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Two most known models of metallic-glass structure—the model of random close-
packed spheres and the polycluster model—are considered. Peculiarities of the
structure defects of glasses possessing these structures are compared. Stability,
life time, diffusional length of the point defects of the dense random packing and
polyclusters are essentially different. As a result, radiation damages of metallic
glasses are very sensitive to the structure properties. Description of the relaxation
kinetics of irradiated metallic glasses of both structure types is developed. As
shown, analyses of the radiation-damage storing and evolution should be an effec-
tive tool of the metallic-glass structure investigation.

PosrnsaHyTo ABi Hanbinblw BigoMi Mogeni MmeTaneBux CTeKon — MoAeNnb Bunaa-
KOBWX LLINbHUX yNakoBoOK cdep Ta noniknactepHa mogens. [opiBHAHO ocobnu-
BOCTi CTPYKTYPHMX OeeKTiB CTEKOM, WO MakTb Ty i iHwy cTpykTypy. CTabinb-
HICTb, Yac XuTTs, andysifHa OOBXMHA TOYKOBUX OEEKTIB Y BUNAAKOBUX LUiNb-
HUX ynakoBKax Ta B noniknacrepax iCTOTHO Bigpi3HATLCA. Yepes ue pagiauinHi
YLIKOKEHHS MeTaneBux CTEKON BUABMASIOTLCA AyXKe YyTrMBMMMK OO BracTUBOC-
Ten CTPYKTypu. PO3BMHYTO ONUC penakcauinHOoi KiIHETUKM ONpOMIHEHNX meTane-
BMX cTekon Ans obox TuniB cTpykTypu. [lokasaHo, Wo aHania HakonuyeHHs Ta
eBOrnoLii pagiauiiHux NOLKOAXKEHb MOXe CTaTh edPeKTUBHUM 3acobOM BUBYEH-
HS1 CTPYKTYPW MeTaneBoro ckna.

PaccmoTpeHbl ABe HaubGornee WU3BECTHble MOAENM MeTanfMyeckux CTekon —
MoAenb Cry4YalHbIX MAOTHBLIX YNakoBOK cdep v NonvknacTepHas mogenb. MNpose-
[leHO cpaBHeHNe 0COGEeHHOCTEN CTPYKTYPHbIX Ae(PEKTOB CTEKOS, UMEIOLLMX TY UK
UHYIO CTPYKTYpY. CTabunbHOCTb, Bpems XWU3HU, AnddysnoHHas anvHa npobera
TOYEYHbIX AeDEKTOB B Cy4YaliHbIX NIOTHLIX YNiakoBKaXx 1 NMonukracTepax CyLlecT-
BEHHO oTnn4yatoTcs. MoaToMy paguaumnoHHble NOBPEXAEHUA METaNIMYecKnX cTe-
KOI OKa3blBalOTCsl BeCbMa YyBCTBUTENbHLIMU K CTPYKTYPHBIM CBOMCTBaM. Pa3BuTo
onucaHne penakcauMoHHOW KMHETMKM OGINydYeHHbIX MeTanMyecknx CTekon Ans
060X TUMNOB CTPYKTYPHI. MNoKasaHo, YTo aHanM3 NPOLECCOB HAKOMNIEHWs 1 3BOSHO-
LMW pagnaLMoHHbIX NOBPEXAEHUA MOXeT cTaTb 3p(EeKTUBHLIM CPEeACTBOM U3Y-
YeHUs CTPYKTYpbl METaNIMYeckoro cTekna.
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1. INTRODUCTION

Due to remarkable mechanical and physical properties the metallic
glasses have many applications. The structure and the properties of
these materials are subjects of intensive investigations. The experimental
data show that the atomic structure of a metallic glass in many respects
is similar to the structure of the supercooled melts. The glass is a non-
equilibrium, nearly metastable, state of the matter. It relaxes and crystal-
lises, but the relaxation and crystallization processes are so slow that the
term ‘frozen-in’ is relevant to its structure. The basic property of the me-
tallic glass structure is the topological disorder. Pair correlation of the
atom site distribution in the glass promptly disappears with increasing dis-
tance and becomes negligible on a distance which is equal to some atom
diameters. This property underlies the guesses of a high radiation resis-
tance of the amorphous alloys.

The damage of irradiated crystalline materials starts from displace-
ments of atoms occupying the lattice sites and the subsequent migration
of the point defects, getting them at the surface, or recombination on the
extended defects (boundaries, dislocations). The annihilation of the inter-
stitial atoms and vacancies also is an effective damage relaxation proc-
ess. Thus the radiation damage leads to the formation and evolution of
crystal defects. Separation of the fluxes of vacancies and interstitials are
resulting in the swelling and alloy decomposition processes. The last
process is resulting in formation of segregates and change of the phase
composition.

The point and extended defects generate configurational disorder. The
degree of the configurational disorder increases with the intensity and dose
of the irradiation. Some substances (for example, crystalline silicon, alloys
Nb-Si, Pd-Si, Ni—Ti and many others) become amorphous under irradiation
at rather high radiation doses at low temperatures, close to room one. The
process of amorphization starts from accumulation of the structural and
compositional disorder in the irradiated crystal. It is naturally to assume, that
the irradiation cannot increase the structural disorder of an amorphous sub-
stance, which has ‘the perfect disorder’, and consequently the perfectly dis-
ordered amorphous materials should have a high radiation resistance.
However this guess, as it will be shown, is not quite correct because of pres-
ence of the rather strong short-range order in the metallic glasses. The
presence of the local order ensuring stability of the point and extended de-
fects in metallic glasses can significantly affect the kinetics of relaxation of
the primary radiation damages and, ultimately, the radiation stability of me-
tallic glasses.

The large sensitivity of the radiation effects to structural features of
metallic glasses gives a real opportunity of investigation of their structure
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and structural defects studying the kinetics of accumulation and relaxation
of the radiation damages. One of the rather promising methods of investiga-
tion of the point defects stability and transport in metallic glasses is the study
of processes of the reversible and nonreversible relaxation in samples sub-
jected to irradiation at low temperatures, when transport of vacancies is
practically eliminated, but the interstitials can have a noticeable mobility. In
this case, the annihilation and recombination on sinks are basic processes
limiting accumulation of the point defects.

The flux of interstitials on the extended sinks (their presence in metallic
glasses is still under discussion) results in segregation on the sinks and
in rearrangements of their microscopic structure. As result of annealing
the irradiated sample the vacancies gain mobility and entrapped in the
sinks. The vacancies and interstitials have very the same sinks (extended
defects) but each sink has different efficiencies for vacancies and intersti-
tials. In the accepted terminology the sinks have some preference for va-
cancies or for interstitials. The preference is resulting in some separation
of the point defect fluxes and, consequently, in the segregation of the ally
components and swelling. The point defect relaxation kinetics should be
showed up in the recovery stages of electrical resistance. To get more
detailed picture of the metal glasses behaviour under irradiation we have
to analyse their structural properties and kinetics of the radiation dam-
ages.

It is necessary to point out that up to now the microscopic structure of
the amorphous solids, and especially of the metal glasses, remains not
guite understood because of many difficulties of the direct observation of
the disordered structures on the atomic level. Here the kinetics of struc-
tural changes of the amorphous metal alloys under irradiation is consid-
ered using the most advanced models of the structure. We consider the
features of structural transformations under irradiation in alloys possess-
ing the structure of densely random packed spheres (DRPS) [1-4], as
well as in alloys possessing the polycluster structure [5, 6]. The obtained
up to now experimental data allows to prefer the polycluster model of
structure of amorphous alloys, though many parameters have to be de-
termined to describe the mechanisms of radiation damage and relaxation
kinetics of the amorphous solids As it is shown below the radiation dam-
ages and the relaxation kinetics of alloys possessing the DRPS and poly-
cluster structures are essentially different. For this reason investigations
of the metallic glass structure evolution under irradiation with subsequent
annealing can give important information on the structure properties,
point defect stability, diffusion mechanisms and radiation resistance of
these materials.

2. MODELS OF THE METALLIC GLASS STRUCTURE

Several models of the structure of metallic glasses are proposed, but the
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most advanced and used in interpretation of the physical properties of
glasses are the DRPS [1-4] and polycluster [5, 6] models. Let us con-
sider briefly the basic structural properties of the amorphous solids within
the framework of these two models.

2.1. Amorphous Solids of DRPS Structure

The model DRPS was developed by Bernal [7] to understand the struc-
tural properties of fluids. This model and series of its modifications were
used also in the physics of metallic glasses due to similarity of the struc-
ture properties of fluids and glasses. The pair interaction potential of the
ions in metal is characterized by a strong repulsion on the small dis-
tances and by a weak attraction on the distances exceeding atomic size.
Therefore interaction potential of hard spheres mimics approximately the
interaction of the ions in metal. More realistic is the Lennard-Jones poten-
tial. The models, in which the Lennard-Jones potential, or another similar
potential, is used, are termed as the dense random packing of soft
spheres. One more modification of the Bernal model is the random struc-
ture consisting of the spheres of different radius. This model was pro-
posed to simulate structure of the amorphous alloys of the metal—
metalloid type in which the sizes of atoms of an metalloid are noticeably
less than that of the metal atoms. Some structures of the metal-metal
type amorphous alloys also were simulated using this model.

A random structure can be covered by the normal tiling using convex
polyhedrons. The normal tiling of the structure is termed as that at which
the tiling species have common interfaces (polyhedrons have contiguous
faces) and there are no parts of the structure which are not covered by
the tiling. With Deloney normal tiling in vertexes of the polyhedrons there
are atoms, but inside of them there is no atom. These ‘empty’ polyhe-
drons are known as Bernal’s holes, though as constituent species of the
random networks they were introduced long before Bernal [8-10]. A fea-
ture of the Bernal hole set is that it includes only five types of the holes:
tetrahedrons, octahedrons, trigonal prisms, Archimedean antiprisms and
tetragonal dodecahedrons. Concerning the glasses of the metal-
metalloid type it is guessed, that the small atoms of the metalloid are dis-
posed in large Bernal's holes formed by the big atoms of the metal [11].
The Bernal’'s hole containing atom of a metalloid, is termed as a the
Bernal-Polk complex.

The problem on the structure defects of amorphous solids has the vital
importance. Not going into details (see [3, 5, 6]), we have to point out,
that the structure evolution and relaxation processes are controlled by
transformations and transportation of the structure units which are capa-
ble to be changed easy impacted by the thermal fluctuations or external
forces. These structure units are responsible for the diffusion transport of
atoms, internal friction, plastic and non-elastic strains of the amorphous
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solids. In the crystalline solids the role of such units play the structural
defects: point defects (vacancies, interstitials) and extended defects (dis-
locations, boundaries, interfaces). Atomic structure of the defects in crys-
tals, the modes of their rearrangement under impact of the thermal fluc-
tuations and stresses, their role in kinetic and mechanical processes to
the present time are rather well investigated. There is a problem, whether
there are similar structure defects in an amorphous solid possessing the
DRPS structure or not. A solution of this problem is partially obtained us-
ing a numerical simulations of the DRPS [12]. In the simulations a mo-
lecular dynamic model was used. With the quenching rate 10%°-
10" E/sec it was possible to get an amorphous solid structure. Different
pair potentials were used. The defects were generated as following. To
generate a vacancy just one of the atoms was taken off. To get the
Volterra dislocation the parts of sample were shifted along some cut. The
bias vector is the Burgers vector of the dislocation. Annealing of the
glassy samples at temperatures below the glass transition temperature,
T4, was used to investigate stability of the created defects. It has ap-
peared, that the vacancies are unstable: their volume redistributes be-
tween nearest atoms, so the vacancies are soon dissolved. Similarly
there is a dissolution of the edge dislocation core in the glass. The screw
dislocations appear to be something more stable in the DRPS structure
than the edge dislocations. These results display, that the point and one-
dimensional structural defects which are stable in crystals, are not stable
in the DRPS structures. Therefore one can not believe that these defects
are could be responsible for the structure relaxation and evolution in the
DRPS glasses.

In [13, 14] the three-dimensional structural defects of the DRPS struc-
tures are determined using evaluation of local (in a neighbourhood of
each atom) elastic stresses. According to definitions given in [13, 14] the
depleted zones are identified as the defects of a n-type, the zones of high
density and high local compression stress are the defects of p-type, and
regions of high shear strains are the t-defects. As the local stresses are
varying in a wide continuous range of values, a quantitative measure
permitting to distinguish the defects and defectless regions is necessary.
It is accepted to consider, that the atom belongs to an area of structural
defect, if the value of its local stress is deviating from the average value
on 10% or more. Besides the authors has formulated a connectivity con-
dition: not less than 55% of atoms from its first co-ordination shell should
have the same or larger value of the local stress of the same type. De-
spite of some conventionality of the given definition of the defects it has
appeared to be useful in the numerical analysis of the DRPS structures.

Since the point and extended defects are unstable in the DRPS struc-
ture, frequently this model is supplemented by the free volume model at
attempts to describe kinetic processes, mechanical characteristics and
thermodynamics of metallic glasses. Basic in this model is partition of all
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atomic cages on regular (solid-like) and containing free volume (liquid-
like) cages. If the volume of an atom cage, V,, exceeds some value, V,
nearly equal to specific volume of the densely packed structure, then the
volume V=V, -V, is termed as free one. Some assumptions on thermo-
dynamics of the free volume exchange between cages and on depend-
ence of V; on the temperature and pressure have to be made to complete
the free volume model formulation. In the framework of this model a de-
scription of the properties of glasses can be developed. Let us note that
the free volume model is compatible to defects of the n-type but the p-
defects and p—t-defects are beyond of this model.

2.2. Polycluster Amorphous Structures

The structure consisting of the set of conjoining locally regular clusters
(LRCs) is the polycluster structure. The solid possessing such structure is
the polycluster. Figure 1 depicts a fragment of the 2D polycluster. There
are the intercluster boundary and the inner boundary are shown on the
figure. The polycluster structure is a result of the continuous phase trans-

Figure 1. A fragment of the 2D polycluster. Intercluster and inner boundaries are
shown. e—regular sites, circles with dot are coincident sites, semicircles with dot
are non-coincident sites.
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formation with which the solid-like LRCs growth in the liquid (see [15-
17)).

The intercluster boundaries have the structure similar to that of the
large angle boundaries in polycrystals. The short-range order is essen-
tially disturbed within the boundaries. To get a constructive definition of
the cluster boundaries one has to distinguish a perfect (regular) and dis-
turbed short-range order.

The local order of an atom is determined by the configuration of its co-
ordination polyhedron (CP). Between the CP’s one may separate sets of
topologically equivalent ones. The polyhedrons are topologically equiva-
lent if they have the same number of vertex, edges and faces with identi-
cal number of edges meeting in vertexes. We denote by {B,} one of such
sets, u is the index numbering the sets, u=1, 2, ..., s; s is the number of
the local orders, it is an attribute of amorphous solid. Usually in the LRC a
few types of the local order are realised.

Let {E,} be the set of binding energy values of atoms with topologically
equivalent co-ordination of the type B and E is the value of the absolute
maximum for this set. Denote by P, the polyhedron on which this maxi-
mum is achieved and call it basic. The basic CP is descrlbed by a set of
vectors (baS|s) {b°} consisting of the vectors: rIl -xi h,j==I2,.
where x; is the co-ordinate of atom inside of Pp : oJ are co-ordinates of at—
oms belonging PCS; z, is the co-ordination number.

The CP orientation is determined by three angles, the values of which
determine the orientation of the co-ordinate axes system rigidly con-
nected with the polyhedron. Assume that a method is given to choose the
co-ordinate system connected with the polyhedron [5] and with this the
orientation of each of them is determined.

In the description of the local order, it is important to account for elastic
deformations. It is natural to assume that if in a solid the local order is
realised with CP from {P,}, then they differ from the basic polyhedron PuO
only through elastic deformations. The deformation of polyhedron P, is
considered to be elastic if the atom binding energy changes monoto-
nously in the process of deformation transferring P,” to P,. The deforma-
tion magnitude is described by a set of deformatlon vectors Let {b,} be
the polyhedron basis of P, and P is the basic polyhedron of the same
orientation. Then the set of vectors Ui =rj—ririp, rj € (by), i € (b,°) de-
scribes the local deformation.

From the definitions of elastic deformation and the topological equiva-
lence, there follows the definition of the admissible deformation region of
co-ordination CPs of each type that we denote by D,. The boundary of
the set of elastic deformations D,. possesses the obvious property that
on it the atom binding energy achieves the minimum.

Note that besides the regular sites and atoms, the LRC contains also
irregular ones but such that belong to the CPs of regular sites. The set of
irregular atoms forms the LRC boundaries. As is seen, the LRC lattice is
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the locally ordered random network with the intermittent local order and
the boundary that is multi-connected in general.

A bounded cluster may be extended by placing atoms on the boundary
surface. The completion of boundary site CPs such that these sites be-
come regular is called the regular LRC continuation. The regular con-
tinuation of the network is generally ambiguous. The uncertainty of con-
tinuation is connected with the admissible variations of elastic deforma-
tions of the extended network and also with the possible arbitrariness in
the choice of the local ordering of boundary sites, which gives rise to
structure frustrations. The ambiguity of the LRC continuation is resulting
in the complexity of the glass structure [18].

The regular continuations of LRC networks in the boundary layer play
an important role in formation of the boundary structure. Let two LRCs
have a common boundary S;,. Then within the boundary layer the sets of
sites of the regular continuations of both clusters are known. Let us de-
note these sets by m; and m,. Two sites, i € m; and j € m,, are coincident
if they may be brought in coincidence by elastic deformation of the regu-
lar continuations. If p;, is the average value of the permissible elastic de-
formation of the vertexes of co-ordination polyhedrons then the densities
of the coincident sites in a boundary layer:

nS=n’a’cy, c1=m1p12 Nic=2na(l-nacy), 1)

where n is the apparent density the LRC sites; and a is the average in-
teratomic distance. To get these relations it is necessary to mean that the
aggregate surface density of sites of regular continuations m; and m; is
equal na.

From simple geometry considerations it follows that the mean volume
per coincident site is V,=a®, while it is about V./2 for each non-coincident
site. Thus, the volume of the hole containing a non-coincident site is es-
sentially larger than the interstitial hole, but is approximately half as large
as the vacancy in the LRC body. The arrangement of the atom in the
non-coincident site generates comparatively large elastic compression
fields. This atom is a partial interstitial (i'), a vacant non-coincident site
represents the partial vacancy (V). Numerical estimates show [5, 6] that
the formation energy of partial vacancy and partial interstitial are compa-
rable, Er~Ey~0.5eV.

The question of atom location in boundary sites requires a special
consideration. The non-coincident sites form some connected sets, i.e.
the complexes laying in boundary layers. Let us consider the complex
consisting of N non-coincident sites with m atoms in them. To find the
most probable number of atoms arranged in the complex, we introduce
the mean free energy of the complex

Fn=En(m)—Sy(m)T. (2)
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Here En(m) is the energy of the complex formation,
EN(m)szr+(N _m)EV_ Eint(N,m)’ (3)

where E;y is the interaction energy of the partial point defects, which is
essentially contributed by the interaction through elastic fields.

The entropy Sy(m) is contributed by the oscillation and configurational
entropies;

S"(m) =ksIn

(N—m-)!m!. )

It was shown [5] that Ei(N,m) has its maximum at m=N/2, when the
elastic compression fields generated by the partial interstitials are essen-
tially compensated due to the elastic extension fields surrounding partial
vacancies. At m=N/2, the configurational entropy (4) is also maximum.
Therefore, m=N/2 is the most probable number of atoms disposed in the
complex of N non-coincident sites. In other words, nearly half of the non-
coincident sites is occupied by atoms while the another half of the sites is
vacant.

One can easy see that the double well potential configurations forming
the two-level systems belong to the non-coincident site clusters. Along
the non-coincidence boundary sections the high diffusion mobility of at-
oms takes place. The low-energy structural fluctuations in the poly-
clusters due to rearrangements of atoms within the non-coincident sec-
tions play an important role in low temperature anomalies and the bound-
ary melting process [5, 6].

Now the structure defects of the polyclusters can be listed. There are

zero-, one-, two-dimensional structural defects exist in the polycluster
structures.
Point defects. Vacancies, i.e. vacant regular sites, and the atoms in in-
terstitial cavities, i.e. interstitials, are point defects of LRC. There are no
reasons to consider these defects to be unstable. Their stability is pro-
vided by the local ordering of the cage forming atoms. Anelastic dis-
placements of surrounding atoms as a result of point defect formation are
possible in the places of strong, close-to-critical, elastic distortions of the
LRC.

The one-dimensional defects of the polyclusters are the edges of inner
boundaries, the triple LRCs junctions and dislocations.

Dislocations. Dislocations in polyclusters exist, but their structure differs
from the one in crystals. Because of the lack of translational symmetry,
there exist no Burgers vectors that are commensurable with the lattice
period even in the LRC body. On the other hand, in a polycluster, one
may form the Volterra dislocation cutting along a plane and non-
elastically shifting one part of the polycluster relative to the other one in
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Figure 2. Dislocation structure in LRC: the disordered slip layer and core are
shown.

that plane (glide plane). The value of the displacement vector (Burgers
vector) must exceed p;, (and must be equal, nearly a or more) in order to
make an inelastic displacement of all sites in the glide layer. The lack of
translational invariance and of the natural glide planes in LRC leads to
the LO breaking within the glide plane, and it appears to be like to that in
the boundary layer. Therefore, the dislocation structure in LRC is such as
it is shown in Fig. 2, where the glide plane is locally disordered and its
edge is the dislocation core. The field of elastic deformations around the
dislocation may be calculated in the continual approximation. Note that a
somewhat similar dislocation structure is realised also in some crystals if
the Burgers vector does not coincide with the lattice period and in the
glide plane the so-called antiphase boundary is formed with the broken
LO.

In LRC, one may form prismatic loops by removing the limited plane sec-
tion and subsequently gluing opposite surfaces. The obtained loop is the
edge of the inner boundary layer formed along the glued layers. The field of
elastic deformations around such a loop is described in the continual ap-
proximation by the same expressions as in crystals. The prismatic loops ob-
tained by locating the additional material in the cut along the layer bounded
by the loop have in general similar structure. In clusters as well as in crystals
under irradiation, the dislocation loops of vacant and interstitial types may
be formed. It is important that the formation of such loops lead to an in-
crease in the density of cluster boundaries.

The surfaces and intercluster boundaries are the most important two-



Structure and Radiation Damage of Metallic Glasses 97

dimensional defects.
The three-dimensional or distributed defects, like the defects of d-, n-,
and t-types mentioned above, are not relevant to the polycluster structure.

2.3. Some Evidences of the Polycluster Metallic Glasses

Extensive experimental data showing presence of the perfect local order,
and the medium range order on distances till 20-30 A are reported e.g. in
[3, 6]. Presence of local ordering is the necessary condition of polycluster
structures. An important feature of metal glasses is the high density rather
large, with volume about V./2, holes. Concentration of these holes can be
diminished by the glass annealing at T < Ty, the temperature of glass transi-
tion [19-21]. In the polycluster amorphous solids these holes are the partial
vacancies (vacant non-coincident sites) on the intercluster boundaries. The
mentioned experimental data do not contradict as well the model of free vol-
ume, but processes which are depending on this free volume (diffusion and
a crystallization kinetics) in amorphous alloys, are better compatible with the
guess of a polycluster structure of alloys. In [22, 23] it was revealed that the
diffusion, which is responsible for the glass crystallization, is controlled by
mobile vacancies.

Direct observation of the polycluster structures of the rapidly quenched
glassy ribbons as well as bulk metallic glasses was performed using the

Figure 3. lon microscopy image of the intercluster boundaries of the bulk metallic
glass Zr4;1 Tiy4Cus,5NijoBes, 5. The boundaries are decorated by anodic oxidation.
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field emission microscopy [6, 24, 25]. In Figures 3 and 4, results of some
recent observations [25] are presented. The surface image of the bulk
metallic glass Zr4; Tii4sCuy,sNijgBes, s obtained in the field ion microscope
is shown in Fig. 3. The surface anodic oxidation allowed to decorate the
intercluster boundaries (bright regions) because the oxidation is more in-
tensive within damaged and defective structure regions. The cluster sizes
are varying from 5 to 15 nm.

In Figure 4a, the autoelectronic image of the pin tip of the same glass
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Figure 4. The autoelectronic evaporation image of the Zr; Ti;4Cuy,5NijeBesss
bulk metallic glass (a) and the evaporation field energy along the shown cross-
section (b).
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is shown. The brightness is proportional to the energy of the field evapo-
ration. The variation of the field evaporation energy, AQ/Q, along the
cross-section, marked by the dashed line in Fig. 4a, is shown in Fig. 4b.
Here Q is the field evaporation energy, AQ is its variation.

It is seen that the width of the intercluster boundary is nearly 1 nm,
while the binding energy of atoms within the boundaries is on 0.13—
0.43 eV less than in the cluster bulk.

In spite of the eloquent evidences of the polycluster structure of some
metallic glasses the problem of the structure properties and defects of
metallic glasses is not exhausted. The relaxation kinetics, plastic deforma-
tions, hardness, compositional stability and crystallization processes—all
these processes are sensitive to the peculiarities of the structure which
have to be investigated and established.

3. ELEMENTARY RADIATION DAMAGES OF AMORPHOUS SOLIDS

Independently of the solid body structure the atomic radiation damage
starts from the primary knocked-on atom (PCA) generation by an irradia-
tion. The stage of collisions of the PCA up to the moment when inelastic
displacements of atoms, as a result of collisions with the PCA, is called
the dynamic stage. The characteristic time of the dynamic stage does not
exceed about 10 sec. Afterward there occurs the kinetic structural re-
laxation of the radiation damage starts.

Peculiarities of the structure of amorphous solids, polyclusters and
DRPS structures, are resulting in rather considerable difference of the
both dynamic and kinetic stages of the radiation damage and relaxation
within them.

Let us consider in the first instance the DRPS structure. The PCA for-
mation accompanies within them, like in crystals, by inelastic displace-
ments of environmental atoms, if the energy of the PCA is big enough. It
is important to know, which kind of the structure defects can be formed
on the dynamic stage.

The stable Frenkel pairs in the DRPS structure can not be formed be-
cause the vacancies, as well as interstitials, are unstable within it [12].
The three-dimensional, distributed defects of the d- and n-types can be
formed on the late dynamic stage as a result of the Frenkel pair ‘dissolu-
tion’. Thus unlike to the crystalline solids, in the DRPS structure the de-
fect formation can not have the sharp energy threshold of the atom dis-
placement, and inelastic rearrangements are resulting in accumulation of
the elastic deformation energy and enhancing of the density fluctuation.
No stable point defects or their aggregation can be formed under irradia-
tion.

The displacement cascades within the DRPS structure can be formed
if the PCA has big enough energy but the structure of cascade region is
completely different as compare to that in crystals. The number of atoms
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displaced within the cascade can be rather large but one has not to ex-
pect that a depletion zone surrounded by ‘cloud’ of interstitials can be
formed because formation of the crowd ions and focused collision chains
is impossible in a randomly packed structure.

The process of defect generation by irradiation in the polyclusters is
very similar to that in crystals. Irradiation generates Frenkel pairs within
LRCs and the threshold energy is comparable with that in crystals. Of
course, there is a distribution of the threshold energies in polyclusters
due to the structure randomness, but the distribution variance cannot be
large because it has to be like the variance of the atom binding energy
which is estimated to be less than 1 eV (see Fig. 4). The cascade struc-
ture in polyclusters differs from that in crystals. First of all it is because
the length of focused collision chains is shorter in the non-crystalline
structures. Secondly, as it was revealed, the LRCs have the characteristic
size ~10 nm. Therefore the displacement cascades with typical sizes of a
few nm are either close to intercluster boundaries or overlap them. The
boundaries are sinks of the point defects. As it is shown in [22] the va-
cancies and interstitials are annihilating in the non-coincident sites as fol-
lowing

VHi=1i,l+v=v, (5)

where v and i denote vacancies and interstitials respectively; the partial
vacancies and interstitials are denoted by V' and 1.

The density of the irradiation generated defects within cascade region
on the post-dynamic stage is less in the polyclusters than in crystals due
to the mentioned above reasons.

In [26, 27] the threshold energy of the defect generation in amorphous
Fe—B and Pd-Si under electron irradiation was measured. It turns out
that they coincide with the Frenkel pair threshold energy in crystalline al-
loys. These results show that the elementary processes of the point de-
fect generation under irradiation in metallic glasses are very similar to
that in crystals. One can conclude that the local order in the metallic
glasses is rather perfect. This evidence supports the relevance of the
polycluster model to the amorphous alloys.

In Refs. [20, 22, 23], it is reported that generation of the vacancy-like
defects of the volume about v, which are recombining due to the anneal-
ing in a wide temperature range. Along with that the concentration of
smaller voids, which are existing in the alloys even without irradiation, does
not change considerably during irradiation or annealing stages. This evi-
dence also supports the polycluster model of the amorphous alloys. The
small voids in the polyclusters are identified as the partial vacancies
within boundaries. Because the boundaries are stable defects, the con-
centration of the partial vacancies attributed to the boundaries, can not
change considerably due to irradiation or annealing. Along with that the
regular vacancies within the LRC body are mobile in a proper tempera-
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ture range and can be absorbed on boundaries (3).

3.1. The Kinetic Relaxation Stage

Relaxation of the irradiation generated defects in the polyclusters and
DRPS structure on the kinetic stage is rather different. In the DRPS struc-
ture the kinetic of comparatively large density fluctuations (p- and n-
defects) can be described by the diffusion equation describing evolution
of the density n(x,t)

on(x,t) o0 0 .
——— - —D—n(x,t) = ,t), 6
5 ox axn(x ) =9,(x,1) (6)

where n(x,t)=n(x,t)—N describes the density fluctuations, i is the aver-
age density. The function g,(x,t) describes formation of the density fluc-
tuations under irradiation. The diffusion coefficient accordingly to the free
volume model [28] is

D= (1/6)va’exp(-V */Vy),

where v is the frequency of atom oscillations, V * is about v,, and V; has
to be substituted by the local value of the free volume, Vi(x,t) = n"°(X,1)
——Va = (W +A)™" = va. This quantity, unlike V;, is negative within regions
where n~"(x,t) <Vv,. There is no diffusion in these regions.

The density fluctuations formation starts from generation of vacancies
and interstitials which afterward transform in n- or p-defects is consisting
of 10-20 atoms, the characteristic liner size of these defects is a few a.
Therefore the spectral density of g.(x,t) has a maximum at small, compa-
rable to a, wave lengths. Besides g.(x,t) is proportional to the frequency
of the PCA generation.

The most important peculiarity of the relaxation process described by
Eq. (6) is that it does not connected with a long-range transport in con-
trast to the point defect relaxation in crystals where the characteristic de-
fect to sinks. In order words, in the DRPS structure the point defect sinks
are distributed everywhere.

It has to be concluded that an irradiation can generate density fluctua-
tions in the DRPS structure. It changes also the diffusion rate. But in total
these structures are radiation resistant.

The structure relaxation kinetics in the polyclusters is very similar to
that in polycrystals consisting of small grains. The boundaries in both poly-
clusters and polycrystals are the dominating sinks of the point defects.

Each type of the local order (type of the co-ordination polyhedron P,) is
characterized by the energy of vacancy formation E,,. In analogy the in-
terstitial formation energy, E;,, depends on the environment of the intera-
tomic cavities (they are numbered by the index ‘v’). Along with ‘normal’
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interstitials in LRCs the interstitials having double configuration evidently
can exist because the short-range order is responsible for the configura-
tion and stability of the point defects while the long-range order nothing to
do with that.

The point defect kinetics can be described by equations similar to that
used for crystalline solids

ag;"’ + d/-V ji,v = K - giVCiCV’ ji,v = _Di,VVC/,V’ (7)
where C;, are concentrations of interstitials and vacancies, K is the gen-
eration rate of point defects, g, is the recombination rate and D;, are the
diffusion coefficients.

The equations (7) has to be accompanied by the equations determin-
ing the partial concentrations of vacancies (or interstitials) of different
types:

C = ZCW; C./C.,=expllE,,—E, )/ KT] (8)
N

Here C,, is the partial concentration of vacancies (they are in sites with
p-th local order).

A similar to (8) equation is valid for interstitials too. Arrived to bounda-
ries point defects a recombining accordingly to the scheme (5). It is seen
that the partial vacancy is transforming into a partial interstitial after absorp-
tion of the arrived interstitial. This last one is transforming into a partial va-
cancy in result of the vacancy absorption. Thus non-coincident sites are
non-saturating and non-preferential sinks of the point defects. They just al-
ternate their ability to absorb vacancy or interstitial in accord with (5). Due to
this exceptional property the non-coincident sites are ideal sinks of the point
defects. Due to the high recombination rate of the point defects the swelling
of the polyclusters to be damped [29]. A similar properties have also fine-
grained polycrystals [30]. It is revealed experimentally that the fine-grained
materials (the grain size was about 1 um) do not swell and that in the vicinity
of surface the materials are free of voids [31]. In [32] the thickness of the
free of voids surface layer of nickel was measured to be 10° nm at
T=330°C.

As a low temperature, when vacancies are almost immobile, the point
defect recombination in the LRC body is the main mechanism of their
losses. This process is described by the second term of r.h.s. (7).

If just the interstitials are mobile, they occupy more and more partial
vacancies on boundaries. By this way the segregation of the most mobile
interstitials in boundaries takes place. As a result the two-dimensional
structure defects, similar to the Guinier—Preston zones, are forming within
boundaries.
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3.2. Mechanisms of the Irradiation Impact on the Kinetics of Struc-
ture Evolution in Amorphous Alloys

While in the DRPS structure the radiation stimulation of the diffusion due
to generation of the heterogeneities is not important, in the polyclusters
the radiation stimulated diffusion enhance the effects controlled by the
long-range transport. The concentrations of the vacancies and interstitials
in the irradiated polycluster can be estimated using the stationary solution
of (7)

Cv,i = rERCK/DV,i- (9)

Here rrc is the average size of LRC. Because this quantity is small
(~10 nm) the consecrations of the point defects can be considerably
large at the temperature range where their diffusion mobility is small.

Let us consider a two-component alloy consisting of atoms of A and B
types. The diffusion coefficient of A atoms, as it follows from the expres-
sion (9), is

2
_ KrLRCdv,A
- ’
CAdv,A + Cde,B

D,=Cd,, (10)

v

where N,, Ng are the concentrations of atoms A and B, d,», dyg are their
partial diffusion coefficients by the vacancy mechanism. The expression
(10) is obtained in the guess, that the vacancy concentration generated
under the irradiation, is much larger than their equilibrium concentration.

The experimental observations of the radiation enhanced diffusion in
the amorphous alloys Fe—Ni-B—A and Ni—Nb are reported in [22, 23].
The vacancy mechanism of the diffusion was identified and the concen-
tration of sinks of the point defects in these alloys are estimated to be
~107% per atom. It is in accord with obtained in [5, 6] estimations of the
LRC sizes (~10 nm): the concentration of partial point defects in the
polyclusters is ~107°.

A change of the crystallization rate of the amorphous alloys under irra-
diation was observed in the series of experiments [22, 23, 33, 34]. In Ref.
[33] it is revealed, that the crystallization of the amorphous alloy Au-Si
under electron irradiation happens at the temperature which is much
lower than the temperature of crystallization of the non-irradiated alloy. In
Ref. [34] the temperature of crystallization of the amorphous alloy Fe-B
has decreased due to the low-temperature irradiation by neutrons. Along
with that, the crystallization temperature of the amorphous alloy Fe-A-b
has increased after the same irradiation.

Impact of the irradiation on the crystallization of polycluster amorphous
alloys happens not only due to the diffusion enhancement but also owing to
segregation of the alloy components due to the difference of the partial dif-
fusion coefficients, dia, dya and dig, dys, the same as in crystals [35, 36]. Gra-
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dient of the atom A concentration in the vicinity of the cluster boundary can
be estimated using the following expression [36]:

_ CACS (dv,Adi,B - di,Adv,B) vVC
CsdisDA + CAd/ADB I (11)
DA = CVdVA + CidiA’ DB = Cvde + C\i diB

Ve,

Formation of the inhomogeneities of concentrations under irradiation is
possible also in the LRC body like it was observed in the crystalline alloys
[37]. A nonuniform distribution of the point defects in LRC, as it is seen
from (8), is stipulated by inhomogeneity of the local order. The redistribu-
tion of concentration of the alloy components can be accompanied by
changes of local ordering of atoms, that in turn, changes quasi-stationary
concentrations of the point defects according to the expression (8).

In the DRPS structures because of lack of the extended one-
dimensional and two-dimensional sinks (and also because of instability of
the point defects) the segregation of alloy components on sinks is impos-
sible. Therefore in the metallic glasses possessing DPRS structure the
segregation under irradiation is not relevant.

4. CONCLUDING REMARKS

Stability, life time, diffusion length of the point defects of the dense ran-
dom packing and polyclusters are essentially different. As result, the ra-
diation damages of metallic glasses is very sensitive to the structure
properties. We have considered the relaxation kinetics of irradiated me-
tallic glasses of both structure types. Apparently the both considered
structure models have to be treated as idealised ones. Nevertheless it is
believed that they properly reflect the main properties of some types of
the amorphous metals and alloys. The polycluster structures are revealed
by the field emission microscopy investigations of many metallic glasses
while the DRPS model supposedly is relevant to the amorphous metallic
films obtained by the atom flux deposition on cryogenic substrates. It is
seen that analysis of the radiation damage storing and evolution should
be an effective tool of the metallic glass structure investigation.

A promising investigation procedure is to irradiate an amorphous metal
or alloy at low temperature when the point defects (if they are stable) are
admittedly immobile. Nevertheless the processes of the vacancy-
interstitial annihilation due to the short-range attraction cannot be
damped at any temperature because the Frenkel pairs are unstable since
the distance between vacancy and nearest interstitial is less then annihi-
lation radius which is equal to some interatomic distances. The conse-
guent annealing procedures should lead to activation of another relaxa-
tion processes controlled by the point defect diffusion. Due to the glass
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heterogeneities the relaxation activated processes are not homogeneous
and have a wide range of the activation energies and relaxation times.
Nevertheless likely it is possible to resolve the relaxation stages con-
nected with the mobility activation of different defects and their com-
plexes. This approach was very fruitful for investigations of the relaxation
kinetics of crystalline materials so it is expected to be useful also for the
non-crystalline solids but in this last case the analysis procedure should
be more sophisticated. Some attempts in this direction were undertaken
(e.g. [38]) but more systematic investigations are desirable.
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