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The crystal orientation relationships (COR) of LaBg—ZrB, eutectic phase produced by
directional solidification (DS) correspond to non-optimum coherency conditions of phase
boundaries. Another peculiar feature of this eutectic is the dominant role of primary low
temperature phase (LaBg) in the cooperative eutectic growth. As a rule, it is just the
high-temperature phase that plays a leading role in the crystallization and promotes
heterogeneous nucleation of the second phase. In contrast, in LaBg—ZrB, eutectic system,
the high-temperature ZrB, whiskers start to grow on (100) faces of low-temperature LaBg
phase. A possibility of discrete changes in growth direction of the composite regular
structure up to 90° has been revealed. It is suggested that all above mentioned features
are defined mainly by the nucleation processes during the eutectic co-crystallization
process, rather than by the ordinary fundamental criteria of interface surface energy
minimization that occurs due to the semi-coherent habit facets formation.

YcTaHoBMEHO, UTO KPUCTAJIJNUYECKUE OPUEHTAIMOHHBIE COOTHOITeHWA (as IBTEeKTUKU
LaBg—ZrB,, moxnywuemmoii MeTOZOM HAIpPaBIeHHON KPHCTAINM3AIUHU, COOTBETCTBYIOT He
CAMBIM BBITOAHLIM YCJOBUSAM KOrepeHTHOocTH MesKdasuwsix rpanuil. OcobeHHOCTHIO 9TOM 9B-
TEeKTUKU ABJISETCS TAKIKe NMPEeBAJTVPYIIONAasd POJb MATPUYHON, HUBKOTEMIEpaTyPHOU (asbl B
mporecce KOOMEPATUBHOTO 9BTEKTUYECKOro pocta. B oTamyme oT OGBIYHOTO ciaydasi, KOTIa
BBICOKOTEMIepaTypHas (asa urpaer BeAYIYIO POJb MIPU 3BTEKTUYECKON KPUCTAIIUIAIUN U
ABIAeTcA 3apopplmeobpasyromleil A1A Bropolt Gasel, B 2BTeKTHUYecKol cucreme LaBg—ZrB,
KOOIIePATUBHEIN 3BTEKTHYECKUH DPOCT BOJOKOH BHICOKOTeMIepaTypHOli dasel ZrB, HaunHaer-
ca Ha (acerax (100) musxoremmnepaTypHoil (daser LaBg. ObHapysKeHa cIOCOGHOCTE AUCKPET-
HOTO MSMEHEHUS HAIPABJIEHWS POCTA PEryJsapHOH CTPYKTYPHI KOMIO3HUTA BILIOTHL g0 90°.
IIpenmonaraercs, 4TO BCe YIIOMSAHYTBHIE OCOOEHHOCTH OIPELEISIOTCA B OCHOBHOM IIPOILECCAMU
3apOABINICO0PASOBAHNA BO BPeMsA KOOIEPATUBHON SBTEKTHUUYECKON COKPHUCTANIUIAINU, a He
MIPUBLIYHBIMY (QDYHIAMEHTAABHLIMY KPUTEPUAMU MUHUMHUSALUN SHEPIrUU IIOBEPXHOCTU MEXHK-
(hasHBIX I'PAHUIL 32 CUET (POPMHUPOBAHUA HX HOJYKOTEPEHTHBIX ralUTYCHBIX IIOBEPXHOCTEH.
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Heterogeneous interface is a source of
new properties of modern composite materi-
als. In-situ composites based on binary eu-
tectics can be considered as the most out-
standing family of such materials. The ex-
treme technical properties of such materials
are provided by means of directional solidi-
fication (DS) treatment and are defined by
crystal orientation relationships (COR) and
the composite microstructure topology. The
latter characteristics depend on interaction
peculiarities on the phase interface. More-
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over, for the case of well-pronounced habit
facets of the interface, the COR is defined
as a rule by the interface surface energy
minimization. Therefore, understanding of
phase lattices conjugation along the inter-
face, micro- and macro-characteristics of in-
terface interaction, and the microstructure
dependence from the solidification condi-
tions is needed for technology optimization.

The DS eutectic (DSE) of LaBg—ZrB, sys-
tem possesses all above-mentioned features
and peculiarities of the in-situ composites
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that makes it quite useful as a model DSE.
This compound is characterized by out-
standing combination of properties such as
excellent thermal shock resistance, high
thermal emission capability, and chemical
stability [1]. In this work, the material sam-
ple was shaped as a rod of about 8 mm in
diameter. Its composition can be described
as the LaBg single crystal matrix into which
a "bunch” of hexagonal ZrB, single crystal
fibers is incorporated [1]. The fibers of 0.4
to 0.6 pm in diameter and at least 100 pm
length are oriented parallel to each other.
The eutectic components have no mutual
solid solubility and, as a result, the phase
interface is very sharp (Fig. 1). The com-
mon feature of these composites is a limited
number of fixed COR. The LaBg—ZrB, DSE
shows one unique natural COR. This is
(100) LaBg | (0001) ZrB,, [011] LaBg || [1100]
ZrB,. Another possible COR (111) LaBg [
(0001) ZrB,, [110] LaBg || [1100] ZrB, is re-
alizable only if a single crystal seed of the
LaBg matrix phase oriented along the (111)
normal is used for the growing. That COR
has been already practically realized but it
is not investigated to date [3, 4].

The DSE atomic structure of interface
boundary (ASIB) was investigated in order
to understanding better its structure and to
determine the regulation possibilities of its
formation and properties by varying the
crystallization rate.

The analysis of high-resolution transmis-
sion electron (HRTEM) micrographs of the
interface (Fig. la) allows suggest that
LaBg—ZrB, is a new eutectic structural type
of in situ eutectic composite. However, to
reach some final conclusions, a full-scale in-
vestigation of the interface along the fiber
is necessary. The comparison of the LaBg—
ZrB, composite structure with other in situ
DSE composites described in the literature
reveals a number of differences. The
HRTEM (Fig. 1a) shows that the habit
atomic planes along the interface are not
semi-coherent. Consideration of the data on
other DSE shows that even if the interface
is macroscopically smooth (not faceted),
nevertheless, on the microscopic scale the
interface is formed by "habit” crystal low
index planes with semi-coherent conjugation
interrupted by steps. The spatial frequency
of steps regulates macroscopic curvature of
the interface. The semi-coherency is a way
to minimize the interface surface energy,
and the problem of COR deduction from op-
timal interface semi-coherency becomes a
non-trivial task. As it is clearly seen from
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Fig. 1. a) HRTEM photography of interface
of transversal section of DSE. b) Electron dif-
fraction pattern for COR of DSE. c¢) Scheme
of atomic structures for possible facets.

the HRTEM presented in Fig. la, there
exist fragments of real interface without
any coherency at all. Furthermore, the
naturally formed COR cannot be considered
as an optimal one.

The coherency parameters are presented
in Table. The COR characterized in the row
4 shows the best possible parameters, i.e.,
minimal misfits (Ad/d). As it has been men-
tioned above, such COR is realizable only
under special conditions. Moreover, HRTEM
investigation of interface atomic structure
for a real fiber (Fig. la) reveals that the
habit plane {100} in LaBg does not have any
corresponding low index plane in ZrB,. Con-
sequently, this part of the interface is not
coherent. However, according to a sche-
matic representation of the possible inter-
face atomic configuration (Fig. 1lc), at least
two other variants of the habit plane orien-
tation can satisfy the semi-coherent condi-
tion. The semi-coherency criteria were cho-
sen by the generalization of 17 most thor-
oughly investigated in situ composites
among all ones referred to in Chemical Ab-
stracts since 1967. All 17 composites have
both well defined COR and interface facets,
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Table. COR parameters of DSE and phase lattices conjugation at the interface

No. | Phases | Lattice | Interface COR ("H" — habit surface, | Interplane specing d(hkl) (A) Ref.
type type. "DS" — direction of
& Comments. solidification) d(hkl) o A_d’
B d(hkl) B )
1. | LaBg | CaBg | Surface of |[100] LaBg | [0001] ZrB, — DS,|  d(100) = 4.156 14 |[2-4]
ztB, | AB, |PSETPES | 61T LaB6 || [1T00] ZrB2 d(0001) = 8.528
d(011) = 5.876 7
d(1100) = 5.487
d(011) = 5.876 7
2d(1120) = 6.336
2. | TiC | NaCl | Surface of | (111) TiC || (0001) TiB, — H, d(011) = 3.06 1 [71
TiB, | AB, | DSF  |[011]TiC | [01T0] TiB2 — DS|  d(0110) = 3.03
3. | zrC NaCl | Surface of | (111) ZrC | (0001) ZrB, — H, d(011) = 3.32 5
ZrB, | AlB, laflfﬁas [011] ZrC || [0110] ZrB2 — DS|  d(0110) = 3.168
4. | LaBg | CaBg | COR for (111) LaBg [(0001) ZrB,, d(111) = 7.198 2 [[8,4]
ziB, | AB, | MMM | [017] LaB6 || [1100] ZrB2 |  24(0001) = 7.056
d(011) = 5.876 7
d(1100) = 5.487
d(011) = 5.876 7
2d(1120) = 6.336

and precisely defined crystal orientation pa-
rameters. Based on this data, we can claim
that semi-coherent interface is realized when
the lattice misfit does not exceed 15 %, inde-
pendently of the composite type: metal-metal,
metal-ceramic, or ceramic-ceramic.

For LaBg-ZrB,, the most preferable habit
combination is (110) LaBg[(1100) ZrB, (see
Fig. 1¢, right lower corner). Such atomic
structure allows that one boron pair may be
a common part of the boron sublattices of
both phases. The idea of "joining boron
pair” [8, 4] explains the natural COR. More-
over, this hypothetical suggestion proved to
be in good agreement with the experimental
data on mechanical strengthening of DSE
composites [5, 6]. The simplest explanation
is that COR is determined by two details of
interface. First, the joining of boron pairs
is possible in that interface area where its
surface is parallel to (110) LaBg | (1100)
ZrB,) planes (Fig. 1lc, right lower corner of
the scheme). Second, it is possible at picks
of steps of other crystal habit plans, such
fragment is shown in Fig. la. A fundamen-
tal question is the cause or way of energy
minimization of non-coherent interface sur-
face. This leads to the only possible sugges-
tion based on the previous investigations:
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those peculiarities of phase lattices conjuga-
tion along interface are determined by di-
rectional covalent character of bonds in
boron sublattices.

The kinetic characteristics of solidifica-
tion can also effect COR of DSE. The most
possible candidates among such factors are
thermal conductivity anisotropy of crystal-
line phases and different growth rates along
different crystal orientations. The more
complicated factor is directional anisotropy
of heterogeneous nucleation. It defines the
grain habits at homogeneous solidification.
The heterogeneous nucleation during coop-
erative eutectic solidification effects the
final interface properties and the composite
structure. The character of the latter for
LaBg—ZrB, system does not correspond with
any of the known eutectic structures types
investigated to date [8]. It would be useful
to recall the basic model details of coopera-
tive eutectic solidification process [9]. It in-
cludes a number of features different in na-
ture, among them, the semi-coherency. The
phases of an eutectic composition can be
subdivided into the "leading™ and "driven”,
nucleating and non-nucleating, and primary
and minor. Leading is, as a rule, the high
temperature component. Its precipitates
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Fig. 2. Microstructure of LaBg—ZrB, alloys:
hyper-eutectic (a) and hypo-eutectic (b) com-
position [10].

crystallize slightly ahead of the averaged,
common solidification front. It is just that
component that is supposed to nucleate the
cooperative eutectic growth, however, not
in our case. This property is difficult to
predict because it is related with the ratio
of surface energies of eutectic components.

The investigation of LaBg—ZrB, eutectic
shows that it is just low temperature phase
LaBg that nucleates the cooperative eutectic
growth. This can be clearly seen from the
microstructure of hyper- and hypo-eutectic
in Fig. 2. The ZrB, seed is surrounded by
the continuous layer of LaBg phase after
which the eutectic structure starts, while
the cubic LaBg grain in the hypo-eutectic
composition just generates the growth of
eutectic ZrB, fibers. The latter micrograph
illustrates another outstanding property of
this composition: ZrB, fibers grow prefer-
ably in alignment along {100} of a LaBg
grain. Thus, the matrix component is defi-
nitely nucleating one [9]. The microstruc-
ture observed at the early stages of regular
DSE growth (Fig. 3) also shows the ten-
dency of ZrB, fibers to nucleate along {100}
LaBg termination plate surface. The local
growth direction must be normal to average
temperature gradient which coincides with
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Fig. 8. Microstructure of LaBz—ZrB, DSE: a) ter-
mination plate [2], b) starting DSE formation at
the surface of re-crystallized LaBg grain.

the zone melting direction. The abnormal
fiber growth rate as estimated by Jackson
model [11] is about 10 times higher than
the zone melting rate. It should be noted
that the latter estimation describes the
structure that is formed as a result of de-
viation or disruption of the regular eutectic
growth. In such case, the Jackson model
cannot be considered as correct. Neverthe-
less, from the above mentioned facts, we
can assume the existence of a particular
process of heterogenous nucleation of ZrB,
fibers along {100} LaBg. The most striking
effect of this tendency may be the unique
but non-optimal COR.

The capability of discrete growth direc-
tion change in the regular structure at a
right angle has been revealed on the sub-
boundary between two eutectic grains (see
Fig. 4). The COR of this fragments are not
investigated, but the change mentioned may
result from the trend of fiber growth along
cubic planes of the matrix. Note that such a
capability was not observed before for this
composite type [8].

The following conclusions can be formu-
lated. The natural COR of LaBg—ZrB, DSE is
in dual contradiction with the semi-coherent
principle of interface energy minimization.
First, the real COR shows a non-optimal
possible misfit along the interface, and the

Functional materials, 12, 4, 2005
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Fig. 4. Abnormal DSE growth at the sub-
boundary between two eutectic grains
(growth direction downwards).

structure with optimal misfit is not realized
naturally. Second, for the real COR, the
fragments of non-coherent interface appear.
The peculiarities of interaction between
components at the interface may represent a
new type atomic structure of in situ eutec-
tic composites which are defined by hetero-
geneous nucleation during solidification.
The effect of discrete change of growth di-
rection of regular DSE structure at a right
angle occurs at sub-grain boundary between
two eutectic bicrystals.
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Poab ocHOBHOI pa3u y (popMyBaHHI MIKPOCTPYKTYPH
in-situ eBreKTHYHOrOo Kommosuty LaBgs-ZrB,

A.A.€pewenko, I0.B.Iladepno, B.B.@ininnos, B.M.[Tadepno

Bcerarosaeno, mo kpucraniuni opierTaniiiai cnissigHomrenna das esrextuxu LaBg—ZrB,,
IO OTPMMAHA METOJOM CIIPAMOBAHOI KpHcTaJaisailii, BigmosigaroTbs He HANWOiNABII BurigHum
yMOBaM KorepeHtTHocTi MixkdasoBux memx. OcobiuBicTio Ijiel eBTEKTUKM TAKOM € I'OJIOBYIOUA
poapr mMaTpuuHOi, HM3bKOTeMIIepaTypHOI (rasum y Impolleci KOOIepaTHBHOI'O EBTEKTHUUYHOI'O
pocry. Ha Bigminy Big sBuuailHOro BUIIQAKY, KOJU BHCOKOTeMIepaTypHa (asza € BeLydoro
eBTeKTUUHY KPHUCTAJi3aIio i 3apogKoyTEOPIOIOUO Aad Apyrol (gasu, B eBTeKTUUYHIN cucreMmi
LaBg—ZrB, rooneparuBHUII €BTeKTHUYHWE DPicT BOJOKHMH BHCOKOTeMIIepaTypHOi asu ZrB,
nounHaeTsea Ha (100) dacerax HuspKoreMmmeparypuoi ¢asu LaBg. Buasreno sgarmicTs guc-
KpeTrHol 3MiHM HAIPAMKY POCTY PEeryJsapHOl CTPYKTypu Kommosuty Ha Kytu xo 90°. ITpumyc-
KaeThCs, 110 ye¢i sragaHi ocobaMBOCTI BM3HAUAIOTHCA B 3arajioM 3apPOAKOYTBOPIOIOUNMU IIPO-
mecaMu KOOIIEPATUBHOI €BTeKTHUUYHOI KpucraJjisaiii, a He 3BUUYHMMU, (PYHIAMEHTAJIbHIMU
Kpurepiamu minimisanii emeprii mosepxui Mmimk(aszoBux Merk s3a paxyHOK (POPMYBaHHSA IiX

HamiBKOrepeHTHuX radirycuux gacer.
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