Submitted to 10 International Conference of Fracture, which will be held December 3
—7, 2001 at Honolulu, USA

ONBRITTLE FRACTURE IN F.C.C.-METAL

Peter Panfilov and Alexander Y ermakov
Laboratory of Strength, Urals State University, 620083 Ekaterinburg, Russa

ABSTRACT

Fracture behavior of inherently brittle and environmentadly induced brittle
f.c.c-meads induding evolution of cracks in bulk crysas and thin foils for tranamis-
gon dectron microscope, is conddered in this paper. Refractory iridium and gdlium
covered auminum ae chosen as modd substances. In spite of brittle fracture, these
materids show good plagticity, which is consderably limited in polycrygdline aggre-
gaes because of low grain boundary strength. In both cases, inclination b brittle frac-
ture takes place in bulk crysds only, while thin foils fal by ductile manner. The
causes of brittle crack appearance in f.c.c.-metds and physica modd of crack evolu-
tion in plastic metd are discussed.
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INTRODUCTION

According to long term experience, ductility of crystdline solid does not dlow
it to fal by britle manner, and impossbility of didocation motion is usudly consd-
ered as the main physica cause for brittleness [1]. The border Stuation, when &hility
of crydd to plagic deformation is subgtantidly limited, has being the subject for
many researches amed on micro mechaniams of brittle fracture [2-5]. Conception of
didocation emisson from crack tip turned out to be hepful instrument for study of
brittle to ductile trangtion in materids, where didocation motion is bothered. The
modd shows good agreement with mechanicd behavior of high drength aloys and
intermetalics having face centered cubic (f.c.c.) lattice, but it could not be applied to
the pure metals, snce no any didocaion bariers, particles of the second phase or
gsrong directed interatomic bonds exis here. Despite this platinum group metd irid-
ium fals by brittle manner under mechanica load and, in addition, meets few empiri-
cd criteria for brittle fracture [6]. Also, intercrystdline and transcrystdline brittleness
of pure f.c.c-metas could be induced by liquid metas [7]. Phenomenon of brittle
fracture in f.cc-metd and its physcd modd, including crack growth, are discussed
in this paper.

Iridium is unique f.cc-metd due to highes mdting point (24430C) and
chemicd inertia [6]. Strong interatomic bonds cause an anomdy in dastic modules,
which are smilar to ones for refractory body centered cubic (b.c.c.) metals [8,9]. Be-
ddes its workability is very poor and fracture modes are determined as brittle inter-
cyddline fracture (BIF) and brittle transcrystdline fracture (BTF) for poly- and
monocrystaline dates, respectively [10,11]. The problem of processng iridium was
successfully solved, when refining technology, adlowed to remove dl dangerous im-
purities from the meta, has been daborated [12]. However, impurities—free iridium
crysas continues to cleave under tendon in spite of huge dongation prior the falure
(100% a 1000C!) [13], while an inclination to BTF mysterioudy vanishes under
compresson tests [14]. In contrast with single crystds, ever high pure polycrystaline



irdium fals practicdly without preliminary deformation demondrating 100% BIF on
fracture surface [15]. Therefore, iridium was cdled inherently brittle f.c.c.-metd the
more so it unexpectedly meets empiricd criteria for brittle fracture [7,16]. The last
means that fracture mechanics could be formaly applied to this f.c.c—metd without
any limits, dthough physcd reasons did not alow to do that [17]. Observations of \~
shaped cracks on bulk crygsds [7] seems like confirmation of inclination to brittle-
ness, however both consderable pladticity of materid and big angle of crack opening
point to gspecific character of “iridium brittleness’. In any case findings on fracture
behavior of iridium are extremdy important for understanding the mechanisms of
brittle fracture in metalic maerids, snce it gives an fortunate opportunity to watch
smultaneoudy evolution of cracks and deformation process around them by direct
means.

The man cause of liquid meta induced brittleness in polycrysdline f.c.c—
metas is catastrophic decrease of grain boundary srength because of influence of lig-
uid metd atoms [18]. BTF induced by liquid metds is very rare phenomenon, which
is only observed in duminum crysds covered by gdlium or mercury, and, therefore,
there are not generally accepted physca modes of brittle crack growth in literature

[7].
THE CAUSE OF BRITTLE BRACTURE IN IRIDIUM

Smples arguments have been laid in the bass of presented physicd modd.
Brittle fracture becomes possble when a crystad cannot be plasticaly deformed under
mechanica load, inasmuch as ether it is undeformable materid or its resource of
plagticity has been exhausted during prdiminary deformation. Without a doubt, the
second way should be chosen for high plagtic f.c.c. —meta, whose fracture surface
looks like BTF or mixture of BTF and BIF. Strong interatomic bonds are only one i+
herent distinction between refractory iridium and other f.cc—meds but namdy this
circumgtance causes low mobility of didocations and as aftermath the highest value d
yidd dress a room temperature. Octahedrd dip of <110> didocations is the domi-
nant deformation mechanism in iridium, therefore its srong hardening under load
could not be connected with dternative ones like mechanica twinning or non
octahedral dip [19]. Consequently, mobile <110> didocations should create the ob-
sacles for octahedrd dip, what, however, it is impossble in normd f.c.c-metd ever
a low temperatures [20,21]. Experiments have shown, that al huge pladticity of s+
ge ayddline iridium is redized on the easy dip stage when the sole permitted dido-
cation configuration is didocation nets, whose dense seems like concentration of dis-
locations in irradiated metads [22]. In this case, the obstacles are <110> didocations
themsdves, which have been dtuated in the net. Stress rigng dlows to hammer
<110> didocations in the net practicaly without any limit, until the time when tendle
dress becomes enough for crack crestion. Evidently, this condition never meets under
compression, and, as a results, gran boundary (GB) free iridium behaves like normd
f.c.c. —metd [23].

BIF is the cause of poor plagticity of polycrygdline iridium, but no differences
between crysdlographic characteristics of GBs in iridium and norma f.cc. —metd
have been reveded [24]. This is an experimenta fact that a room temperature poly-
crysdline samples fal after easy dip stage, when <110> didocations gain a tend to
move through GBs. Neck region begins to form in polycrysdline aggregates at
4000C, since transition of didocation sructure from the net to smdl angle boundaries



become possible because of the rising of didocation mobility [25]. However, necking
to a point and flowing neck are observed in severe deformed (GBs free) iridium and
its alloy at 10000C, where GBs do not bother this transformation [26]. Anomaoudy
wide diffuson zone, contained high concentration of vacancies, is the reason why
GBs in iridium are opague for <110> didocations [27]. Workability of iridium could
be improved by means of doping GBs by heavy metdlic impurities, despite this never
suppress BIF in materid [28].

CRACK GROWTH IN BULK IRIDIUM CRYSTALS

Detal experimental data on transcrydtdline cracks in iridium dngle crysds
under tenson and bending were published in [29,30]. It was shown that tiny cracks,
whose length has been measured as 0.0170.03 mm, appear on the edges of
prliminay deformed crystd near notch like defects. They had \-shape with 107150
angle of opening and advanced dong a normd to tersile axis No any deformation
tracks were reveded near crack edges. More long cracks became sendtive to
crysdlographic orientation of sample, however this did not influence on ther shape.
So, cracks in crystds dretching along <110> changed their growth direction from 900
to 6007700, while cracks in samples with tensle axis of <100> continued to grow in
the same direction. Simultaneoudy, thin deformation tracks appeared near crack
edges, but this did not lead to crack tip blunting. Their orientation and shape were
gmila to geometry of octahedrd dip bands advancing around notches in single
caydas of normd f.cc—metd under tenson adong <110> and <100> directions,
regpectively. Deformation tracks ceased to leave from the edges of upper pat of
cracks, when crack length became over 0.1 mm. It important to note that such cracks,
whose motion causes the falure, agppeared before the moment of separation.
Sometimes, long cracks could branch on two or more parts, each of them lad ether
primary or secondary cleavage planes ({100} and {210}, {110}). Under bending,
cracks also possessed \-shape, but deformation tracks were observed near the longest
cracks when tendle deformation became considerable.

EVOLUTION OF CRACKSIN THIN FOILSOF IRIDIUM FOR
TRANSMISSION ELECTRON M ICROSCOPE

Evolution of cracks in thin foils of iridium (and duminum) was conddered in
[29-31]. Smdlest adbjects in iridium foils, which could be determined as cracks, had
the length approximatdy of 10-2 ?m . They and more longer cracks (up to 0.5 2min
length) emitted perfect didocation with <110> Burgers vectors from tips, which had a
tend to move far away, but this never caused digtinct blunting of cracks. In so ding,
thin region of stacking fault leaved ahead the crack after passng of each didocation.
The growth of number of emitted didocations led to risng the power of stacking fault
and it trandformed into twin lamela having clear visble “zebrd’ contrast. At that both
gacking faults and twins extended from crack tip on the distance of 1 ?m . As a rule,
in iridium foils emitted didocations have been sopped on highly dense didocation
nets, stuated on the distance of 377 2m from the edge, and they began to look like
didocatiion pileups, while in duminum emitted didocations never met obstacles and
flew in depth of foil without any trouble. Sometimes, transformation of emitted dido-
catiion pileup in to a braid was observed in iridium. The crack length could reach the
vdue of 1 ?m , if materid around it did not contain highly dense nets. They dways
had “square’ tips and began to emit perfect didocaions normaly to initiad growth d-
rection. After that crack changed its growth direction on perpendicular one. As a e



ault, crack obtained broken or zig—zag profiles. It is wel known that motion of such
crack causes the falure of thin foils of ductile metas [32-34], therefore in this case
“brittle’ iridium behaves like normd f.c.c—metd.

FRACTURE BEHAVIOR OF GALLIUM COVERED ALUMINIUM
CRYSTALS

Gdlium (both in solid and liqud state) covered duminum crysas (GCACs)
faled under tenson of 15-20%, while in ar they shown eongation prior the falure of
35-50%, at that neck began to form at 15720% [35]. Despite considerable eongation,
no deformation rdief and necking were observed in gdlium covered duminum crys-
tds According to metdlogrgphic sudy, gdlium did not induce visble intengficaion
of octahedra dip in the samples, dthough their yidd dtress was considerably lower
than for pure duminum crysd. Also, presence of gdlium on the surface never led to
activation of mechanicd twinning and nonroctahedra dip. V-shaped (iridium like)
transcrystdline cracks (length is about 0.02720.05 mm) were only reveded on the
samples covered by gdlium in solid state. Cracks gppeared after preiminary deforme:
tion of 8210 % on the power defects like notches or reper lines. Some of them could
be grown up, but deformation tracks never lost their edges as it was reported in [7].
Appearance of dip band near the crack led to its transformation to pore-like defect,
which grew in length and in width, Smultaneoudy. Anayss has shown thet the length
of cracks transforming to pores is goproximately in two times longer than for V—shape
cracks. Pores were stuated in narrow strip, where locdization of plagtic deformation
took place. The dangerous crack formed as a result of junction of such pores dong
cross section of crysd covered by gdlium in both solid and liquid State. Therefore,
there are three stages of crack evolution in aduminum crystds covered by solid gal-
lium. The fird, growth of V—shgpe (iridium like) cracks the second, trangtion from
V—shape crack to pore and its growth; and, the third, junction of pores into dangerous
crack.

DISCUSSION

It was shown that brittle fracture takes place in strengthened f.c.c—metd only.
Single cydds fal after consderable eongation, while poor plagticity of polycrysa-
line samples is synonymoudy connected with low cohesve drength of GBs. Any
way, the cause of brittleness in plagtic f.c.c—metd is exhaust of resource of pladticity
during preiminary deformation, if any dangerous defects, where cracks could appesr,
are absent in materid. BTF in f.c.c—meta becomes possible, when storage of plagtic
deformation occurs on the easy dip stage and sole permitted didocation configuration
is didocation net. At that the crystad cannot lose ability to be deformable at the one
moment because of heterogeneity of digribution of plagtic deformation in the sample.
It means that materid is brittle in vicinity of cracks only, whereas it continues to be
plastic in any other places. Therefore, neither crack appearance nor ever crack growth
induce ingtantaneous separation of crysd. During deformation, volume of “brittle’
subgtance is increasing until the motion of single crack causes falure of crystd. This
is the reason why fracture behavior of iridium crysds is diginguished from fracture
both non-metdlic and b.cc—medlic crystas a temperatures lower than the point of
brittle to ductile trangtion (BDT), dthough fracture surfaces of iridium, tungsten, mo-
lybdenum, iron, and dilicon crysasin brittle state look smilar.



Sharp V—shaped transcrystdline cracks in iridium crystas may be cdled the
brittle cracks in f.c.c—metd, sgnce, the firg, growth of one from them leads to BTF,
and, the second, they have appropriate geometry. The cracks in GCACs on the first
dage of evolution are aso brittle ones, inasmuch as they look like that. An absence of
deformation tracks near crack tips, a leadt, on initid and find stages of evolution, &
lows concluding that no plastic deformation occurs in crack tip or brittle crack in
f.c.c—metd does not emit didocations from the tip. On the contrary, crack edges are
“sources’ of octahedrd dip bands, if tendle stress has been gpplied to iridium crysd,
however this should be consdered exclusvely as showings of resdud pladicity of
materid far away from crack location. Indeed, brittle crack begins immediaely trans-
form to pore, as soon as octahedra dip appear near the tip, as it takes place in
GCACs, where indinaion to BTF shows in thin gdlium reach layer near crysd sur-
facel. Heregfter evolution of crack in GCACs includes dements of both brittle and
ductile crack growth: sharp pores, lad on low index {100} and {111} planes, ae
jointing in dangerous crack. Such behavior is amilar to ductile fracture in neck region
of f.cc—metd [20]. Certainly, it does not mean that materid ahead brittle crack has
completdly logt an ability to plastic deformation or didocations cannot be generated at
crack tip, however, it is absolutely clear that contribution of these processes to frac-
ture behavior should be insufficient.

TEM observations give extremely important information about fracture proc-
ess on micro scae. It seems to be that generation of perfect didocations accompanies
the bregking of interatomic bonds and form of crack surface is f.c.c—metd. So,
atomic scae crack, which does not look like atomicaly sharp crack, emits perfect dis-
locations. In contrast with physical model of crack considered in [3-5,33], didocation
emisson does not lead to vishble crack tip blunting and arest of crack. Emitted dido-
cdions are flowing into the fail, if the power obstacles are absent ahead. Highly dense
net bother them to come through, and pileup of emitted didocations begins to turn
into a brad. As a reault, new generated didocations have not opportunity to leave
crack tip what should cause the stoppage of crack in thin foil of f.c.c—metd. This hy-
pothesis sounds like physcad mode of BTF in bulk iridium crysd trandferred on 2D
media Indeed, in both cases didocation nets do not dlow iridium behaves like plagtic
subgtance. Also, it is very interesting that twin lamella near crack is a track remained
by moving <110> didocations in the thin region of foil. Unfortunately, the findings
canot be used for explanation of brittleness in f.c.c-meds snce iridium thin foils
show typicd ductile fracture behavior like duminum, dlver and gold [31-34,36]. Gal-
lium does not change fracture mode of auminum foils, too [7]. Another word, this
chapter confirms conclusion that brittle crack in f.c.c-metd does not emit perfect dis-
locations, dthough it conserves an aility to generate them, but new born didocations
cannot move from crack tip because of highly dense net or pileup.

The fact that high plagtic iridium meets empirica criteria for brittle fracture
[8,16] should be consdered as casud coincidence, adthough some relations between
drong interatomic bonds (it holds third postion in meting points among the metas)
and inclination to brittleness would exist. Despite this BTF hgppens in redity, and,
therefore, fracture mechanics can be used for description of transcrygtdline cracks in
indum crysas. Naturdly, mechanicad modds should be gpplied to the area, where
material has being in brittle or undeformable state, since the role of pladticity at crack

1t may be supposed that transition from brittle crack to pore happens when it comes
through this layer



tip is inaufficent in this case only. At that condderaion of pladticity with a hep of
“coefficients in equations’, which have not definite physcd content, looks preferably
than discusson on didocation emisson from brittle crack, inesmuch as this event
never occurs in f.c.c-metd. The more so, red mechanisms of plagticity ahead crack
cannot be correctly described in the frames of fracture mechanics [37].

AKNOWLEDGEMENTS

This work was supported by the Ekaterinburg Non-Ferrous Metals Processing

Plant, Russa

N

RBR©KO N AW

14.
15.

16.

17.
18.

19.

20.

21.

22.

= o

REFERENCES

Yokobori, T. (1971). An Interdisciplinary Approach to Fracture and Strength of
Solids. Wolters-Noordhoff Scientific Publications, Groningen (in Russan: Meta-
lurgia, Moscow).

Bilby, B. A., Cottrell, A. H. and Swinden, K. H. (1963) Proc. Roy. Soc. A272,
304.

Rice, J R. and Thomson, R. (1974) Phil. Mag. 29, 73.

Lin, I.-H. and Thomson, R. (1986) Acta Metall. 34, 187.

Argon, A. S. (1987) Acta Metall. 35, 185.

Richardson, F.D. (1958) Platinum Metals Rev. 2, 83.

Lynch, S. P. (1988) Mater. Forum 11, 268.

Hecker, S. S, Rohr, D. L. and Stein, D. F. (1978) Metall. Trans. 9A, 481.
MacFarlane, R.E., Rayne, JA. and Jones, C.K. (1966) Phys. Lett. 20, 234.

Mordike, B. L. and Brookes, C. A. (1960) Platinum Metals Rev. 4, 94.

Douglass, RW., Krier, A. and Jaffee, R.I. (1961) Batelle Memorial Institute, Re-
port NP-10939.

Handley, J. R. (1986) Platinum Metals Rev. 30, 12.

Brookes, C.A., Greenwood, JH. and Routbort, JL. (1968) J. Appl. Phys. 39,
2391.

Reid, C. N. and Routbort, J. L. (1972) Metall. Trans. 3, 2257.

Brookes, C. A., Greenwood, J. H. and Routbort, J. L. (1970) J. Inst. Metals 98,
27.

Gandhi, C. and Ashby, M. F. (1979) Acta Metall. 27, 1565.

Garrett, G.G. and Knott, J.F. (1975) Acta Metall. 23, 841.

Kamdar, M.H., (1983). In: Treatise on Materials Science and Technology. Vol. 25
Embittlement of Engineering Alloys, Briant, C.L. and Banerji, SK. (Eds) Aca
demic Press, New York (in Russan: Metdlurgia, Moscow, 1988).

Pafilov, P. (2000). In: Iridium. Proceedings of the International symposium
sponsored by the SMD division of the Minerals, Metals & Materials Society
(TMS) held during the 2000 TMS Annual Meeting in Nashville, Tennessee, March
12-16, 2000, pp.93 — 100, Ohriner, E. K., Lanam, R. D., Parfilov, P. and Harada,
H. (Eds) TMS, USA.

Honeycombe, R. W. K. (1972). The Plastic Deformation of Metals. Edward Ar-
nold, London. (in Russan: Metdlurgia, Moscow).

Hirth, J. P. and Lothe, J. (1968). Theory of Dislocations. McGraw—Hill, London.
(in Russan: Atomizdat, Moscow).

Timofeev, N., Yermakov, A., Dmitriev, V. and Panfilov, P. (1996). Metallurgy and
mechanical behavior of iridium” Urds Branch of Russan Academy of Science,
Ekaterinburg. (in Russan).



23.
24,
25.
26.
27.
28.

29.
30.

31.
32.
33.

35.
36.
37.

Y ermakov, A., Panfilov, P. and Adamesku, R. (1990) J. Mater. <ci. Lett. 9, 696.

Rohr, D. L., Murr, L. E. and Hecker, S. S. (1979) Metall. Trans. 10A, 399.

Partfilov, P. and Yermakov, A. (2001) Platinum Metals Rev. 45, (in press).

Panfilov, P. and Y ermakov, A. (2001) (to be published).

Klotsman, S.M. (2000). Private communication.

George, E.P. and Liu, C.T. (2000). In: Iridium. Proceedings of the International
symposium sponsored by the SVID division of the Minerals, Metals & Materials
Society (TMS) held during the 2000 TMS Annual Meeting in Nashville, Tennes-
see, March 12-16, 2000, pp.3-14, Ohriner, E. K., Lanam, R. D., Parfilov, P. and
Harada, H. (Eds) TMS, USA.

Parfilov, P.,, Yermakov, A. and Baturin, G. (1990) J. Mater. <ci. Lett. 9, 1162.
Panfilov, P. (2000). In: Iridium. Proceedings of the International symposium
sponsored by the SMD divison of the Minerals, Metals & Materials Society
(TMS) held during the 2000 TMS Annual Meeting in Nashville, Tennessee, March
12-16, 2000, pp. 27-40, Ohriner, E. K., Lanam, R. D., Parfilov, P. and Harada,
H. (Eds) TMS, USA.

Panfilov, P., Novgorodov, V. and Baturin, G., (1992) J. Mater. <ci. Lett. 11, 229.
Lyles, R. L. and Wilsdorf, H. G. R., (1975) Acta Metall. 23, 269.

Ohr, SM., (1985) Mater. i. Eng. 72, 1.

Robertson, I.M. and Birnbaum, H.K., (1986) Acta Metall. 34, 353.

Panfilov, P. and Gagarin, Yu. L., (1998) J. Mater. Sci. Lett., 17, 1765.

Wilsdorf, H.G.R., (1982) Acta Metall. 30, 1247.

Knott, J. F. (1973). Fundamentals of Fracture Mechanics. , London. (in Rus-
san: Metdlurgia, Moscow).



