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Brittle Fracture of Iridium. How This Plastic Metal Cleaves?
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Abstract. The refractory platinum group metal iridium is the unique material, insomuch as it exhibits
simultaneously two controversial mechanical properties such as the high plasticity and the inclination to the
brittle transcrystalline fracture. Although iridium hasthe face-centered cubic lattice, it meets some empirical
cleavage criteria despite considerable plasticity. This is the so called “iridium problem” and it is not solved
until now. Thereview isaimed to the discussion of the experimenta dataconcerning the deformation behavior
of iridium and the crack growth in iridium single crystal s on the microscopic (in the single crystalline samples
stretched on air) and nano- (in the thin foils for transmission electron microscopy) levels. It is shown that
cracksiniridiumthin foilsgrow likeacrack in such ductile metals as al uminum, copper, and nickel. Cracksin
the bulk iridium single crystals behave like either a brittle trancrystalline crack, when the resource of crystal
plasticity has been exhausted, or a notch in ductile metal, when the plastic deformation of the sample is

possible.

1. INTRODUCTION

The concept that brittleness and ductility are the polar
tendenciesin deformation behavior of asolid isthe cor-
nerstone of the mechanics of materials[1]. According to
the empirical knowledge, aplastic metalic crystal never
fails by a brittle manner in an inert environment and,
vice versa, a brittle crystal never exhibits an ability to
plastic deformation at the macroscopic scalein aninert
environment [2,3]. However, the sole refractory face
centered cubic (FCC) metal iridium from the platinum
group, which cleaves after considerable elongation, is
the exception from this rule [4,5]. Iridium possesses
unique lattice properties, such as the large values of
shear and bulk modulus [6,7] and a negative Cauchy-
pressure [8] that distinct it from other FCC-metals. On
the other hand, under compression it behaves like a
normal FCC-metal [9]. In addition, iridium meets some
empirical cleavagecriteria[9-11], and, according to the
Rice’s approach, the inclination to cleavage is its intrin-
sic property [12]. In spite of this, another basic charac-
teristic of iridium, namely, the dominant deformation

mechanism (it isthe octahedral slip (OS) of <110> per-
fect dislocations) isthe same asin anormal FCC-metal
[13,14]. Therefore, iridium may beformally determined
asthe plastic cleavable FCC-metal. This circumstance
makesit the most puzzling metal in the Earth, whilethe
cause of its anomaly continues to be unclear until now.
Such specia situation may be explained by the small
quantity of researches on deformation behavior and
defect structure of iridium, thetotal list of whichislim-
ited by few dozensitems[15,16].

It iswell-known that fracture mechanisms of asolid
can be examined with a help of the analysis of a crack
growth [3]. Lynch was the first who studied the cracks
advanced in bulk iridium single crystals under bending
by metallography. He has shown that extensive plastic-
ity due to OS accompanies a cleavage crack growth
[17,18]. Thisresult may be estimated astheindirect con-
firmation of theideathat the mode of crack growth (brit-
tle or ductile) in ametallic crystal depends on disloca-
tion activity at the crack tip [19-22]. However, no experi-
mental data on motion of dislocations near crack tip in
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iridium were presented in his work [23]. The study of
cracksin iridium and aluminum thin foils by transmis-
sion electron microscopy (TEM) which was carried out
in [24,25] did not reveal the principa differences be-
tween them at least at the final stage of crack evolution,
but pointed to an opportunity for TEM study of dislo-
cation activity near crack tipsiniridiumthinfoil. There-
fore, themain goal of thiswork isthe examination of the
crack evolution in single-crystalline iridium on the mi-
croscopic scale (in the bulk single crystals under ten-
sion) and on the nano scale (in thin foils by TEM) in
comparison with other FCC-metals. In addition, the brief
review of themechanical propertiesof iridiumisincluded
in the paper, because it is necessary for the better un-
derstanding of the material by areader. These findings
and their discussion could allow better understanding
of the nature of the cleavage fracturein iridium and the
difference between its deformation behavior and
behavior of anormal FCC-metal.

2. REFINING OF IRIDIUM AND
SINGLE CRYSTALLINE SAMPLES
FOR STUDY

Iridium is used as a container material for exploitation
under extremely hard conditions, for example, in cruci-
bles for the oxide crystals growing for power lasers or
containersfor plutonium based eutecticsin thermoelec-
tric generators for deep space missions [26-29]. Refin-
ing of iridium is the very complicated procedure and,
therefore, the technology for its processing was elabo-
rated at the end of 50th years of the XX century by the
last among other metals used in industry [15]. The his-
torical aspects of melting and fabrication of iridiumwere
considered in [28], while the modern state of the prob-
lem was described in [16] and reviewed recently by
Ohriner [30]. Thetechnology for iridiumrefining based
on the “wet” chemical scheme was briefly described in
[31], while pyrometallurgical technology including
oxidative melting in periclase magnesiacrucibleand el ec-
tron beam melting was discussed in [15]. The second
technology allows obtaining the high pure plastic irid-
ium during the short time in comparison with the wet
chemical refining. The growing of massive single crys-
talswasthefina stage of the pyrometallurgical technol-
ogy. These “single crystalline” ingots were applied as
workpiecesfor processing iridium. In addition, they were
used for examination of the mechanical properties of
iridiumincluding deformation and fracture mechanisms
[15,16].

The high pureiridium from well-known manufactur-
erswas used in the experimental work by every research
team who had a deal with iridium. In our case, the
Yekaterinburg Non-Ferrous Metal Processing Plant that

used the pyrometallurgical scheme for iridium refining
[15], supplied the metal for experiments. The massive
iridium single crystals (20-50 mm in diameter and 100-
150 mm in length) were grown by means of the zone
melting by the el ectron beam from theingots of the high
pureiridium (99.9%, non-metallicimpurity-free metal).
The samplesfor experimentsin the form of the barswith
thesize of (15-20)x2x(0.5-1) mm?® werecut fromthe mas-
sivesinglecrystalsby the spark erosion technique. They
had the following crystallographic orientations: soft
<110>, hard <100> and octahedral <111>0n{100} and
{110} crystallographic planes. Their working surfaces
were mechanically abraded and polished in the water
solutionof CaCl, or NaCl inAC. Thetensiletesting and
3-points bending of the samples were carried out at the
roomtemperature (the traverseratewas 1 mm/min). The
working surfaces of the samplesincluding every crack
on the surface were documented with the help of an
optical microscope prior and after of each testing. The
analysis of obtained images of cracks allowed recon-
structing the evolution of transcrystalline cracks on the
back surface of iridium single crystals under tension.
On the contrary, the crack growth under bending was
documented on every step of deformation.

The single crystalline work-pieces, whose surfaces
were parallel either cubic {100} or {110} planes, were
mechanically thinned up to the thicknessof 0.1 mm.Thin
foils for TEM study were prepared by the “window”
technigqueinthejet of an electrolyte. Thesingle crystal-
line work-pieceswere put between tantalum plateswith
the holes, whose diameter for initial polishingwas1 mm,
whilefor thefinal thinning it was2 mm. Thewater solu-
tion of CaCl, was used as the electrolyte [32]. Iridium
plate was used as the second electrode. Preliminary
polishing was carried out at 15-18 V AC, whilethefinal
stage of polishing was carried out at 5-10 V AC. The
optimal temperature for electropolishing was 60-80 °C,
therefore, no cooling device was included in the thin-
ning facility. Thin foils contained alot of pitting holes,
where many V-shape cracks appeared, and, therefore,
no special procedurefor inflicting the cracksto the sam-
ple was required. Both tension and bending of the foils
in the air caused the increase of the number of cracks,
but no appearance of the dangerouscrackswasreveaed
here. It was impossible to observe the propagation of
selected crack because of its small size and irregular
distribution of deformation in the foil under tension in
TEM facility. Therefore, the evolution of cracksinirid-
ium thin foilswas reconstructed with a help of analysis
of the images of cracks having the lengths from the
nano-scale (~10 nm) up to 0.5 um. On the contrary, the
forming of dangerous cracks and their propagation in
the foil were study during in situ tensile testing in the
columnof 200kV TEM facility.
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3. DEFORMATION BEHAVIOR OF
IRIDIUM

Thefirst communication reporting that iridiumwas suc-
cessfully processed appeared in 1958 [26]. Thenext in-
formation on the deformation behavior of polycrystalline
iridium (samples with a rectangle cross-section) under
tension at 20-2000 °C was published in[33]. Yield stress
and ultimate tensil e strength (both are ~1000 M Paat 20
°C) drop sharply downto 140 MPaand 200 MPaat 1300
°C. After that, the rate of their decrease became consid-
erably slower: 30 MPaand 75 MPaat 2000 °C. On the
contrary, the elongation prior the failure continuesto be
constant and small until 1000°C (~1.5%). It beginsin-
creasing rapidly up to 10% at 1500 °C, while further it
drops smoothly up to 8% in thetemperature range 1500-
2000 °C. According to metallographic examination, no
necking was observed on the samples, while their frac-
ture mode was attested as the brittle intergranular frac-
ture (BIF) at T<900°C and T>1600°C with some addition
of the brittle transgranular fracture (BTF) at tempera-
tures 900-1600 °C. The authors suppose that segrega-
tion of impurities on grain boundaries is the cause of
the poor deformability of the iridium samples. These
resultswere confirmed by the research team from USA,
whose wire samples demonstrated the same tensile
strength, while their plasticity was close to a normal
FCC-metal at comparablehomologica temperatures[34].
The fracture mode of the samples was determined as
BIF. The similar values of the tensile strength, but the
smaller elongation were obtained for the polycrystalline
sampleswith acircle cross-sectionin[35]. It was shown
that the localization of plastic deformation in the neck
increases sharply when iridium samples are coated by a
thin layer of platinum. The data obtained by the team
from ORNL [36] for the planepolycrystalineiridium sam-
ples with the double-spoon shape under tension were
closeto theresultsreported in [34].

Tensile testing of non-annealed thin iridium wires
(0.3 mmindiameter) at 20-1600°C showed that thetotal
elongation of the samples decreased smoothly with the
temperaturerising from~10% at 20°C up to 5% at 800°C
because of the considerable localization of plastic de-
formation inthe neck [37]. Recent room temperature ten-
siletesting of the non-annealed iridiumwire (0.5 mmin
diameter) has confirmed that it exhibits considerable
elongation and necking (~30% and ~23%, respectively),
despite BTF asthe fracture mode (Fig. 1). Further slow
growth of the elongation up to the value of room tem-
perature deformation (~10%), which occursat more high
temperatures (>1000°C) whentheiridiumrecrydtallization
starts, is caused by both “necking to a point” and “flow-
ing neck” effects. In spite of this, the fracture mode of
thewireswasdetermined as BTF until the moment when
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Fig. 1. Deformation behavior of iridium wire under ten-
sion at room temperature: a — stress-strain curve; b: -
the back surface of sample after tension (el ongation 29%,

necking 23%); ¢ — fracture surface of the sample (BTF).

the necking to a point appears and, hence, the fracture
surface of sample transforms into a topographic point.
It was shown that BTF isthe intrinsic fracture mode of
iridium, while BIF is caused by the dangerous non-me-
tallicimpurities, such as carbon and oxygen [38]. There-
fore, it may be concluded that the deformation behavior
of polycrystdlineiridiumissimilar toanormal FCC-metal
excepting the fracture mode.

The study of the mechanical behavior of metalic
single crystal in dependence on its crystallography al-
lows determining the deformation mechanismsthat are
activeinthismetal [2]. Thefirst information on mechani-
cal properties of single crystalline iridium contradicted
with the empirical knowledge on aFCC-metal: at room
temperature, it cleaves after elongation more than 10%
[4]. Detailed study [5] confirmed that iridium singlecrys-
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Fig. 2. Deformation behavior of iridium single crystals
at room temperature: a — stress-strain curves under ten-
sion (1-<100> axis, 2 - <110> axis, - soft direction); b: -
stress-strain curves under compression (1 - <100> axis,
2 - <110> axis, 3 - severe deformed single crystal, 4 -
<110> axis Ir3Re2Ru, 5 - <110> axis [10.3W); d — fracture
surface of the sample (BTF).

tals cleave after the huge elongation without necking
(80% at 20 °C and 100% at 100°C) [5]. Theintriguewas
reinforced by the finding that single crystallineiridium
under compression behaves like a normal FCC-metal
(copper), which is deformed due to octahedral dlip and
never fails[9,39,40]. Mechanical behavior of iridium sin-

gle crystals under tension and compression was exam-
ined at room temperature on the samples having soft
and hard orientations (<100>{ 100} and <110>{ 100},
<110} <110>). It was shown that the strong orientation
anisotropy takes place in iridium single crystals. yield
stress and elongation prior the failure for the soft direc-
tion were 100 MPaand 20%, respectively; these param-
etersfor the hard direction were 10 MPaand 40%, while
the ultimate tensile strength was about 600 M Pafor both
cases (see Fig. 2a) [41]. Analysis of the shape of the
stress-strain curves allows concluding that whole con-
siderable plasticity of the single crystalline iridium is
reached on the first stage of the plastic deformation [2].
Onthecontrary, no clearly visible orientation anisotropy
was reveaed in iridium single crystals under compres-
sion (Fig. 2b). In spite of considerable plasticity under
tension, the fracture mode of the samples was attested
asBTF[24] (Fig. 2c). Under compression, iridiumsingle
crystals exhibited the huge plasticity (up to 80%) and
never failed under loading [41].

Deformation tracks appeared on the back surface of
iridium single crystals under tension were examined in
[14]. According to geometry of the deformation tracks
and their distribution on the working surfaces of the
sampl es under tension, at roomtemperaturesinglecrys-
tallineiridiumisdeformed dueto the octahedral dlip, at
that, whole plasticity of thesingle crystal isrealized on
the easy dlip stage (Fig. 3). As a result, the necking
never occurs in the single crystalline samples despite
that their elongation could reach 60-70%. TEM study
has shown that straight dislocation segments having
Burgersvector laid along <110> are the main feature of
defect structure in iridium single crystals at room tem-
perature (Fig. 4). There are not small angle boundaries
despite of the high density of <110> dislocationsin de-
formed single crystallinethin foils. It meansthat cellular
/ grain structure is not formed in iridium single crystal
during theroom temperature deformation. No motion of
dislocations was revealed by TEM during in situ ten-
sion in a column. These facts may be explained by the
supposition on the low mobility of <110> dislocations
iniridium at roomtemperature. On the other hand, small
angle boundaries and pileups of curvilinear did ocations
are the dominant morphological features of defect struc-
ture in the polycrystalline iridium, while straight dislo-
cationsare absent here (Fig. 5) [42]. Hence, dislocation
structure in iridium develops by the same way asin a
usual FCC-metal if the grain structure is formed in the
sample, whileits development isfrozen onthe easy dip
stage in the case of tension of the single crystalline
sampleat room temperature[14].

Obtained results could be summarized as follows.
At roomtemperature, iridium behaveslikeanorma FCC-
metal, excepting specia fracture mode (BTF) and the
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Fig. 3. Defect structure of iridium single crystals after
tensile testing (microscopic scale): a- dip bandsonthe
<100>{100} samples (¢~10%); b - slip bands on the
<110>{ 100} ( £~40%); c- dip bandsonthe <110>{ 110}
(&~30%); d — crystallography of the octahedral slip.

Fig. 4. Defect structure of iridium single crystals after
tensile testing (nano-scale).

Ty

Fig. 5. Defect structure of polycrystallineiridium (nano-
scale).

feature that takes place in iridium single crystals under
tension. Taking into account that iridiumisthe sole re-
fractory FCC-metdl in the Earth, these distinctions are
not contradictions with the empirical knowledge on a
FCC-metal, becausethe roomtemperaturefor iridiumis
the very low (almost helium) temperature on the homo-
logical scale.

4. EVOLUTION OF CRACKSIN BULK
IRIDIUM SINGLE CRYSTALS

The study of cracks on the bulk iridium single crystals
was carried out on the samples that demonstrated
elongationsfrom 10% up to 40%. Metallographic attes-
tation has shown that all cracks were situated on the
edges of the samples. They appeared on the surface
after elongation of 3-5%, whereas the samples failed
after 10-20% and 30-40% for the hard orientation and
the soft orientation, respectively. Cracks in the
<100>{ 100} crystals had astraight profile, a sharp tip,
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Fig. 6. Tiny cracks having a length of ~0.03 mm in
<100>{100} iridium single crystal: a— the crack with
ACO<1°; b—the crack with ACO ~10°.

and were perpendicularly directed to the tensile axis of
sample. Thelength of the cracks started from 0.03 mm.
Therefore, 0.03 mm cracks may be denoted asthe small-
est cracksintheiridiumsinglecrystals. No deformation
tracks were observed near their coasts. There were two
sets of the tiny cracks on the <100>{ 100} single crys-
tals. Theminor part of them (~1/10) possessed theangle
of crack opening (ACO) lessthan 1° (Fig. 6a), whilethe
maj ority of them had ACO 10-15° (Fig. 6b). The cracks
from the next set had the length of 0.06 mm and laid
perpendicularly to thetensile axis of the samples. They
werethe mgjority of cracksintheiridiumsingle crystals
under tension. Some of them consisted of the two parts
having the different shapes: the bottom one had 0.03
mm in length and ACO ~ 10°-15°, while the upper one
possessed the same length, but its ACO was ~ 1° (Fig.
7a). Deformation tracks, whose geometry iscloseto the
octahedral slip on <100>{ 100} of the FCC lattice, were
observed near the bottom parts of such cracks only.
Metallographic analysis of other cracks has shown that
they also consisted of two parts having the equal
lengths, but their upper parts had ACO ~ 10-15° and
deformation trackswere observed along all crack coasts

ic plane ma}'
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Fig. 7. Crackshaving alength of 0.06 mmin <100>{ 100}
iridium single crystal: a—0.03 mm crack with ACO ~1° at
0.03 mm crack withACO ~10°; b — crack (ACO ~10°) and
deformation tracks leaving its coasts.

(Fig. 7b). Hence, ACO was changing in the process of
crack evolution under tension. The long cracks having
thelength, which may be expressed as nx0.03 mm (n=3,
4,5, etc.), were detected inthe samples after tensiletests,
but their quantity was considerably lower than the
number of 0.06 mm cracks (<10 pieces and 30-40 ones
per sample, respectively). The shape of such cracksin-
cluding ACO and their trgjectories continued to be the
same. Deformation tracks, whose geometry agreed with
the octahedral dlip distribution, were also observed in
vicinity of thecracks (Fig. 8a). However, they never oc-
curred near the upper part of the dangerous cracks,
whose motion causesthe separation of sample, whereas
the deformation tracks were detected in their bottom
part (Fig. 8b).

The mechanistic picture of the cracking in iridium
single crystals, which were stretched along the soft
<110> direction, had many common features with the
case described above. The first, cracks possessed a
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Fig. 8. Long cracks in <100>{100} iridium single crystal: a— crack having the length ~ 0.15 mm and ACO ~10-15° with
deformation tracks; b — dangerous crack (length ~ 0.30 mm, ACO ~10°).

Fig. 9. Cracks in iridium single crystals having <110> tensile axis: a —tiny crack with the length of ~ 0.03 mm and ACO
~10-15° in <110>{100} iridium single crystal; b — tiny cracks with the length of ~ 0.03 mm and ACO ~10+15°in
<110>{110} iridium single crystal; ¢ — cracks having a length of ~ 0.06 mm in <110>{100} iridium single crystal (ACO

~10-15°) with 0.03 mm satellite crack.

straight profile and a sharp tip with ACO ~ 10-15° (Fig.
9a). The second, there wasthe minimal size of the cracks
inthe<110> iridiumsingle crystals(itisalso 0.03 mm).
The third, no deformation tracks were observed near
the coasts of the smallest cracks. The fourth, deforma-
tion tracks, whose geometry agreed with the distribu-

tion of octahedral slip bandsinthe deformed <110> irid-
iumsingle crystals[14], were observed near nx0.03 mm
(n=3, 4,5, etc.) cracks (Figs. 9b and Fig. 10a). However,
somedistinctionsexist, too. Crackswereinclined to the
tensile axes under angles 60° and 70° for <110>{ 100}
and <110>{110} crystals, respectively. Deformation
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Fig. 10. Dangerous cracks in the iridium single crystals having <110> tensile axis: a—dangerous crack with branched
tip in<110>{110} iridium single crystal; b —satellite crack accompanies the dangerous crack in <110>{100} iridium
single crystal; c — dangerous crack without the branching in <110>{100} iridium single crystal.
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Fig. 11. Crack growth in the iridium single crystalline sample having <111>{110} orientation under bending: a—bend
1; b —Dbend 2; ¢ — bend 3 (the dangerous crack).

tracks occurred near the single coast only. The next spe-
cific feature of the cracksin <110> iridium single crys-
talswas the satellite cracks, which appeared near/in vi-
cinity of themain cracks (Figs. 9a-9c and Figs. 10a-10c).
Crystall ographic analysis of crack geometry has shown
that cleavageisadvancing on{ 210} plane, whichisthe
secondary cleavage plane for cubic lattice [2,43]. The
satellite cracksin <110>{ 100} crystalswerethe cracks
moved on the another { 210} cleavage plane having un-
fortunate orientation under applied stress. The branch-
ing of crack tipsin<110>{ 110} (Fig. 10a) may be con-
nected with an opportunity for crack to advance on an-
other cleavage ({ 100}) plane, too. In this case, the mo-
tion on {210} isthe more preferable than on the cubic
plane and, therefore, fracture surface coincideswith the
secondary cleavage plane. It should be noted that some
long cracks have ACO ~ 1-2°, despite huge width in
their bottom part and deformation tracks near the crack
edge aswell.

Thecrack growthin<111>{110} iridiumsinglecrys-
tal under bendingisshowninFigs. 11a-11c, but had the
tendency to move perpendicularly to the tensile axis of
the sample. ACO was about 1° during thetest. No defor-
mation tracks were detected near the crack edges dur-
ing 1% and 2™ bends. Deformation tracks appeared in
the upper part of the crack and the width of the bottom
part of crack enlarged at thefinal stage of crack growth.

The behavior of notches in aluminum single crys-
tals under tension and bending is shown in Fig. 12 and
Fig. 13, respectively (Note that the sampleshad the same

crystallographic orientation). Penetration of the razor
blade into the undeformed sample induced an appear-
ance of the octahedral dlip bands of the two octahedral
systems near the notch. However, only sole slip system
was activated in the crystal until 10-15% of elongation.
Plastic deformation was homogeneously distributed on
the surface at this stage of stretching. The length of
notch did not change, whereas its width extended pro-
portionally to thelocal deformation of the sample at this
place. On the contrary, at least two dip systems oper-
ated under bending at the initial stage of deformation.
There was deformation relief in the bended samples.
The length of notch continued to be the same while its
width was changed inconsiderably.

5. EVOLUTION OF CRACKSIN THIN
FOILS OF IRIDIUM SINGLE
CRYSTALS

Thesmallest crack that wasrevealed iniridiumthinfoils
is given in Fig. 14a (the plane of foil is {100}). Such
crackswere always situated on the edges of foils, where
mobile dislocationswere absent dueto the high level of
the surface stress [44]. Their length was about 10 nm,
while the width was about 1 nm. The size of this crack
can be estimated as few units of interatomic distances
in the crystal lattice of iridium. It had the shape of a
narrow straight strip that originated at the edge of pit-
ting hole. Itsbottom part was colored inwhite, whilethe
upper part wascolored in black. Lamella-like region hav-
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Fig. 12. Evolution of the notch in the aluminum single
crystal under tension: a — undeformed state; b — 6%
elongation; ¢ — 12% elongation.

ing a weak strip black/white (stacking fault) contrast
jointed to the crack. The length of the lamellawas esti-
mated as 1 um that at least two orders higher than the
crack length. In the place of joining with the crack, the
lamella possessed the narrow end, whose width was
about the width of the upper part of the crack (~1 nm),

Fig. 13. Evolution of the notch in the aluminum single
crystal under bending: a — undeformed state; b — 1st
bend; ¢ — 4th bend.

whereasitsopposite end was considerably wider (width
~ 100 nm). Perhaps, the shape of lamella depended on
the foil profile, whose thickness is rising from the foil
edge to its depth. Sometimes, the objects which look
like a single dislocation could be situated inside the
lamdlla(Fig. 14a).
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Fig. 14. Cracks with strip black/white lamellas in iridium thin foil: a— atomic or nano-scale crack (length <0.01 pum),

b —crack length <0.05 um.

The growing of the crack up to 50 nm led to the
increaseinthe power of the strip contrast inthelamella,
but its shape and length (~ 1-2 um) continued to be the
same (Fig. 14b). It should be noted that the lamellawas
ended at the place, where <110> dislocations began to
appear in the foil. The distance between the foil edge
and thisregion, which had been measured far away from
cracks, was about 1-2 um. The top and bottom of these
cracks were also colored in black and white, respec-
tively. Single dislocations could be observed inside the
lamellas, too. No clear visible twin spots were detected
on thediffractionstaken from lamellas near these nano-
scale cracks.

The next step of crack growth up to ~0.1 uminduced
the amplifying of the “black/white” contrast in the la-
mella (Fig. 15a) and the appearance of twinned spotson
thediffraction pattern (thefoil planeis{110}). Dark field
images taken in the twin reflex have shown that the la-
mellas are the microtwins (Fig. 15b). It agrees with the
information presented in[5] that a crack iniridiumthin
foilscould emit twin lamellas. In spite of this, thelength
of lamellas continued to be the same (~ 1-2 pum). These
0.1 um cracks had a sharp tip, but complicated shape,
which was closeto V-shape with thelarge ACO ~10-30°
(Fig. 15¢). For comparison, cracksin thinfoil of silicon
had a needle like shape with ACO ~1° [45]. The place,
where the twin lamella joined to the crack, was not a

geometrical point at the crack tip, inasmuch asitslongi-
tude on the crack edge was about 50 nm. In addition,
according to Fig. 15c at least two twin lamellas, which
had the same crystallographic orientations, were situ-
ated near the crack. All microtwins contained disloca-
tions, whose concentration is growing up during pro-
motion from the crack tip (Fig. 15c) to the end of the
lamella(Fig. 15d). The same pictureoccurredinthe case
when the foil had another crystallographic orientation
(thefoil planeis{100}): V-shape cracksjoined with two
twins having thelength of ~ 1-2 um (Fig. 16a). Disloca-
tion pileups, whose density was rising from the crack
tip to the opposite end of the microtwin, filled every
lamella. Places of contact between crack and twin la-
mella had a longitude of ~ 50 nm too (Fig. 16b). The
geometry of cracks may be also estimated ascomplicate
shape having the sharp tip with the considerable ACO.
However, in contrast with previous case, each crack
joined withtwo twin lamellas developed in the different
crystallographic directions. It isausual response of the
high symmetric FCC lattice, where alwaysexist at least
two equivalent directions for mechanical twinning,
whereas previous case should be considered as some
exception caused by specia crystallographic orienta-
tion of both thin foil and crack [43].

The growth of crack up to ~ 0.2-0.3 um led to the
increasing of visible quantity of dislocations in the
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Microcrack A

Microcrack A

Fig. 15. Cracks (length ~ 0.1 um) with twin lamellasin
the sole direction in iridium thin foil: a — bright field
image; b — dark field image; ¢ — dislocations in twin

. lamella A; d —crack A at high magnification.

ocations
1 lamella

Twin lamellas

Dislocation

Microcrack B
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Fig. 16. Cracks (length ~ 0.1 um) with twin lamellas in two directions in iridium thin foil: a — bright field image;
b — crack A at high magnification.
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pileups ahead the crack tips. These pileupslooked like
the cones or strips, where perfect dislocations are equi-
distantly distributed (Fig. 17a). The quantity of disloca-
tionsin the pileup was estimated as five-six dozens. As
arule, no black/white twin contrast was observed here,
whereas twin spots were aways detected on the dif-
fraction pattern taken from this place. However, twin
contrast appeared in the cones ahead the crack under
tilting thefoil on big angles. Thismay be considered as
a support for idea that such dislocations are situated
inside the twin lamella. Crystallographic analysis [44]
has shown that dislocationsin pileups ahead the cracks
have <110> Burgers vectors. In contrast with previous
cases, the pileup began in vicinity of the crack tip and
advanced in the depth of the foil on the distance of 2-5
pum. The reason why the pileup was stopped is disloca-
tion net which begins at the distances of 2-5 um, where
iridiumthinfoil ispracticaly nontransparent for 200 kV
electronbeam. It should be specially noted that the TEM
handbooks recommend carrying out an observation of
didocation arrangements at the same distances from
the foil edges [44]. Another word, dislocation network
(itisthemain dislocation arrangement iniridiumsingle
crystallinethinfoilsat room temperature[14]) servesas
the power obstacle for an advantage of the pileup inthe
depth of thefoil. Thefoil edge could also play the same
role (Fig. 17b). Indeed, stressfields of both objects are
ableto terminate the motion of didocations[46]. Some-
times, the pileups were looked as a braid plaited from
didocations (Fig. 17c), wheredid ocation density reaches
the highest level (up to 10-%). The same dislocation ar-

L ¥
| \'j Microcrack tip 2&,\4

Fig. 17. Didocation pileupsahead cracks (crack length ~ 0.2-0.3 wm) in iridium thin foil: a —<110> dislocation pileup

stopped on high dense net; b — <110> dislocation pileup stopped on the foil edge; ¢ — <110> dislocation pileup
stopped on the high dense net that looks like a braid.

rangements were observed in the severe deformed re-
fractory BCC-metals, for example, molybdenum [47]. No
visible changes in the geometry of top part of cracks
were detected in spite of the appearance of alot of dis-
locationsin the vicinity of cracks.

The next set of results was obtained during in-situ
tensile experiments by TEM when some cracks could
grow up to thelength of 0.5-2 um. Therewerenot dislo-
cation pileupsahead the crackstips. Single dislocations
werewatched in thetwinlamellas, but their density was
considerably lower than in the previous case (Fig. 18a).
In addition, no didocation network was observed at the
electron transparent areas of the thin foil (2-5 um from
the edge), which was stretched in the TEM facility,
whereas the net existed at the same distance in
undeformed parts of thin foil. This finding means that
thenetwork isannihilated under tension. The same situ-
ationisinherent for FCC-metal s, where <110> disloca-
tions possess a high mobility and, hence, dislocation
network is an unstable defect arrangement [1,46]. It
should be especially noted that any dislocation motion
was observed neither near the cracks nor in the trans-
parent areas of iridium thin foils, in contrast with other
FCC-metals, where such motion is visually registered
[48,49]. Thisfeature may be explained by the difference
between the absolute values of yield stress for refrac-
tory iridium and FCC-metal shaving low and middle melt-
ing points. As aresult of the network annihilation, dis-
locations in the pileups ahead the crack obtain an op-
portunity to flow away from the crack tip to the deep of
foil (Fig. 18a). However, if the network did not till dis-
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appear, the applying of thetensile stressto the foil could
lead to the following: dislocations in the pileup begin
plaiting into the braid, meantime the crack changes the
initial growth direction (see crack B in Fig. 18b). Such
process could repeat few times and the straight crack
obtainsthebroken or zig-zag profile (Fig. 18c). Thefur-
ther stretching of the foil causes an appearance of dan-
gerous zig-zag cracks whose motion leads to the sepa-
ration of the foil. This process was described in detail
for FCC-metals by many researchers [48-50]. For com-
parison with well-known results, the fragment of dan-
gerouscrack iniridiumthinfoilsisgiveninFig. 19aand

High dense dislocation net

Fig. 18. Transition from long crack to “zig-zag” danger-
ous crack (in situ tension in TEM): a — <110> disloca-
tions can move without the stoppage (no visible pileup
is formed); b— long crack changes the growth direction;
¢ — long crack having broken (“zig-zag”) profile.

the didocations that have a tendency to move from the
crack edge into the deep of foil isshownin Fig. 19b, as
wll.

6. THE CAUSE OF CLEAVAGE IN
IRIDIUM

The data presented above allow reconstructing the
mechanistic picture of crack propagation at the micro-
scopic level and at the nano-scaleiniridiumsingle crys-
tals, whose fracture mode is BTF despite considerable
elongation. In addition, TEM study of cracksiniridium
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Fig. 19. Dangerous crack in iridium thin foil (in situ tension in TEM): a — fragment of zig-zag dangerous crack;

b — edge of the zig-zag dangerous crack.

thinfoilscoversthetransition from nano- to microscopic
level. Onthemicroscopic level inthebulk iridium single
crystals the picture looks like as follows. At the begin-
ning, tiny cracks appear and grow up to 0.03 mm, when
their propagation isterminated. At thismoment, the sam-
ples exhibit the elongation 3%-5%, which may be esti-
mated asconsiderablefor intrinsically brittlecrystal. The
shape of these cracks (thin straight linewithACO ~ 1°is
like a needle) gives the basis for conclusion that they
are the brittle/cleavage cracks. Further, applied tensile
stress leads to the enlargement of ACO up to 10-15°,
whereas the crack length continuesto be the same. The
next step is appearance of the new 0.03 mm tiny crack
with small ACO at thetip of existed 0.03 mm crack hav-
ing ACO ~ 10-15°. As a result, the sum crack length
becomes 0.06 mm. After that, the ACO of new crack is
increasing up to 10-15° without crack length enlarge-
ment. Deformation tracks, which were attested as the
octahedral dip bands, appear near the edges of such
cracks. Both crack trajectory and geometry of deforma-
tion tracks near the cracks depend on crystallography

of iridium single crystalline samples, geometry of ap-
plied load and meets empirical knowledge on plastic
deformation and cleavagein FCC latticeaswell [2,3,43].
This cycle can repeat few times. The long/dangerous
cracks, whoselength is compatible with the width of the
sample, begin propagating in the “autocatalytic” regime,
what is the attribute of the brittle fracture [1,3]. An ab-
sence of deformationtracksnear the upper partsof such
cracks may be considered as the evidence for this sup-
position. Under bending, ACO never grows up, defor-
mation tracks do not appear near crack edges and the
width of the bottom part increases in the dangerous
cracksonly.

An evolution of the notches in a FCC-metal under
tension and bending may be also characterized in brief.
The notching of undeformed samples induces a local
plasticity of crystal invicinity of the notches. Applying
of an external stress causes the development of defor-
mation processes near the notches, whose geometry
depends on both crystallography of the sample, defor-
mation scheme, and local stress distribution. The notch
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width/the angle under notch tip either increase (ten-
sion) or continue to be the same (bending), whereas
their length never grows up under load. The notch could
be the place, where plastic deformation are localized
(neck isforming) and ductile dangerous crack appears,
but thismechanism[2,3] isnot similar to the crack propa-
gationiniridium single crystals.

Comparison of the findings on cracking in iridium
single crystals and evolution of notches in
monocrystalline aluminum allows concluding that the
cleavage cracksiniridium could behave aseither acrack
in abrittle substance or anotch in aplastic FCC-metal.
Attheinitia stage of propagation, they arebrittle cracks,
which appears in the preliminary deformed material at
the places, where stress concentration, including ten-
sile/shear stress, reaches the maximal level in the sam-
ple (onthe edges or thenotch tips). Hence, itislogically
supposed that material in vicinity of the crack has lost
the ability to plastic deformation during preliminary de-
formation and brittle crack propagation isthe main chan-
nel for relaxation of elastic energy. Further, the growth
of the crack inlength is stopped, while its ACO begins
increasing. Under tension, this processisaccompanied
by the appearance of the octahedral slip bands near the
crack coasts when the crack length isnx0.03 mm (n>2),
whereas it does not occur under bending. It may be
called the notch-like behavior. Sensitivity of the octahe-
dral dlip to the size of notch is awell-known feature of
plastic deformation in FCC-metals[2]. Perhaps, plastic-
ity due to the octahedral dip is the dominant channel
for stress accommodation in this case. However, brittle
crack growth starts once again as soon as resource of
plasticity in material is exhausted. An absence of at-
tributes of ductile fracture on the fracture surfaces of
iridium single crystals [51] may be considered as the
proof for this supposition. Presented results clearly re-
flect the dual nature of mechanical behavior of iridium
single crystal under tension: it isreally the high plastic
cleavable crystal.

TEM study of cracksin iridium thin foils supports
this conclusion. All cracksiniridium thin foilswith the
lengths of 10 nm-1 um possess a straight profile and
always join with lamellas, which contain dislocations.
Both power of black/white strip contrast in lamellas,
splitting/twinning of spots on the electron diffraction
and the quantity of dislocationsinside lamellas depend
on the length of crack. The more probable mechanism
for appearance of the didocations in lamellas is their
generating at the tip area of crack, whose sizeis ~1-50
nm, whereas the cause of their motion from crack into
the foil is the field of elastic stress around the crack
[49,52]. The elastic stress near the foil edge should be
also taken into account asimportant additional factor. It

meets the idea that the birth of dislocations is a prop-
erty of the lattice models, while their motion should be
considered in the frames of the mechanics of solid [53].
Appearance of dislocationsand their motion never lead
to visible crack tip blunting for such cracks. In vicinity
of thefoil edge, emitted dislocations could moveinside
thetwin lamellas only. The dislocation network or other
power barrier like another foil edge isterminating their
motion when they leave the twins. As aresult, disloca-
tion pileups, whose characteristics depend on the
number of emitted dislocation, are formed ahead the
cracks. Annihilation of the net in vicinity of thefoil edge
leads to the disappearance of stable dislocation pileups
ahead the cracks and cracks continue their develop-
ment. They obtain the broken profile and begin advanc-
ing like the dangerous crack inthinfoilsof normal FCC-
metals[48-50].

The mechanistic picture of cracks evolution in thin
foils including dislocation emission from crack tip is
describedin detailsfor nickel [49]. Comparison of these
findings with iridium points to the following distinc-
tions. Thefirst oneisthesizesof cracksand twin lamel-
las, which are few micrometers and few dozens of mi-
crometers, respectively. Thecracksin other norma FCC-
metals have the same dimensions [25,52]. It isalso im-
portant to note that the long straight cracks in iridium
thinfoils (~ 1 umin length) are similar to cracksin thin
foilsof anormal FCC-metal (seeFig. 5a). It seemsto be
that the highest resistance of iridium to corrosion and
its big atomic weight cause this difference: the electron
transparent areain iridiumthin foilsisextremely narrow
(the usual working magnification is 30 000- 50 000). The
second difference is connected with dislocation nets,
which areawayspresent iniridiumthinfoils and absent
in other FCC-metals. Indeed, pileups of dislocations,
which were emitted from cracks, iniridiumthinfoilsare
looked unique. However, this difference vanishes as
soon as the net is annihilated under external stress.
Another word, acrack inthinfoil of iridium single crys-
tal behaveslikeacrack inthinfoil of anormal FCC-metal
(they both emit didlocations, which have a tendency to
moveinto the depth). Thus, some external factor (dislo-
cation net) can influence behavior of acrack iniridium
thin foil at least on the middle stage of its evolution.

Before the conclusion on the source of cleavage in
iridiumsingle crystalswill be done, the modern level of
the study of theiridium problem should be described in
brief. Thefirst of al, the high technological level inre-
fining and metallurgy of iridium reachedin 60-80th years
isnot lost. The massiveiridium single crystals are suc-
cessfully grown by the mean of the zone melting by the
€lectron beam[54,55]. It meansthat the new party elabo-
rated the effective technology for the processing irid-
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ium. This achievement allows them repeating the find-
ings obtained in 60-90th years by the research teams
fromUK, USA, Germany, Russia, and Japan [56-59].

Obtained resultsdo not allow supposing the mecha-
nism of cleavage crack growthinthebulk iridiumsingle
crystal's, which describesthe rel ati onship between crack
tip geometry and dislocation emission[19-22]. However,
they clearly point to the unique feature of iridiumsingle
crystal, whosethin foilsdiffer from other FCC-metals. In
contrast with anormal FCC-metal, the stable dislocation
network, whose density could reach considerable value,
is the main dislocations arrangement in iridium single
crystals at room temperature. Due to this feature,
monocrystalline iridium exhibits considerable elonga-
tionwithout necking at room temperature[14]. It ispos-
sible that the stable dislocation net, which possesses
an ability to block a dislocation motion under external
stress and, as a result, the exhaustment of plasticity, is
the cause of cleavage in this the sole refractory FCC-
metal inthe Earth.
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