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Abstract

Transformation of glasses into liquids is discussed in terms of configuron (broken chemical
bond or transformation of an atom from one to another atomic shell) percolation theory with
structural changes caused. The first sharp diffraction minimum (FSDM) in the pair
distribution function (PDF) is shown to contain information on structural changes in
amorphous materials at the glass transition temperature (T,). A method to determine the glass
transition temperature is proposed based on allocating T, to the temperature when a sharp
kink in FSDM occurs. The method proposed is more sensitive compared with empirical
criterion of Wendt-Abraham e.g. for amorphous Ni the kink that determines T, is almost
twice sharper. Connection between the kink in fictive temperature behaviour of PDF and
Wendt-Abraham criterion is discussed.

Introduction

Transformation of a liquid on cooling into a glass (i.e. glass transition) can take place at melt
cooling rates rapid enough that crystallisation is kinetically avoided. Glass transition
phenomena are observed universally moreover all liquids can be in practice vitrified provided
that the rate of cooling is high enough to avoid crystallisation. The difficulty to understand
the glass transition is because of almost undetectable changes in the structure of amorphous
materials despite of the qualitative changes in characteristics and extremely large change in
the time scale of relaxation processes. Because of that the glass transition is still debated
whether is really a phase transformation or just a gradual although considerable change of
material viscosity the result of which being the delayed mechanical relaxation to longer that
observation times!-.

Generically glasses are solid amorphous materials which on temperature increase above a
certain temperature termed glass transition temperature (T,) transform into liquids that are
typically amorphous (apart from liquid crystals). On cooling melts vitrify at T, e.g. transform
into glasses if they bypass crystallisation which in many cases occurs if the cooling rate is not
enough fast. Arbitrarily the glass-transition temperature is defined as a temperature at which
the equilibrium viscosity of the melt reaches 10!2 Pa-s. However, it can be well measured on
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cooling only for such good glass-formers as Si0, while many other substances will
crystallize upon measurement on cooling.

The glass transition is experimentally observed as a second-order phase transformation in the
Ehrenfest sense with continuity of material volume and entropy, and discontinuity of their
derivatives which are therefore used in practice to detect where transformation occurs e.g. to
detect the T,*3. Moreover, the International Union of Pure and Applied Chemistry (IUPAC)
defines glass transition as a second-order transition in which a supercooled melt yields, on
cooling, a glassy structure” so that “below the glass-transition temperature the physical
properties vary in a manner similar to those of the crystalline phase®. Glass transition is often
considered as a true phase transformation that belongs to critical phenomena generically
termed topological phase transitions which are amenable to the scaling approach and
characterised by diverging length and time at the transition® 7. E. g. configuron percolation
theory treats glass-liquid transition as the case of percolation via broken bonds (e.g.
configurons)!% 1. There are several descriptions of glass transition as a true phase
transformation. A typical model is based on a percolation-type phase transition with the
formation of dynamic fractal structures close to the percolation threshold!?. Macroscopic
percolating clusters formed at the glass transition have been visualized!3. High precision
measurements of fifth-order, non-linear dielectric susceptibilities of growing transient
domains diverge towards T,'4. Excited delocalized atoms would be responsible for
facilitating viscous flow and explaining time dependence of T,. At the glass transition, the
process of atom delocalization would be reduced without being fully eliminated'>.
Theoretical works based on the notion that a random first-order transition lies at the heart of
glass formation have been also developed. The possible existence of an underlying first-order
transition without latent heat has been raised!®!°. Its role in many glass-forming melts has
been explicitly shown? e.g. Tournier considers the transition at T, as due to a change of the
undercooled-liquid Gibbs free energy, which is the driving force of the glass transition. In
this approach the classical Gibbs free energy change for a crystal formation has been
modified to account for the enthalpy saving which allowed decent description of liquid-liquid
and stable glass transitions?% 2!, Direct structural changes upon glass transition have been
revealed by in-situ studies of glass transition by synchrotron XRD via reciprocal and real-
space radial distribution functions??-24,

The crucial difficulty in accepting or rejecting the concept of phase transition in amorphous
materials is related to the absence of readily detectable structural changes at glass transition.
In contrast to crystallisation leading to obvious symmetry changes and formation of a
periodic anisotropic structure vitrification maintains the same topological disordered structure
making almost impossible to distinguish structurally a glass from a melt. Here we emphasise
the possibility of utilising data from neutron or X-ray diffractometry to reveal those almost
undetectable changes in the structure of amorphous materials at glass transition based on
physical meaning of parameters obtained and using the concept of broken chemical bonds
(configurons). As the percolation model of glass-liquid transition treats transformation of
glasses into liquids at glass transition as an effect resulting from percolation via broken bonds
(e.g. configurons) we fist briefly analyse this model.

Configuron percolation model of glass-liquid transition

The difficulty in describing a system of strongly interacting atoms in a condensed state such
as an amorphous material either liquid or solid can be facilitated by using bond lattice model
which was proposed by Angel and Rao aiming to replace the set of atoms by a congruent
structure of weakly interacting bonds — the congruent bond lattice (CBL)?. In the CBL the
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system of weakly-interacting chemical bonds denoted as e, congruently replaces the initial
system of strongly interacting cations such as Si** and O2 in SiO,. Thus, the system of N
strongly interacting cations (Si** for silica glass) and anions (O for silica glass) is replaced
by a system of N’=NZ weakly interacting bonds where Z is the coordination number (Z=4 for
silica glass). In the case when atoms are not bonded via bridging atoms (like oxygen in
silica), which is typical for metallic glasses for example for glassy Ni, then N’=NZ/2.

Temperature fluctuations break some of bonds so that on increase of temperature more and
more bonds are broken until percolation via broken bonds occurs which results in a kind of
disintegration or transformation of a solid to a liquid®¢. Hence the possibility to detect the
transformation of a glass into a liquid e.g. glass transition appears based on CBL. Moreover,
the system of bonds e.g. the CBL looks very much like a system of contacting although
practically not interacting. Spheres packed in a disordered arrangement create a contact
network with the number of neighbours of each node in this network between four and twelve
with an average of six?’. A natural question to that system is on what percolation threshold of
this network is?®. E.g. if a certain fraction p of spheres is conducting and the rest are non-
conducting then what is the value of critical fraction p. at which long-range conduction first
occurs? Conducting spheres in our case are equivalent to broken bonds whereas non-broken
bonds are equivalent to non-conducting spheres. Also, in analysis we assume that the radii of
broken bonds in first approximation are equal to radii of unbroken bonds although account
should be paid on increase of radii on bond breakage. An important development in the
understanding of percolation thresholds in disordered (randomly distributed) systems was the
introduction of the critical volume fraction (6.) by Scher and Zallen?®. For regular lattices of
any objects such as spheres with uniform nearest-neighbour bond lengths of unity, they
considered placing spheres of unit diameter at each vertex with fraction of space occupied by
spheres giving the filling fraction f. Multiplying this quantity by the site percolation threshold
pe yields 0. = p.f. For the three-dimensional systems that were studied, it was found that the
0. falls in a narrow range of 0.144 — 0.163 e.g. generically the invariant occurs for the critical
volume fraction 9 = 0.15 4 0.01. This fraction is often termed Sher-Zallen invariant?8.
Important to note that in contrast to free-volume model of liquid-glass transition3° the
configuron percolation model operates with the volume of configurons which is related to
chemical bonds only and not to the free (e.g. non-occupied) volume’!2.

Bond breaking process that leads to formation of configurons can be represented as a reaction
when a lattice excitation (phonon) is absorbed by a bond (designation -) resulting initially in a
un-relaxed broken bond which after relaxation of the surrounding environment results in the
formation of a quasiparticle termed configuron (designation o):

hw+ - - o (1)

Melting of an amorphous material occurs when broken bonds form a percolation cluster that
changes macroscopically the rigidity of system. Using this concept, we can analytically
calculate the concentration of broken bonds, that can be readily done at least for simply
systems’8. Indeed, below and approaching glass-liquid transition temperature T, the
concentration of configurons can be calculated as a function of temperature using an
equivalent simple two-level system that consists of unbroken (ground level) and broken
(excited level) bonds’!2. That gives the explicit equation of configuron concentration C:

exp (— Gg4/RT)

Ca = Cotexp (= Go/RT) (2)

where Gy is the configuron formation Gibbs free energy Gy = Hq — TSy, Hq 1s the enthalpy
and S is the entropy of formation of configurons.
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Designate the fraction of broken bonds as ¢(T)=C4/Cy. The condition when fraction of broken
bonds ¢(T) equalises the percolation threshold ¢, =6,=0.15 £ 0.01 determines when the

first time a percolation cluster made of broken bonds — configurons — is formed. It thus gives
the temperature of glass transition of an amorphous materials which is directly related to the
enthalpy Hy and entropy S4 of configurons — broken bonds:

Hy
= Se+ RIn[(1— 6/ 3)

Ty

T, is hence dependent on quasi-equilibrium thermodynamic parameters of bonds e.g. on
enthalpy (Hy) and entropy (S4) of formation of bonds (configurons) at given conditions (not
necessarily equilibrium).

The glass-liquid transition in the configuron percolation model shows typical features of
second order phase transformations so that derivatives parameters such as thermal expansion
coefficient and specific heat capacity diverge at T,. Namely, the heat capacity of glasses C,
near T, (at scan up of temperature) behaves as C; ~ | T, —-T | -0-59 due to formation of
percolation cluster made of configurons”S.

Interestingly that melts vitrification is not accompanied by configuron clusters formation,
thus on glass formation from melts there should not be associated discontinuities in
temperature dependence of C,, e.g. on scan down of temperature. Moreover, the configurons
are present only as point defects and small clusters made of such defects in glasses, e.g. the
configuron percolation model naturally explains the experimentally seen hysteresis in the
behaviour of heat capacity near glass transition at both scan up and scan down of
temperatures neat T,.

The fraction ¢(T) of broken bonds decreases during cooling down to 0.15 and below.
However, as noted by Tournier3!, this cannot occur after reheating the glassy phase because
¢(T) could remain equal to 0.15 up to the higher temperatures where the coherence length
becomes small e.g. equal to mean interatomic distance. We note in this respect the work of
Wei and et.al.3? which has reported on a detected first-order transition in the melt at the
temperature where the event occurs at the predicted temperature Tn+3.

The configuron percolation model envisages that structurally melts have a fractal geometry of
bonds with broken bonds forming extended (macroscopic) fractals and because of that a
liquid-like behaviour, and glasses have a 3-D geometry of bonds with point-type broken
bonds having a 0-D geometry and because of that a solid-like behaviour.

Configurons and clusters made of configurons cannot be directly observed as these are
excitations of CBL. We suggest herewith detection of direct results of configuron formation —
namely of atomic displacements caused by configuron and clusters of configuron formation.

The PDF’s approach to structural changes

A powerful method to investigate the structure of liquids and glasses is utilising scattering of
incident neutron or X-rays by the sample and detection of all scattered quanta e.g. neutron
and X-ray diffraction techniques®* 34, The scattered radiation amplitude A(q) from an array of
N point atoms at positions Ry - - - Ry is given by A(q) = Zjb]-exp(iq - 1j), where b; is the
scattering length (form factor) for atom j3*. The scattered intensity of x-rays per unit atom

1 C . . . .
I(q) = szkbjbkexp(iq - (rj — 1) , which is expressed for anisotropic materials like glasses

and melts in terms of structural factor S(q). The structure of a monatomic isotropic sample
can be described in real space in terms of its pair-distribution function (PDF) g(r)-PDF(R)
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which is proportional to the probability of finding an atom at a position r = R relative to a
reference atom taken to be at the origin. The PDF is related to static structure factor S(q) via

——[“q[S(q) — 1]sin (qr)dq 4)

2mrpg
where py is the density, q is the scattering vector which for a quantum of incident wavelength
Ao 1s related to the scattering angle 26 via relation

gr)y=1+

4
q= /T:Sin(i) (%)
As liquid and glasses are overall isotropic structures the diffraction pattern has conical

symmetry and the azimuthal angle ¢ of the scattered quanta is not specified. That reduces the
3D analytical approach to an effective 2D system with two variables e.g. r and 0.

By construction, g(r) is dimensionless, moreover S(q —o)=1 and g(r —o)=1. The average
number n,, of neighbouring atoms in a coordination shell located between r; to r; is given by:

nay = 4mpol ] g(r)r*dr (©)

E.g. r; and r, can be distances corresponding to consecutive minima in g(r). The average
number of atoms in the first such shell is termed the coordination number (CN).

Anisotropy in amorphous materials can be induced by stresses therefore for anisotropic
systems anisotropic PDF method should be used which is based on the expansion by
spherical harmonics®. Also, if there is more than one atom type (oxygen, sodium, etc.)
present then the PDF is typically split into several terms, one for each pair of atomic specie
types®¢. The gqp(r) would be the pair correlation function between atoms of type a and f
which can be used to calculate respective coordination numbers e.g. the number of B-type
atoms around an a-type atom at the origin:

2
Nog = 4mpg[, gap(rir’dr (7)

The forms of PDF’s g(r) or gqs(r) which are proportional to the probability of finding an
atom at a position r relative to a reference atom can be used to understand changes that occur
in glasses and melts on temperature variations including structural modifications at glass
transition. Indeed, the maxima of g(r) are positioned at most probable radii where atoms
reside whereas minima are related to bond distances. Thus, the first peak of PDF,;., that is
often termed first sharp diffraction peak (FSDP)37-3°, corresponds to atoms in the first
coordination shell e.g. coordinated with the given atom, whereas the first sharp diffraction
minimum (FSDM) is positioned at the end of first coordination shell and corresponds to
bonds connecting atoms. This were illustrated by data for H,O that produces a negative peak
at the OH bond distance®*. The following peaks of PDF(R) correspond to next coordination
shells. At large distances r = R — oo the limit holds PDF(R) — 1. Fig. 1 demonstrates typical
PDF(R) = g(r) behaviour of amorphous Ti,Ni alloy obtained via molecular dynamic (MD)
simulations with R, corresponding to FSDP whereas R,,;, to FSDM of PDF.
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Fig. 1. Pair-distribution function PDF(R) = g(r) of amorphous Ti,Ni (Ti¢;Nis3) alloy obtained
via molecular dynamic (MD) simulations at cooling rate10'? K/s.

To model glass-formation of Tig;Niz; metallic glass MD computer simulation was applied
using the software package LAMMPS for classical molecular dynamics*®- 4!, Simple cubic
crystalline cells containing 16000 and 128000 atoms were treated by heating the cell from
300 to 3000 K, holding at 3000 K for 30 ps, cooling down to 300 K at different cooling rates.
The Embedded-Atom Method (EAM) potential for the Ti-Ni system was used from Ref.#2.
The simulation was carried out with 1 fs time steps under NPT (constant atom number,
pressure and temperature) and periodic boundary conditions. The Nose-Hoover thermostat**-
44 and a barostat* were used to control the temperature and pressure, respectively. A
software package “OVITO™* was used to visualize and analyse simulation results. Glass-
formation process of Ti,Ni alloy was modelled at the cooling rates ranging from 10!! K/s to
1013 K/s. Fig. 1 above showed PDF(r) of the sample cooled at 10'2 K/s. Fig. 2 indicates the
value of PDF;, after the maximum corresponding to the first coordination shell.
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Fig. 2. The first sharp diffraction minimum (FSDM) value of PDF after the first sharp
diffraction peak (FSDP) of amorphous Ti,Ni corresponding to the first coordination shell as

shown in Fig. 1. T, indicates the glass transition temperature and T, the liquidus temperature.

There is another change of slope slightly above T, which may indicate other structural
changes in the equilibrium liquid.

Fig. 3 indicates the atomic volume of amorphous Ti,Ni as a function of temperature.
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gg Fig. 3. Atomic volume of the simulated Ti,Ni cells as function of temperature. There is a
34 clear change in the slope at T, and also a slight variation (with opposite sign) in the derivative
35 dV/dT above T,.

36

37

38 A change in the character of PDF,,;;, (Fig. 2) and atomic volume (Fig. 3) curves near the

39 liquidus temperature (about 1273 K from the phase diagram) is rather related to the fragility
j? of this liquid when it starts to reorganize its atomic structure on undercooling in the

47 supercooled liquid (SCL) state (below T)). Earlier structural changes in the liquid related to
43 its fragility were observed in Pd-Cu-Ni-P alloy*’ and*®. The glass transition temperature of
44 about 800 K obtained from both PDF i, (Fig. 2) and atomic volume (Fig. 3) curves as a

45 change of the slope. The intersection point of two fitting lines was found by segmented fitting
46 and Akaike criterion® for segmented regression’. It corresponds quite well to the

47 experimental value of ~700 K obtained for Ti,Ni alloy on heating>!. It is about 100 K higher
jg owing to very high cooling rate used at molecular dynamics simulation. It is worth noting

50 again that the cooling rate used was 10'? — 10!3 K/s. Namely that resulted in a considerable
51 increase of the fictive T, by ~100 K, which is expected accounting for known data on

52 logarithmic dependence effects of cooling rate, see e.g.2 3% 33,

53

54

55 Connection of PDF features with configuron formation

g? Diffraction patterns are caused by neutron or X-ray diffraction on atoms therefore the values
58 of PDF..x and PDF,;, are proportional to the number of atoms that are positioned at average
59 distances R, and Ry, correspondingly e.g. the higher PDF ., and PDF,;, probabilities to
60
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find atoms at these distances. Indeed, from equation (6) it follows that the average number of
atoms in a shell of radius R with thickness § << R is

R+6/2
w = 4mpof 5,9 ()r?dr=dmpog (R)R?S ®)

Therefore, the average numbers of atoms Ny,.x and N,i, in the shells of radii R, and Ry,
with thickness 0<<R,,, are:

Noax = 4np0PDFmaxR72nax6 (93')
Npin = 47T,00PDFminR72nin6 (9b)
where PDF ,.x=g(Rax) and PDF i,=g(Ryin)

From (9b) it follows that values of PDF,;, are directly related to N, e.g. shifts of atoms
from the first coordination sphere. Such shifts of atoms occur due to bond-breaking processes
and these can be caused by temperature fluctuations (pressure, irradiation) which is

schematically shown in Fig. 4 for a SiO, glass.
. ~ \Conflguron
I l \
/ 02 /

ll
|
-
y, X

Fig. 4. (A) Bond breaking (shown as a red spot between Si** and O?) results in redistribution
of oxygen atoms around silicon with an effective displacement (shift) of the oxygen out of
first coordination shell. (B) Configuron is a broken bond with relaxed surroundings® 2> and

causes atomic displacements (shifts) that contribute to increase of FSDM of PDF.

A configuron is an elementary configurational excitation in an amorphous material, formed
by breaking of a chemical bond (or transformation of an atom from one to another atomic
shell) and the associated strain-releasing local adjustment of centres of atomic vibration® 3.
The concept of configurons was not much exploited for amorphous metallic systems although
namely local configurational excitations in the atomic connectivity network were shown to be
the elementary excitations in high temperature metallic liquids and the bond-breaking
mechanism, which leads to formation of configurons, was suggested as the fundamental
excitation in metallic melts>.

Metallic glasses and liquids contain significant topological and chemical short and medium
range ordered units that increases with the cooling of the liquid>>>¢. Even at high
temperatures, atoms tend to form local clusters although they are transient. Atoms switch
from one cluster to the other rapidly, causing the local coordination number to increase or
decrease. At high temperature the time that it takes for a cluster to gain or lose an atom is so
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small that structural changes in one cluster have no impact on processes in nearby clusters.
As the temperature is lowered, however, this changes and processes become cooperative?3: ¢,

It is of primary importance that bond breaking processes e.g. formation of configurons in
metallic glasses do also cause atomic displacements similarly to what happens in amorphous
oxides. This is schematically shown in Fig. 5 for a conventional metallic glass using the
example of Ni glass. It reveals that as a result of bond breaking process a Ni atom is released
from the cluster containing a certain number of atoms. Schematically the empty space formed
is considered as the configuron similarly to that happens in covalently bonded oxide glasses

(Fig. 4).

Configuron

Fig. 5. Configuron formation in amorphous Ni due to change of the local atomic connectivity
by losing or gaining one nearest neighbour following Egami et.al. concept>.

The process schematically shown in Fig. 5 can readily occur when the bond is broken, and if
enough free volume is available to accommodate the Ni atom released from the cluster of Ni
atoms. More degrees of freedom and free accessible volume for atoms become available at
higher temperatures in liquids when so many bonds are broken that they form macroscopic
structures rather that point-like defects in glasses. Therefore, processes schematically shown
in Fig. 5 are facilitated at temperatures exceeding T,.

The crucial question is how to experimentally detect configurons which are elementary
excitations rather than material entities? The way to do this is to detect some directly related
consequences of configuron formation e.g. atomic displacements that can be revealed via
neutron or X-ray diffraction. Indeed, temperature causes in amorphous materials bond
breaking processes!? correspondingly at higher temperature more configurons are formed and
thus more atoms are displaced out of the first coordination shell e.g. they are shifted to
distances corresponding to radii Rp,;,. The higher temperature the higher p(Ri,) which is
proportional to PDF,,;,. However, on approaching and exceeding T, the temperature
behaviour of PDF ,;, will change. The reason of that change is that in the liquid state the
topological organisation of bonds (geometry of bonds) drastically changes from 3D to a
fractal geometry”- 8.

Finding T, from pair distribution function

Near T, the relative content of configurons ¢(T) =C4/C, can be linearized so that the equation
will hold

¢p(T)=a+tga-T (10)

10
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It should be accounted however that above the T, the temperature proportionality coefficient
tga will change because a part of configurons will belong to the percolation cluster made of
configurons and thus just a part of them will contribute to atomic displacements from initial
positions in the CBL. We suggest therefore to analyse behaviour of PDF;, as a function
temperature identifying the temperature where the PDF,;,(T) dependence exhibits a kink and
allocate that temperature to glass transition temperature. We demonstrate that below in Fig. 6
for amorphous Ni where FSDM is given by upper PDF,,;,(T) lines with experimental data
taken from®’. The results of this work and an earlier one®® using ab-initio modelling indicate
T, obtained at very high cooling rate when equilibrium liquid viscosity cannot be reached.
The temperature for T, in Ref.57 is somewhat lower than that in Ref.%8 because of classical
interatomic potential used in the former work. Ref.’® gives more correct temperature.
However, as the temperature dependence of density of liquid Ni (and volume) is nearly linear
the isochoric (equivolume) glass transition temperature should be very close to that. It
follows from the highest possible atomic number density of FCC lattice (the same as for
HCP) compared to any other packing>°.

0.7

PDFmin(T)
=3
&

0 500 1000 1500 2000 2500 3000
T.K

Fig. 6. Temperature dependences of first sharp diffraction minimum PDF,;,(T) for
amorphous Ni: T, is ~930 K.

We note that although assessing calculations based on Ref.*” give a lower T, = 0.3777xT,, =
653 K, Ni cannot have a so small T, because the volume of such a glass would be much
smaller than that of FCC crystalline Ni. It is known that T, changes insignificantly in metallic
alloys as a function of composition®!. The reason why Ni has a relatively higher T, is not
because it is a good glass former. Molten Ni it is a very fragile liquid with fragility parameter
D (from VFT equation) of only about 2%2. Fragile liquids should be rather poor glass-
formers®. Thus, there is no contradiction between its high T, and low glass-forming ability
(GFA).

Finding the T, using PDF(T) dependences is not a new procedure: it was proposed as early as
in 1972 by Wend and Abraham®. However, the Wend and Abraham criterion is an empirical
method without clearly understood processes behind it. We would like to briefly analyse
below connection with it.
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Connection with Wend-Abraham criterion

Wend and Abraham were the first who suggested to use the ratio Rys=PDF,,;,/PDF,, as a
parameter describing a structural feature of the PDF, and who suggested as quantitative
criterion for identifying the transition of amorphous phase from liquid to solid®*. Moreover,
they fist observed that the glass transition occurs at Rwa=0.14 and have proposed to use that
as a “criterion of the onset of the amorphous state by rapidly quenching and/or compressing
a liguid”. Wend and Abraham have suggested as possible hypothesis for explaining this
feature the packing saturation of the first shell of nearest neighbour atoms.

We interpret that striking feature in terms of broken bond concept developed by Angel and
Rao*’ and connect the experimentally found criterion Ryw,=0.14 with condition of percolation
in the system of broken bonds (in covalently or ionically bounded systems) termed
configurons® 2. Indeed, the increase of temperature (also pressure or intensity of radiation'>
65) causes in amorphous materials bond breaking correspondingly more atoms appear at
borders of first coordination shell rather than within it and parameter ¢(T) grows. The
maximum value that parameter ¢(T) can achieve is 1 and corresponds to a fully unbound
system of atoms (gas) e.g. to a fully flattened PDF i.e. g(r). Much earlier however dramatical
changes occur in the topology of bonds of amorphous materials when parameter ¢(T) will
equal to universal Scher—Zallen critical density in the 3-D space 6,=0.15+0.012%2°
corresponding to percolation threshold in a system of broken bonds!? and the system of bonds
of an amorphous material will change the geometry from a 3D to a fractal topology of
dimensionality D= 2.55+0.057-14,

The fraction of broken bonds (configurons) ¢(T) is a growing function of temperature and
DF min

BDF,. - We

can hence assess the temperature of glass transition in amorphous materials using PDF data
from equation

PDFpin
o(T,) = ppF— = 0c=0.15+0.01 (11)

therefore is proportional to ratio Ny,;n/Nm.x s0 that we can suppose that o(T) =

As seen equation (11) practically reproduces the criterion introduced by Wendt and
Abraham® who have found experimentally that PDF,,;,/PDF ., increases linearly with
temperature changing the slope when PDF,;,/PDF,,,,=0.142. Wendt and Abraham have first
introduced the structural parameter designated here as Ry which describes the structural
feature of the PDF and then suggested as a quantitative criterion for identifying the
amorphous phase change the Ry 5=0.14. Following works have confirmed that all amorphous
metallic systems studied exhibit this type of behaviour?>-24 37,62,

In practice, following Wendt and Abraham criterion, the T, is found by approximating
PDFin/PDF.x (e.g. &(T)) by two lines and finding the intersection point of two fitting lines
produced by segmented fitting. However, analysis of PDF ;;,(T) instead of using Wendt and
Abraham criterion is significantly more sensitive, apart that is has a clear physical sense
behind. We demonstrate that below in Fig. 7 for amorphous Ni where FSDM is given by
PDF ,in(T) lines.
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Fig. 7. Temperature dependences of PDF,,;,(T) and ¢(T) for amorphous Ni.

As evident from Fig. 7 the kink in FSDM is almost twice sharper for PDF ,;,(T) than for ¢(T)
equivalent to Wendt and Abraham criterion which facilitates determination of T, when
analysing X-ray diffraction patterns. Indeed, for Ni we have tga,/ tgo; = 2-tgos/ tgas.

Discussion

We use in our theoretical treatment herewith the concept first proposed by Angell and Rao of
configurons which are elementary excitations in the congruent bond lattice (CBL)?°. The
bond model e.g. CBL provides straightforward answers if independent bonds are assumed®®.
In this concept each broken bond plus associated strain-releasing adjustments of centres of
atomic vibration is treated as an elementary configurational excitation termed configuron.
Because local adjustments of centres of vibration requires some certain time there are
unrelaxed configurons (instantaneously broken bonds) and relaxed configurons. Unrelaxed
configuron are typical for computer simulations when the cooling rates are unrealistically
high and cannot be achieved in experiments when both unrelaxed configurons are
characteristic for highest cooling schedules and relaxed configurons occur for slower cooling
rates.

The CBL is formed by chemical bonds and the configuron is thus associated with chemical
bond concept which is readily linked to visualisation of bonds — see e.g. Fig. 4. Visualisation
of chemical bonds is indeed an emerging topic in chemistry — see for example®’. By
definition, a chemical bond is a lasting attraction between atoms, ions or molecules that
enables the formation of chemical compounds. Chemical bonds are typically characterised as
covalent, ionic and metallic. Fig. 4 illustrates the configuron formation in a system of
covalent bonds, a similar figure can be readily drawn for ionic bonds as well. The case of
metallic bonds could be considered at first glance somehow different. Indeed, metallic
bonding is considered as resulting from collectivisation of outer shell electrons when each
atom donates valence electrons to the so-called sea of almost free electrons which become
associated with all atoms. However metallic bonding may be also considered as an extreme
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example of delocalization of electrons over a large system of covalent bonds in which every
atom participates. Metallic bonding is hence more collective in nature than ionic and covalent
types. Atoms in metals are attracted to each other in a non-oriented way and this explains
why metals are more easily deformed®’. Nevertheless, effectively the elementary act of
gradual debonding on increase of temperature can be schematically considered as due to bond
breaking although due to high mobility of excitations in metals it is difficult to exactly
localise the configuron to a certain orientation. Notable that recent analysis of glasses relies
as well on structural order parameters detecting sterically favoured structures in the
instantaneous liquid states®®.

As bond breaking is inevitable associated by atomic displacements the direct consequence of
that should be gradual change of coordination number (CN) with temperature for amorphous
materials generically and metallic glasses and melts particularly. That kind of conclusions
follow from the configuron percolation model of glass-liquid transition’-1>%% 70, Moreover,
such kind of change of CN with temperature should be much more evident when the
temperature exceeds T,. It has been confirmed experimentally that CN gradually decreases
with increase of temperature as shown in Fig. 8 below’!.

12.60
. . ”
B [ ]
12.55 —
: [ ] ®
= L
5 12.50 -
12.45 |
L Pdgp 5CuggNiz 5Py °
12.4{}_""""'|IIII|[III||III|IIII|I[||

200 300 400 500 00 70O 800 900
Temperature K

Fig. 8. Coordination number (CN) as a function of temperature for amorphous alloy
Pd4, sCu3oNi; sP;g (Reproduced from”! with permission from Elsevier).

Data from Fig. 8 reveal that the CN changes much faster after T, which conforms conclusions
drawn from configuron percolation model of glass-liquid transition’-'% - 70, However,
temperature changes of CN cannot be used to identify T, whereas data on behaviour of
PDF,,ix(T) and ¢(T) allow readily to identify T,. Temperature behaviour of CN follows
configuron percolation model predictions and is therefore supporting Wendt and Abraham
approach to identification of temperature of glass transition.

Both Wendt and Abraham method, which is based on analysing Rwa(T)=¢(T), and the
method proposed herewith, which is based on analysing PDF;,(T), can be used to identify T,
although the method based on FSDM is more sensitive. It is notable that the proposed method
on analysing FSDM is related to main structural units of glasses which play the most
important role in structural and dynamic features of metallic glasses?2-24 3337, 62, 68,71,
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Conclusions

We proposed herewith to analyse temperature behaviour of FSDM (e.g. PDF i, as a function
of temperature) identifying the temperature where the dependence exhibits a kink and
allocate that temperature to glass transition temperature, T,. The method proposed is more
sensitive compared with empirical criterion of Wendt-Abraham e.g. for amorphous Ni the
kink that determines T, is almost twice sharper. A connection between Wendt-Abraham
criterion and percolation via broken bonds (configurons) in amorphous materials is revealed.
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