries remain parallel to the <110> rotation axis and pre-
serve tilt character, the grain shape evolution can be completely described by its
projection along the tilt axis reducing the three-dimensional problem to two-di-
mensions. Additionally, preservation of the grain boundary tilt character enables
HREM observations of the atomic structure of the boundaries.

The last image in the sequence in Fig. 4 shows that the grain annihilation
leaves behind dislocations. Numerous recordings of a grain shrinkage [33] showed
that annihilation inevitably leaves dislocation debris behind, but there is no unique
dislocation configuration and the number and arrangement of dislocations varies
with each experiment. An illustration of a different dislocation configuration left
after the shrinkage is shown in Fig. 5. The foil is tilted about 20° around g=(200)
1|(022)u to ensure that grains of both variants are in diffracting condition so the
grain boundaries are visible through the fringe contrast.

During in situ annealing at 310°C, the smallest grain, less than 100nm in
diameter, shrinks and disappears while larger grains remain immobile. In this
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case, as in others, high dislocation mobility and their tendency to be annihilated

at surfaces prevented detailed characterization and Burgers vector determination
of the debris.

Figure 4. The sequence of images from an is situ TV rate video recording showing
final stages of the grain shrinkage at 311°C. The foil was tilted =20° around
§=(220),/(002),, so cylindrical shape of the grain is outlined by grain boundary fringes.
The collapse of the grain leaves behind two dislocations. (from T. Radetic et al,
Acta Mater. 60 (2012) 7051-7063[33])

Figure 5. Leaving behind dislocation debris is characteristic of island grain shrinkage,
although dislocation content and configuration varies. Bright field images (a) before
and (b) after shrinkage show an example of dislocation debris (g=(220),/ (002)M
is about 20° from foil normal).

Analysis of high-resolution images by the construction of a Burgers cir-
cuit around a grain at different stages of shrinking and after the final collapse
allowed for a partial characterization of the dislocation debris. The limitation of
HREM imaging in the dislocation characterization is that only edge components
of dislocations with line direction perpendicular to the image plane can be char-
acterized, i.e. components whose Burgers vector is parallel to the imaging plane.
Fig. 6 shows frames extracted from in situ HREM recording of the shrinking is-
land grain. The dislocation arrangement after the grain annihilation is complex
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and consists of extended dislocation and a defect (Fig. 6¢). The Burgers circuit
construction gives a closure in the failure of %4<112> corresponding to the edge
component of 60° dislocation. Same closure failure was found following the con-
struction of a Burgers circuit around the grain before collapse (Fig. 6a-b) indicat-
ing that the grain boundaries contain extrinsic dislocations. Although it cannot
be assumed that the mechanism of migration is identical for free-standing films
and films still attached to the substrate, similar conclusions were drowned from
the observations made during the shrinkage of an Au grain on Ge substrate [33].
Using moiré fringes, formed by interference of {200}, and {220}, reflections [29],
to magnify any defect in the film, extra planes corresponding to dislocations were
visualized and the Burgers circuit showed same closure failure before and after the
grain shrinkage [33].

SF
b=1/4<112>

Figure 6. The sequence of HREM images recorded in situ at 206°C showing grain 60s,

the single frame before shrinkage and dislocation configuration immediately after the

collapse. Burgers circuit constructions around the grain and defects show the same net

dislocation content. Following the lattice fringes during the grain contraction revealed
the absence of grain rotation.

The dislocation debris after grain shrinkage is also found in the MD simu-
lations [33]. Similarly to experimental observations, the MD simulations showed
that the dislocation configurations left after the grain annihilation vary from one
grain to another. However, the simulations gave the net Burgers vector of the dis-
location configurations zero which was not the case for the experiments.

Preservation of the cylindrical shape of island grains through the shrinkage
provided a model system for testing the concept of coupling of the grain bound-
ary migration and shear displacement followed by a rotation of the island grain.
According to Chan and Taylor theoretical framework [35], the rotation of an iso-
lated grain can be induced by grain boundary migration due to the coupling of
grain boundary motion in the normal direction and tangential translation of adja-
cent grains due to the lattice shear independently of a driving force. Based on the
framework, a number of molecular dynamics simulations and phase-field mod-
eling showed a clear evidence of shear-migration coupling and grain rotation of
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different grain boundary types [36-42]. While experiments validated simulations
on the shear-migration coupling of planar boundaries [43], experimental evidence
for the rotation has been less clear. A grain rotation in fiber textured thin films
[44,45] has been observed, but no correlation between misorientation, stress and
rotation has been made. Experiments on mixed tilt/twist boundary in Al showed
definite grain rotation, along with boundary migration under applied shear stress
[41], however there was no evidence of grain rotation during in situ observations
of shrinking island grains in Au [46] and Al bicrystal [47] and tricrystal thin films
[34]. Series of high-resolution in situ heating experiments on shrinking of a num-
ber of island grains in {110} Au mazed bicrystal films recorded by TV rate cam-
era showed unequivocally that the misorientation between the island grain and
surrounding grain did not change throughout the shrinkage within a temporal
resolution limit (33 ms) [33]. No measurable grain rotation was observed until
the last frame before complete collapse (Fig. 5). The similar result was produced
by MD simulations [33].

The absence of grain rotation during shrinkage is likely to be due to the
thermodynamic factors since grains rotate toward the low energy misorientations
in order to decrease the integrated interfacial free energy of the island. A 90° <110>
bicrystal has high 4mm’ symmetry and hence is located at a symmetry-dictated
minimum for which the driving force for grain rotation - dy/d6 is zero [33]. Early
work of Babcock and Balluffi and [46] showed that, during island grain shrinking
under capillary forces, grain boundary moved erratically without producing shear
deformation. However, their study was on low coincidence site lattice X5 grain
boundaries in which grain boundary migration was conducted by lateral motion
of pure steps [12, 48, 49]. In the case of 299 grain boundaries, while pure steps
have been observed, as will be discussed later, grain boundary migration was car-
ried out by the lateral motion of defects with a step and dislocation character, i.e.
disconnections [12, 49], so net shear has been expected.

Measurements of grain boundary migration rate (Fig. 7) showed that it was
not constant and did not obey parabolic dependence of migration kinetics expect-
ed for capillary pressure driven process [5].

The grain contraction alternates between long intervals of inactivity and
faster events. When the grains diameter reaches a critical size 25-30nm the rate of
shrinkage suddenly accelerates. The erratic migration, occasional rapid movements
followed by periods of stagnation, is characteristic of migration kinetics controlled
by the energy barrier for step and kink nucleation on faceted interfaces [5, 46].

Grain boundary morphology. - If the grain boundary
energy is isotropic, all inclination orientations would occur with an equal proba-
bility at equilibrium and the grain would have the spherical shape. The cylindrical
grain shape and a strong preference for the tilt boundaries in the {110} Au mazed
bicrystal [33] are, per se, a mark of anisotropy. Additionally, deviation from ran-
domly curved boundaries in the film plane is a sign of faceting or preference for
certain boundary inclinations of tilt boundaries in the mazed bicrystal. The grain
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270 270

Figure 7. Rose plots of {110} (a, b) and {111} (b, ¢) Au mazed bicrystal films.
The anisotropy of {111} bicrystals is much more pronounced. There is an increase
in anisotropy after annealing 20min at 340°C (b, d) with respect to the as-deposited
state (a, c) for both types of bicrystal films.

shape or preference for certain planes can be quantified by the rose plot, a polar
histogram of total interface length as a function of orientation [50]. In isotropic
case the rose plot is a circle. Systematic deviations from the circular shape, man-
ifested through the presence of lobes in the plot, indicate anisotropy - that the
grain boundary energy is a function of inclination [51] or kinetic parameter, i.e.
a difference in grain boundary mobility when the grain boundary migration is
involved. The anisotropy parameter, defined as the ratio of the boundary area in
faceted orientation to the total boundary area, changes from 0 for an isotropic case
to 1 for completely faceted. This measure is independent on of the scale or topog-
raphy of microstructure, i.e. it applies equally well to large complex jigsaw-puzzle
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shaped grains as to fully convex island grains. From the rose plot anisotropy, it is
possible to determine on a mesoscopic scale which boundaries are significant and
focus on them for further structural characterization on a microscopic scale.

In the case of {110} Au bicrystals, there is a measurable degree of anisotropy
in as-deposited state [28, 33]. Deviation of the plot from the perfect circle increas-
es with annealing (Fig. 8) since boundaries with high energy and/or high mobility
inclinations grow out of existence during grain coarsening. From the rose plot data
shown in Fig. 8a-b, the anisotropy parameter was found to increase from 0.37 in
as-deposited state to 0.62 after annealing [28], indicating evolution of preferential
grain boundary inclinations. However, the anisotropy degree is smaller than ob-
served in other mazed bicrystal systems such as platinum on (0001) sapphire [52],
aluminum on {100} Si [24] and Au on {111} Ge (Fig. 8c-d). Smaller anisotropy
parameter and broad lobes are due to the micro-faceting and step formation caus-
ing deviation of an average grain boundary plane from the actual orientation of
microfacets which are only visible at a higher resolution. The rose plot anisotropy
is much more evident when the high-resolution images are characterized [53].
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Figure 8. A typical curve of a change in the grain area with time during annealing
at 290°C showing erratic shrinkage kinetics [33].

In situ conventional TEM experiments showed that certain boundary seg-
ments are entirely eliminated and a facet coarsening takes place during anneal-
ing. The resulting microstructure is increasingly dominated by a small number of
preferred facets, whether individual grains have complex, convoluted shape or are
convex island grains. Correlation between the rose plot and corresponding dif-
fraction pattern revealed that the peaks in the rose plot correspond to the mirror
planes of the bicrystal [33].
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High-resolution electron microscopy (HREM) micrographs exposed clear
tendency of grains toward faceting on three characteristic planes, denoted A, B,
and C:

A-facet: (11V2), | (11V2) multiplicity 4
B-facet: (111), | (112)}1 multiplicity 8
C-facet: (001), | (110)_ multiplicity 4

Because of 4mm’ symmetry of the bicrystal [13], each of these facet types
has different crystallographically equivalent variants, so the equilibrium Wulff
shape of the island grain would be bounded by 16 facets. Although the anisotropy
plots show a range of inclinations, the most of them are vicinal inclinations com-
prised of micro-facets and steps. The facets, actually, tend to form sharp junctions
(Fig. 9).

The facet A (Fig. 9) is symmetrical grain boundary and, as it is generally
the case for symmetrical tilt boundaries, it is parallel to the mirror plane of the
bicrystal. The atomic arrangement resembles symmetrical boundary observed in
Al {110} mazed bicrystal films whose structure has been investigated in detail [24,
54]. The periodic atomic relaxation into structural units with a short repeat dis-
tance has been observed. The A facet tends to be short with small steps between
segments of structural units. The step defects are introduced to accommodate
strain due to deviations from exact 90° misorientation; the boundary is actually
parallel to rational {557} planes of the bicrystal requiring adjustment of +0.6 from
90° misorientation, corresponding to rational 299 89.4° or 299 90.6° boundaries.
Only through this small deviation from exact 90° misorientation the boundary can
become periodic with a short repeat distance.

Figure 9. Composite high-resolution image of a grain boundary section of an island
grain showing three major facets/inclinations. The image also illustrates 9R
dissociation at B-facets.
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This facet is less prominent than the facets B and C in Au films [33] in
contrast to Al {110} mazed bicrystal films where the symmetrical boundary is the
most frequently found facet [24].

According to the equilibrium Wulff shape, A- facet is nested between two
symmetry-related B- facets (Fig. 9). The most remarkable feature of B- facet is its
wide structure — the presence of narrow, about 1 nm thick, slab of the dissociated
boundary. Closer inspection of the HREM micrographs reveals contrast modula-
tions associated with intrinsic stacking faults (Fig. 9). Another important feature is
that as (111) lattice fringes approach the boundary from the {112} grain side they
bend for about 4-7° until reaching corresponding planes in {111} grain. The con-
tinuity of the close-packed {111} planes is maintained across the interface except
for the occasional steps that accommodate for incommensurate crystallography
of misorientation [55].

Computational simulations [56, 57], as well as experimental observations
[58-60], showed that in low stacking fault metals such as Au and Cu, both sym-
metrical and asymmetrical boundaries have a tendency to relax by the emission
of stacking faults in a regular manner into one or both grains. The stacking faults
terminate in partial dislocations that create low angle grain boundary, while disso-
ciated slab adopts f.c.c. based long-period structure consisting of intrinsic stacking
faults. Detailed analysis of atomic structure coupled with MD simulation of the B-
facet, i.e. (111) |(211) boundary in Au by Medlin et al. [59] showed that the dis-
sociated region has 9R structure. In the 9R structure, on every third close-packed
{111} plane intrinsic stacking fault is generated resulting in ABC|BCA|CAB...
stacking sequence. Such grain boundary geometry can be described in terms of
Shockley partial dislocations: the periodic unit of the boundary consists of six
{111} planes with a partial dislocation on each plane [59]. Among the total of six
Shockley partials assigned to the periodic unit four are 90° and two are 30° partial
dislocation ina L |1, |1, .| L.|L,.|L,, sequence. The 30° dislocations separate
producing the extended configuration and intrinsic stacking fault on every third
plane and 9R structure.

Although it does not lie on any of mirror planes, the bicrystal symmetry
renders the B- facet boundary to have the high multiplicity of eight. Fig. 9 shows
that two B facets, (111)|| (ZIL)pand (lll)l|(211)p, border symmetrical boundary.
Their dissociation on opposite sides of the grain boundary, one outside and the
other inside the island grain, might have important consequences for the observed
asymmetry of grain boundary migration.

Results of the rose plot analysis indicate that the preferred facet is C- or
asymmetrical {1 10}l|{100}p grain boundary (Fig. 9). This boundary has been pre-
viously studied by high-resolution electron microscopy and atomic simulations
[61-63]. At C- facet (001) planes of one grain and (110) planes from the other
grain meet at the interface (Fig. 10).

Hence, while there is a perfect match along the <110> tilt axis, the ratio of
interplanar spacing in the direction perpendicular to the axis is irrational, 1/72,
so the boundary is incommensurate in one direction. The key features of this in-
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terface are pentagonal structural units distributed quasi-periodically along the
interface [63], tendency to form steps of certain height [53] and chevron defect
reconstruction at the triple junction with the surface [62, 64]. While consequence
of quasi-periodicity is an ability of two crystals at the interface for a frictionless
glide along incommensurate direction [65], steps and chevron defect have an im-
portant role in the interface migration, acting as a vehicle for grain migration and
as eventual pinning site similar to the surface grooves [32], respectively.
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Figure 10. HREM image of C-facet or asymmetrical 90°<110> (110)|(001) tilt grain
boundary. This boundary lies along the mirror plane of the bicrystal.
Due to the incommensurate spacing of lattice planes at the interface the boundary
is quasi-periodic. There is 7|5 step close to the facet junction.

High-resolution images showed that a number of characterized C- facets
contain step-like defects resulting in the average inclination of the boundaries a
slightly off C- plane and giving rise to lobes instead of sharp peaks in the rose plot
[53]. An example of the step-like defect is shown in Fig. 10. The step height has
been denoted as n|m where n and m are the numbers of {100} and {011} planes
in the two grains ending at the step. The step in Fig. 10 is a 5|7 step where 5 {100}
planes in A meet 7 {011} planes in p.

To characterize the behavior of the steps in (100),|(01 l)u boundaries, heights
of over hundred steps in the facets of island grains were measured. These measure-
ments showed steps heights ranging from 1|1 to 7|10. If the strain minimization is
only criteria, i.e. the smallest Burgers vector associated with the disconnections,
the preferable step height would be, not the most frequently observed, 5|7 which is
characterized by a mismatch of only 1%. Majority of the observed steps are of type
2|3, 3|4 or 46, for which the rational ratio of n:m approximates the irrational ratio of
interplanar spacing of {100} and {110} planes, n|m=1|V2, within 6%. The mismatch
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between step height in two grains results in a gap that has dislocation character and
can be characterized by a Burgers vector. Following the Hirth-Pond treatment of
interfacial defects [12, 49], those steps which have dislocation content are classified
as disconnections, while pure step corresponds to a step height 5|7, which, as the
closest approximant of n|m=1[2, has essentially zero dislocation content.

It is important to note that if n and m have different parity, A-B stacking of
the crystal planes in the direction parallel to the tilt axis would be changed on one
side of the step to A-A or B-B stacking on the other side of the step. In order to
avoid such energetically unfavorable configuration, an introduction of dislocation
with a screw component with b=%<110> parallel to the axis into the disconnec-
tion interface is required [53].

Grain Boundary Migration. - The experimental obser-
vations highlighted the importance of the irrational orientation relationship not
only for the atomic structure of facets but its role in the grain boundary motion.

High-resolution recordings of shrinkage of entire grain during in situ an-
nealing showed that C-facets are dominant and that the rate of the island grain
shrinkage is controlled by their mobility [33, 53]. It has been observed that C- fac-
ets have a tendency to remain flat and stationary while adjoining inclined facets
advance at more regular steady pace. Such behavior is illustrated in the first two
frames of the image sequence in Fig. 11.

Figure 11. The sequence of images from in situ experiment recorded with TV rate
showing the migration of C-facet. Initially static C-facet, after reaching some critical
width by the encroachment of neighboring facets, moves perpendicularly to itself
by jumps of 4|6 or 5|7 {001}|{110} lattice spacing (T=206 °C).

The C- facet was stationary for several minutes but then it suddenly ad-
vanced after reaching a critical width due to encroachment (Fig. 11¢). The sudden
movement corresponds to the jump length of 6{110} planes in the upper crystal
and 4 {100} planes in the lower crystal as indicated by the reference line. Once ac-
tivated, the facet can exhibit a cascade of several jumps, one among them shown in
Fig. 11e-f. Characterization of successive positions before and after the jump for a
large number of facets showed that there is a preferred jump distance, i.e. C- facet
tends to move by discrete jumps of 7|5 or 6|4, while the critical width of C- facet
before triggering the jumps is in the range 4-12 {110} interplanar spacing.
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The occurrence of the jumps within 33ms (Fig. 11b-c and 11e-f), i.e. within
a single frame of TV rate recordings, highlights the significance of temporal res-
olution in addition to the spatial one for in situ experiments. Recent advances in
instrumentation have made it possible to extend the range of temporal resolution
of such observations [66]. Gatan K2-IS direct electron detection camera with an
imaging rate of 400 frames per second (2.5 ms per frame) provided a more de-
tailed insight in the mechanism of the C- facet migration (Fig. 12). The appearance
of moiré pattern in the internment frames between the beginning and the end of
the jump (Fig. 12b-d) reveals the occurrence of overlap between two grains during
the interface migration and indicates that the jump proceeds by formation and
progression of a step parallel to the film surface. Since the step is along the axis of
projection, its progression can be observed only indirectly through the changing
moiré fringe contrast (Fig. 12b-d) as the facet progresses from the initial (Fig. 12a)
to the final position (Fig. 12e). The imaging technique limits the knowledge of the
topology of the buried step — whether is it single step, inclined, double kink and
whether it originates at the surface.

There is a number of observations that a grain during shrinkage becomes
elongated indicating the asymmetry in the mobility of C-facets [33]. The facets
move more readily inward if the island grain planes terminate on a (011) righter
than on a (100) plane. This effect has important implications for interface mobility
which is usually assumed to be independent of the direction of motion. In addition
to the described interface migration through the jumps initiated by a formation
of buried steps, another mechanism of the C-facet migration is via lateral motion
of disconnections and steps (Fig. 13). The disconnections with a small step height
such as 1|2 and 2|3 have greater mobility than those with higher steps like 4|6
or pure step, 5|7. One of the characteristics of highly mobile disconnections is
odd|even parity of the step height that implies the presence of a screw dislocation
in the direction normal to the surface of the film. The presence of both edge and
screw dislocation components in disconnection implies quite complex motion in-
volving both dislocation climb and glide.

The disconnections with m|n < 2|3 on a long facet tend to fluctuate back
and forth along the facet. The fact, that such defects can be considered to have zero
curvature because there is no change in the grain boundary area as long as they
move along the facet [67], suggest that other factors like elastic interactions play
role in their motion. Similarly to the jumps of C- facet perpendicularly to itself,
for steps with m|n < 2|3, the frequency of jumps is so high to be characterized ac-
curately at the rate of TV recording. Using a Gatan K2-IS direct electron detection
camera it became possible to track the random fluctuations of such steps and ex-
tract their mobility [68, 69]. The statistical analysis of the amplitude of fluctuations
showed the involvement of discrete increments and preference for jump length of
2|3, 3|4 or 5|7 in the lateral direction. Clearly, all of the jumps being an approxima-
tion of V2 within 6% point out that despite the grain boundary incommensurate
character there are preferred sites for triggering or arresting a step motion.
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Figure 12. The sequence of images recorded with Gatan K2-IS direct electron detection
camera. High recording rate reveals moiré fringes that indicate that the C-facet “jump”
mechanism involves the creation of a buried step (T=210 °C).
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Figure 13. Lateral propagation of a 2|3 step along the C-facet
recorded with TV rate camera (T=206 °C).

The steps nucleate heterogeneously with preferential sites being facet junc-
tions. Disconnections with a height 1|2 forms at a junction of C- and B- facets
by what is suggested to be some kind of pole mechanism [34, 70]. Small discon-
nections are produced in an avalanche and move along the facet. Sometimes,
disconnection with lager step height swipes the facet in the reverse direction.
Disconnections lateral motion in both directions along the interface contributes to
the island grain shrinking, and the glide of disconnections of opposite sign might
be the cause of cancellation of their dislocation content, in lieu with observations
constant net dislocation content during the island grain shrinking.

Righter than only by the strain level, the step height appears to be influ-
enced by the structure of adjacent facets. Most of the facet junctions connect C- to
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dissociated B- facets (Fig. 8) and the observed step heights can be directly correlat-
ed to the geometry of the 9R structure [55, 59]. The periodic unit of the B- facets,
consisting of six {111} planes with a partial dislocation on each of them, includes
six layers of {110} planes on {111} side of the B facet and 4 layers of the {001}
planes on {112} side. 4|6 ratio corresponds to one of the more frequently observed
steps on C- facet. The partial dislocations are regularly distributed on {111} planes,
so the periodic unit of B-facet contains two subunits each containing two 90° and
one 30° Shockley partial. Separation of one subunit from the B-interface and its
lateral glide on C- facet leads to the formation of the most frequently observed,
very mobile, 2|3 disconnection. Additionally, 9R dissociation includes a rigid shift
of %<110> [59] that might facilitate nucleation of the screw dislocation at the
junction necessary for the steps of different parity.

Although C-A facet junctions do not represent equilibrium junctions ac-
cording to the Wulff shape of an island grain and bicrystal symmetry, they do oc-
cur (Fig. 14). Periodic unit of A- facet corresponds to seven layers of {110} planes
and five layers of {110} planes and, similarly to C-B junctions, separation of a
periodic unit from the rest of the facet can lead to the formation of a 5|7 pure
step (Fig. 10). The range of observed step heights is a product of recombination of
disconnections, their coalescence or partial annihilation [71].

Wi «

Figure 14. Migration of B-facet or {111}|{112} inclination by glide along continual {111}
planes. As it moves, facet drags dissociated section behind.

Facets A- and B- show more regular migration rate than C-facets during the
island grain shrinking. Relaxation of B- facets into a 9R configuration provides
continuity of {111} planes across the interface. Such dissociated grain boundaries
may be highly mobile [8]. Observations of the migration of B-facet indicate that
it moves by a glide while extended boundary is dragged behind maintaining the
width of dissociated slab constant (Fig. 14). The B-facets contain steps necessary to
accommodate of incommensurate misorientation (Fig. 14), Although analysis by
Pond and Medlin [55, 72] showed that the steps on B- facets have also dislocation
character and that the disconnection glide is expected, no lateral motion of steps
on these facets have been observed.

Migration of A- facets or symmetrical boundaries takes place by a coop-
erative motion of grain boundary segments (Fig. 15) that tend to correspond to



240 Tamara Radeti¢

the periodic unit of the symmetrical boundary. In addition to advancing toward
the center of curvature of the island grain, fluctuations of the segments back and
forth involving reversible reshuffling have been observed. Apparently, all of the
observed processes during the migration of the grain boundaries are collective
phenomena involving coordinated regrouping and shuftling of a large number of
atoms [8].

Figure 15. Migration of A-facet or symmetrical grain boundary. In order to
accommodate for deviation from an exact orientation, the boundary is frequently
segmented with steps between sections. Migration involves coordinated motion
of the atoms in the segments. Arrows show the position of the bright pair of spots
before migration.

Shrinking of the island grain in {l1l}jmazed
bicrystal films.-Thegrain boundaries in <111> mazed bicrystal films
exhibit a much greater degree of anisotropy compared to <110> mazed bicrystals
(Fig. 7). Even in as-deposited state, the microstructure is composed of strongly
faceted grains in two twin-related orientational variants. The majority of grain
boundaries are incoherent £3 twin boundaries perpendicular to the film surface
with low energy {112} inclination [22]. There are three {112} facets running par-
allel to the <111> rotation axis and, at facet junction, they meet at 120° angle (Fig.
16a), so the grain shape of an island grain approximates hexagon (Fig. 3¢c). The
grain boundaries are frequently broken into smaller facets giving an appearance
of saw-tooth morphology (Fig. 16b). The length scale of the steps is much coarser
than in the case of {110} mazed bicrystals, so in order to get a broader view of
grain boundary, imaging with so-called “forbidden” or “terminal” 1/3{422} reflec-
tions [73, 74] was applied. Such imaging allowed to trace grain boundaries on the
mesoscopic scale and to cover greater migration distances.
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Figure 16. (a) STEM image of a facet junction in a {111} mazed bicrystal grains;
(b) Grain boundary in {111} Au film imagined using terminal reflections. At the facet
junctions, there is a change in contrast indicating the presence of dislocations,
in agreement with previous conventional TEM observations [3].

The shrinkage of {111} island grains starts with the coalesce and annihila-
tion of steps, a mechanism analog to one reported in CTEM study of facet coars-
ening by Medlin et al. [75]. The steps interactions are righter quick and can have a
high degree of complexity as the reaction may involve multiple steps (Fig. 16). In
contrast to the {110} bicrystals, where the steps of height over few atomic layers
are mostly stationary, in <111> bicrystals step height does not appear to affect
mobility significantly. Due to the high symmetry of misorientation and equiva-
lency of the planes meeting at the junction, lateral motion of a step can take place
along either of facets. Similarly, the fluctuation of steps along a longer facet is not
limited by the step height. Fig. 17 illustrates simultaneous fluctuation of two steps
with height over ten atomic spacing. The fluctuation frequency is so high that
even high recording rate of 2.5 ms per frame is not sufficient to isolate individual
events (Fig. 18).

Once the steps are eliminated and an island grain adopts smooth polyg-
onal shape (Fig. 19a), the grain can become remarkably stable and resistant to
shrinkage for a periods time whose length can extend to tens of minutes up to a
tew hours. However, at some point, the motion of a whole facet can be triggered
initiating the rapid shrinking. Such behavior is illustrated in the image sequence
of shrinkage of the grain with a shape of almost perfect hexagon (Fig. 19). Recent
simulations of migration of flat and stepped boundaries showed that the migration
is controlled by the nucleation of islands or double kinks [76, 77]. In a number of
observations of a whole facet migration no step formation in the imaging plane
was detected, suggesting that the buried steps have a role in triggering the motion
as in the case of C-facets of <110> island grains.
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— 12 min/320°C

— 16 Min/320C

Figure 17. Illustration of grain boundary migration by lateral motion and interaction

of steps.

Figure 18. The sequence of images illustrating fluctuation of two steps over 10 atomic
high in {111} bicrystal. Despite recording with high rate Gatan K2-IS camera (2.5ms per
frame), the temporal resolution is not sufficient for these high-frequency fluctuation.

12.7s
18.7s

25.5s

Figure 19. Grains in polygonal shape can be very stable, but once triggered facet moves
as a whole. The grain collapses within a single frame after (d). The position of grain
boundaries in (a-d) images is outlined in (e).
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The image sequence shown in Fig. 20 can shed more light on the possible
mechanism of a whole facet motion that implicates a role of buried steps. The
images are formed with terminal reflections, and one of the advantages of this
imaging condition is that contrast intensity depends whether the thickness is mul-
tiple of 3 atomic layers corresponding to {111} planes stacking sequence or not
[73, 74]. Hence, changes in contrast observed within the grains can be related to
the different thickness of the grains, revealing “double positioning” [30]. Fig. 20a
shows two parallel “double positioned” boundaries, i.e. incoherent {112} bounda-
ries terminating at different depths in the film connected by a stretch of coherent
twin boundary. Such configuration corresponds to a buried step parallel to the
surface of the film. Grain boundary segment on the right migrates keeping the
straight configuration while buried step contracts (Fig. 20b), until almost com-
plete annihilation (Fig. 20c). Interestingly, small step/dislocation at the boundary
is dragged along. Subsequently, the “double positioned” boundary segments split
again (Fig. 20d), most likely due to the repulsion of partial dislocations at the steps
junctions [31], leading to the splitting of the horizontal boundary and creation of
grain boundary segments parallel to the film surface corresponding to a new step.

R e T

Figure 20. Migration of the grain boundary along the buried step
and interaction of the “double positioned” grain boundaries.
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CONCLUSIONS

The presented work documented many features of the grain boundary
migration under capillary forces. Direct observations of island grain shrinkage
and evaluation of mechanisms and kinetics of grain boundary motion in {110}
and {111} mazed bicrystal films are reported. Characterization of grain bound-
ary showed anisotropy increase with thermal annealing. HREM observations
revealed the preference for three types facets corresponding to low-index planes
in {110} bicrystals: the A- facet (ll\/2)|( 11V2), the B-facet (111)|(112) and the
C-facet (001)|( 110). Migration mechanisms of the facets involve collective mo-
tion of the atoms such as regrouping by atomic shuffles, glide and step migration.
High-resolution in situ observations revealed that the island grain shrinkage is
controlled by the nucleation and propagation of steps on C-facets. While measure-
ments showed a range of step height, there is a clear preference for steps for which
the rational ratio of n:m approximates irrational 1:V2 within 6%. The preferred
step heights are closely related to the atomic structure and relaxation mechanisms
of the adjacent facets. Due to the dislocation content associated with all steps, but a
pure step of height 5|7, they are actually disconnections. The facet jumps of C-facet
and movements of whole facets in {111} bicrystals highlighted the role of buried
steps in grain boundary migration.

Measured erratic kinetic of grain shrinkage, consisting of spurs of rapid mo-
tion and stationary periods, is consistent with migration mechanisms controlled
by the step nucleation. High-resolution observations of whole grains shrinking
did not reveal measurable grain rotation within a last 33 ms before the total grain
collapse. Shrinking grains, invariably, leave dislocation debris behind.
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ATOMUCTUNYKN N KPUCTAJIOTPA®CKN PEHOMEHN
TPV KOHTPAKIIM] HAHO3PHA

Pesuwme

MebynoBpuinHe, OZHOCHO TIpaHHUIle 3PHA, MMajy K/bY4YHY Y/IOLYy Y
fedrHICabY jefMHCTBEHUX CBOjCTaBa MeTa/THNX MaTepljajia ca HAHOKPUCTATHOM
Kao M MUKPOCTPYKTYpPOM yITpaduHMX 3pHA. Ycren edpekTa Mase BeIM4MHe,
aTOMCKa CTPYKTypa M IOKpPeT/BMBOCT I'paHuua 3pHa oapebhyjy crabmmnoct
HaHOKPUCTa/IHe MUKPOCTPYKType. Y OBOM IIPUJIOLY je #aT ImpuKas peHoMeHa
KOjJ ce OJHOCE Ha MeXaHM3aM VM KMHETVKY MUTpaljiije TPaHM1a 3pHa Y TAHKUM
¢dbuIMoBMMa 3/1aTa IOJ, YTHLAjeM KallIapHuX cuia. KoHTpakiyja nupKynapHux
HaHO3pHA Y TaHKUM (GUIMOBMMa T3B. Masel OMKpucTanHe Mopdoornje —
MIONMKPUCTA/IHE CTPYKTYpPe y KOjOj Cy IIPUCYTHE CaMO [Be OpMjeHTallMje 3pHa
— Ha MOBMIIEHMM TeMIlepaTypaMa KapaKTepM30BaHa je in Situ eleKTPOHCKOM
MUKPOCKOIIMjOM, KOHBEHI[MIOHA/IHOM U BJCOKe pesonyunje. Kapakrepusanuja
je yKasajia Jia je BMCOK CTeIleH aHM30TPOIMje CBOjCTBEH HAHO3PHMMa, OGHOCHO
u3pakeHa CKJIOHOCT Ka 00pa3oBamy IJbOCHN (¢arera) Ha ogpeheHnM Tnmosuma
KpycTanorpadCKUX paBHU ca HUCKMM MuiepoBuM MHAeKCHMa. YTBpheHo je ma
MeXaHN3aM MUTpalyije IVbOCHU YK/bYy4yje KOJIEKTMBHO KpeTambe aTOMa, OJHOCHO,
perpymuncame aToMa ca IIoOMepajiMa MambIM Off TapaMeTpa KPUCTaIHe pelIeTKe,
KIu3ame M MATPaLujy cTeleHuua. In situ MUKPOCKOIIMja BUCOKE pe3onyLuje
je TIoKasana fia je MUTpalMja KOHTPOIMCAaHa HYKJIealMjoM U IIpoIaramyjomM
CTeIIeHNUIIA U IUCKOHEKIINja, Tj. lepekaTa KOjy Iopej; KOMIOHEHTe CTEeleHNMIe
MMajy U JUCIOKALMOHY KOMIIOHEHTY, KaKO /JaTepajHO TaKO M y IpaBLy
HepIeHVIKYTapHOM Ha NOBpIINHY ¢unimMa. HemocTojHa KMHeTHKa KOHTaKIIje
je y carJlacCHOCTM ca MeXaHM3MOM MUTpalyje KOHTPOIMCAHUM HYK/I€ALjoM
crenennua. [lera/pbHa aHanmsa jedekara Ha MehymoBpuimHaMa mokasana je
MIPUCYCTBO CTEMEHNIA pa3/TINIUTUX BYC/HA U JMCIOKALMOHOT cafpyKaja. Bucuna
CTelleHMIle/ JUCKOHEKIje OoTpaHnyaBa beHy MoOmmHocT y {110} punimoBmMa,
IOK TaKaB YTHUIIAj HUje 3amaxkeH y {111} ¢uimoBuMa. Y TOKy KOHTpaKIuje Hitje
npumehena porarnuja 3pHa.



