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1—1 A Kinetic Treatment of Glass Forming Ability of Solids

ABSTRACT
In this paper, we calculate the maximum nucleation rate Im, the maximum crystal growth rate Umn
and the critical cooling rate in some materials and discuss the glass forming ability of various amorphous

solids.

1. INTRODUCTION

Recently, much progress has been made in both the basic theory and technology of amorphous
solids which have became an important new branch of material science.

The theory of glass forming is one of the important subjects in the field of amorphous solids, It is
of great significance for the understanding of complex phase — transformations and for the fabrication of
new and high quality amorphous materials. A number of authors have discussed the formation of solids. |
Z.Zheng gaves review on this subjects!!}. Many people were studying the glass forming ability by

B3 and Clavaguenam have calcu-

means of crystallization kinetics. For example, Uhlmann!?!, Davies
lated the critical cooling rate by means of drawing transformation — ternperature — time diagrams for sev-
eral materials, starting from crystallization kinetics. Vreesvijk et al'®! have studied this subject from .
the point of view of nucleation kinetics with the consideration of transient effects. Uhlmann'®! also dis-
cussed the influence of the non — uniform nucleation of the formation of amorphous solids. Although the
results deduced by Uhlmann, Davies and Calvaguera from drawing T— T — T diagrams agree fairly well
with the experiments results, this is an arduous procedure. The work of Vreeswijk etal. I5] be facilitat-
ed with the help of the computer, these authors have not considered the factor that the different materi-
als have different growth rater. Therefore the critical cooling rate is at variance with the experimental
results in their calculations for some materials.

This paper first gives a calculation of the temperature of the maximum value of the nucleation rate
and growth rate, and then of the maximum nucleation and growth rate. Finally, the critical cooling rate
is calculated by using an analytical formula instead of drawing T— T =T diagrams. Thus the method of
finding the critical cooling rate is simplified. It is found that the result agree well with the real case.

2. CRYSTALLIZATION DYNAMICS

According to the crystallization theory developed by Tumbull and Uhlmann, assuming uniform nu-

cleation in the overcooled melt, the nucleation rate I can be expressed ast4!

= 167> T,
3magy 3AHART*(T,, — T)*]

(1)



Where, NY is number of molecules per unit volume, k is the Boltzmann constant, ag is the molecular
diameter, 7 the coefficient of viscosity, o the surface interface enthalpy between nucleus and liquid, A

Hm the enthalpy of melting, R the gas constant. Tm the melting temperature, T the temperature of the

liquid.
The growth rate of crystallization U can be expressed bym
_ AH, (T, —T)
— 1— —_=miom 7 2
U 37ra37][ exp( RT,T )] (2)

In this formula, f represents the fraction of sites on the interface where atoms may preferentially be
added or removed. The interface is rough for materials with little melting enthalpy (AHm<2RTm), f
=1, and the interface is smooth for materials with large melting enthalpy!?!, f= 0.2(Tm—T/Tm).

The viscosity has a strong dependence on temperature, generally described by the Fulcher equa-
tion!®] ‘ '

7=A ep[B/R(T-T,)] (3)

where A is a pre — exponent constant, B is a parameter connected with activation energy, Ty is the
transformation temperature of the ideal glass.

For o, we use an empirical relation

o = aAHm (4)
where a=0.32, so

c=0.32AHn (4”)
We substitute Eq (3) and (4’) into (1) and (2), and let
a=k/3aA,B=%,6=ﬁn, and

_ 167 (0.32)*AHT},
=73 R
and obtain
[ - v/T (T~ T)] )
exp[B/(T - Ty)]
exp[B/(T—-Ty)]
To determine the temperature at which I reaches its maximum value, we set dI/dT=0 and obtain

pry 2y 3y -
(Ty-Tn? ToTn-To) T Tm-T, 2 ° ™

The values of T} obtained from this equation are listed for several materials in Table I.

I=N0VaTezp

U=ﬁloT

1+

In the some way, to determine the temperature Tu at which U reaches its maximum value, we set
dU/dT=0, and obtain
' _B. B 61-T /T )
Tt 2t - (L 2 om0 nm = 8)
The value of Tu obtained from this equation can also be found in Table I.
The values Im obtained by calculation for the maximum nucleation rate can be found in Table I.

Just in the same way, by substituting the value of Tu into Eq. (6), one obtains the values for the
—_— 4 —



maximum growth rate list in Table 1.

Table 1.Calculated data for the temperature and magnitudes of maximum nucleation and crystal-

lization rates for various materials.

P05 GeO, As)O5 BeF, ZnCl, BiCl, CCl,
Ti(k) 540 870 690 760 350 310 150
Tu(k) 820 1310 990 1030 530 440 220

L{cm %) [1.4x107% 2.2X107% 5.9x10" 3.6x1073 5.7x10°Y 1.4x10° 1.6x 10"

Uy(em™3s™!) |4.9x107° 2.5X107¢ 8.8X107* 4.0x10°% 1.2x1077 1.1x107% 1.1x107"

CeHs NaCl Na,CO4 NaNO, Cu Sn Pb
Ti(k) 170 660 700 350 850 310 370
T.(k) 240 930 1050 490 1100 380 470

L(an™3s7Y) [2.7x1072 3.5x10° 3.7x10* 2.2x10° 3.8x10% 1.9x10%® 5.4x10%

Un(em™3s7Y) |3.0%x1072 1.4 1.6x10°1 3.8x10°! 8.6x107! 8.0x107! 3.5x107!

The criterion for glass formation is obtained by asking how fast the cooling rate need be to avoid
obtaining crystallites. Now we consider a material with a definite melting point and neglecting the tran-
sient effect. With the time interval t, for small y value, the relation between percentage of volume

crystallization y and uniform nucleation rate I is
x x % KIU 3 t4 . (9)
Substituting Egs. (5) and (6) into (9), we obtain

1 B/T=Ty) +r/aT(T, - T
oT [1-e HT/T-17]3/4

)1/4 (10)

£=( 3x
N3 f?
From Eq. (10), we get the temperature Ty at the minimum value of t. The equation obtained
from formula (10) yields

451“%‘] + 3r _ ) 2r - 361‘»1 (11)
(Tn = To)? To(T, - Tn)* Tn(Tm - Tn)’ [T/ v~ — 1]

Generally we suppose that the percentage of volume crystallization with the value of X = 107% is

4Ty +

clearly measurable, i.e. the detectable concentration of crystallization. We take the value X =10 “6as
critical percentage of volume crystallization, i.e. when ¥ is less than 107°, an amorphous solid has
been formed.

Using Eq. (11), we calculated the critical volume for several materials. The results are listed in
Table II. Substituting the value of Ty into Eq. (10), one obtains the values of ty listed in Table II. So
the critical cooling rate Q" is obtained from

Q" ~(T, - Tn)/in (12)
The results are also listed in Table II.
Table II. Calculated data of Ty ty, and Q * for fourteen materials



P05 GO, As,O BeF, ZnCl PbBr,
T(K) 594 965 753 790 79 408
Tn(s) 2.3x 10" 3.9%x10°  6.8x107%  3.2x10’ 5.8x10°  2.2x107?
Q" (K/s) 1.1x107"  1.0x107°  4.6x10° 8.7x10°¢ 2.9x107° 1.0x10*
BiClL, CCly GeHs NaCl NaNO; Na,CO;
Tv(K) 328 160 176 685 367 767
Tn(s) 1.4x107%  2.0x107! 3.6 2.5%107*  3.9x1073 0.16
Q" (K/s) 1.3x10* 4.5x 10 2.9%X10 1.6 % 10° 5.5%10° 2.3%x10°
Ne, S0, Na, WO, Ag Cu Sa Pb
Tn(K) 627 753 812 901 318 393
Tn(s) 1.0x107°  4.8x107° 1.3x10"% 1.2x1077 1.2x10"%* 1.7x1077
Q" (K/s) 3.4x10° 8.5X 10° 3.3%10 3.9x10° 1.6x10 1.3x10°

3. DISCUSSION

(1) According as the calculated data listed in Table I. The glass forming ability of fourteen kinds
of materials can be arranged as follows in order of (T, —T})/T) value:
ZnCly—>P50s—>GeO,—>Na, 005 —> As,0;—>CCl,—~CsHs—>NaCl—>BiCl>NaNO;—~Cu—Pb—~>Sn.  To
campare with these relatively o low (Sn, CsHg and CCl;) or too high (As,O;) values as calculated
by Vreeswijk et al’ our calculated data better agree with the experimental results. It can be conclud
that (T, —T})/T) is one of the criteria for the glass forming ability of materials’.

(2) In this method, we have calculated the critical cooling rate for some materials for forming
amorphous solids. On the whole, the results agree with the experiment results. From the value of Q*,
it can be seen that the cooling rate necessary for the formation of amorphous solids very widely among
various materials (e.g. in our calculation, the variation is of the order of 10%). Therefore, some ma-
terials can form amorphous solids under the condition of free cooling, but some materials have not been’
transformed into amorphous solids with the present techniques.

(3) Generally speaking, some materials are good glass formers, because not only their nucleation
rate is low, but also their growth rate is comparatively low, and its maximum nucleation rate has a
great variation with its growth rate, i.e. their overlap is small. This is the reason why some materials
are hard to be transformed into crystals in nature. Even if they have nucleated, there is no condition
for growth. On the other hand, if the growing condition is offered, the nuclei are missing.

In contrast, some materials are good crystallization formers, not only because their nucleation rate
is high, hut also their growth rate is comparatively large, and maximun nucleation rate is close to the
maximum value of the growth rate, i.e. their overlap is large. This is also accounts for the reason why
some materials are hard to be formed into amorphous solids. That is, once they have nucleated, proper
condition is provided for their growth, and their nucleation rate is high, the growth rate is also large.

All these situations can be summarized in Fig. 1, 2, and 3. In addition, we have calculated the

-6 —



Tm
Tu > Um

——

T| Im.

Fig. 1. Amorphous solids with good Fig.2.Normal amorphous solids s

Glass — forming ability
growth rate at the maximum nucleation rate and the nucleation at the maximum growth rate for Cu and
GeO,. For example, the nucleation rate at the maximum growth rate is 5 X 10" em ™ 3s 7! for Cu, but
the value tends to be zero for Ge(O, .

(4) For different materials, the maximum nucleation rates differ greatly. Among the materials we
have calculated, for example, the maximum nucleation rate for P,Os is 1.4 X 10 ¥em™3s7!, while
for Cu3.8%10%cm ™ 3s™!. The variance of the maximum nucleation rate for the two materials is of the
order 10°. However, the variance of the maximum growth rate for various materials such as P,Os(Um
=4.9%10 %cm/s) and Cu (Um=8.6 %10 *cm/s) is of the order 10°.

(5) The value of 7 has a considerable influence on the nucleation rate, growth rate, and the criti-
cal cooling rate (In our calculation, the changing range is of the order 102), i.e. B affects them re-
markably. It is easier for the materials with larger B value to form amorphous solids while other data
have small differences. The A Hm value affects the
nucleation rate and the cooling rate considerably, but not
the growth rate. It is easier for the materials with higher A

Hm value to form amorphous solids while other data have T
u

small differences.

On the other hand, it is easier for the materials with T
higher Tm value to form amorphous solids than with lower
Tin value. This result indicates that when metals are formed

into alloys and the point of co — crystallization is lower than

the melting point of the original metals, the cooling rate de-

. . . Fig.3.Good crystallization solids
creases. So it is easier to form amorphous solids.
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1 -2 Theoretical Study of the Raman Spectrum
in a— Si;- . N, :H Films

The vibrational excitations in a — Sij- N, : H films are calculated in terms of a simplified amorphous
cluster. The main vibrational modes as well as correlative frequencies and intensities are obtained. By
means of a random substitution of nitrogen atoms for silicon atoms the phonon density of states at differ-
ent x values are deduced. It can be found that the results are in accord with the experimental Roman
spectra.

Die Schwingungsanregungen in a — Si; - ;N : H— Schichten werden mit einem vereinfachten amorphen
Cluster berechnet. Sowohl die mittleren Schwingungsmoden als auch die Korrelationsfrequenzen und —
Intensititen werden erhalten. Mittels statistischer Substitution von Stickstoffatomen fiir Siliziumatome
wird die Phononenzustandsdichte bei verschiedenen x — Werten abgeleitet. Es wird gefunden, daf die

Ergebnisse in Ubereinstimmung mit experimentellen Ramanspektren sind.

1. Introduction
The Raman scattering technique has been used to investigate the structural disorder in amorphous Si ~
based alloys and revealed to be a useful tool [1]. In order to help analysing experimental Raman spec-
tra, it is necessary to clarify the main vibrational modes in amorphous silicon materials theoretically.
Furthermore, it is desirable to know how the corresponding modes change, as the microstructure of the
materials changes. Thus some useful information for analysing Raman spectra can be provided. There-
fore, in this paper several typical clusters are constructed for a — Si; - N, : H films and their vibrational
modes are calculated. By means of a statistical average method on the basis of a random distribution,

the phonon density of states (PDOS) is obtained and the results are compared with experiments.

2. Caleulation Method
After some of the clusters were calculated, we paid attention to two kinds of simplified clusters shown
in Fig. 1. Since the hydrogen atom has small effect on Raman shift, there is no hydrogen atom in our
cluster. We assumed that there is no nitrogennitrogen bond, as the content of nitrogen is not high. For
the two clusters, when the local vibrational modes of its central atom are investigated, effects of the
atoms not only at nearest neighbour sites but also at next neighbour sites, are considered. Although we
discuss a simplified cluster, the essential vibrational modes in the sample are involved.
We used a valence force field model with the Keating potential[2 ], that comes from [3], and ob-
tained a force constant matrix
P*V(KP
%=\ Fupoud

u=0



1 X

Fig.1. The two clusters discussed by us. The solid circle
represents a silicon atom and open circle represents a ni-
trogen atom '

Where V(KP)is the Keating potential, u{ the a — th component of the displacement vector of the
I —th atom. Then the cigen cquation is

2 S‘ afe T = me e,
where my is the mass of the I — th atom, e} the a — th component of the eigen vector of the I—th
atom. Through numerical ealculatlon the eigen frequencies and the eigenvectors were obtained, while

each eigen vector was fitted to the nomalizing condition

le ()%=
Because of the existence of random structureal relaxation in an amorphous solid, each spectral line
obtained from the calculation, in fact, should be a band with certain width. Therefore the local phonon
density of states(IL.PDOS) of the I — th atom may be written as the Gauss distribution,

Q@)= SHe| - {222,

where the weight factor H; is the intensity of the ; — th vibrational mode and it may be obtained from
the equation
3

H= 2 1ef(D1%,
where o is the width of the corresponding spectral line and is estimated to be 10cm ™!

Let the a — Si; - . N, sample consist of Matoms, of which M; atoms are silicon and M, atoms nitro-
gen, and x = M,/ M. For given x — value, the number of nitrogen atoms distributed into each cluster is
not definite. If the occupation of a site by a silicon or nitrogen atom is stochastic, the probability of the
occupation of Z sites by nitrogen atoms in the cluster with N atoms can obey a super — geometrical dis-

tribution,

ChEc
Pum,n(Z)=" 31— c% ,
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where C;,=m! /n! (m—n)!.Taking account of M and M,>>N and Z and using Stirling’ s ap-

proximation,



Inm! =m(lnm-1),
we obtain

Py, n(Z)=Pn(x, Z) = CR*(1 - )N 72,
Thus the PDOS in an a — Si; -, N, : H sample can be deduced from [.PIDOS of various clusters with dif-
ferent Z value, It can be written as

Qt(w)= ;;PN(Iv Z)Q](CU,Z),

where the sum over I is over the central atoms of the cluster — assigned Z value.

3.Result and Discussion

3.1The vibrational modes

The dominant vibrational modes obtained from our cluster are shown in Fig.2 and some of their
properties are shown in Table 1. It can be seen that the vibrational frequencies arising from the Si — N
bond are higher than the corresponding vibrational frequencies arising from the Si — Si bond. However,
the behaviour of the TA — like vibrational modes is different from that of the TO — like modes. The TA
— like modes indicate the collective vibration of a cluster. When a silicon atom is substituted by nitro-
gen, the total mass of the cluster is slightly diminished, which results in a small increase of the frequen-
cies of TA — like modes. As contrasted with TA — like modes, the TO — like modes indicate the relative
vibration among atoms in a cluster. With silicon substituted by nitrogen, the equivalent mass of the clus-
ter and the bond lengths among atoms are changed. Therefore the frequencies of the TO — like modes

are so much moved that some new frequencies appear in further sites.
»* ’ .
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Fig. 2. The main vibrational modes obtained from cluster A



