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Solid-liquid interfacial energy on crystallization 
in Fe-Si-B alloy glass 

YOSHITAKE NISHI,  KAORU MIKAGI ,  FUMIO KANAZAKI 
Department of Materials Science, Tokai University, Kitakaname, Hiratsuka, Japan 

Isothermal crystallization on ageing is investigated in Fe-1 0at% Si-1 5at% B alloy glass. 
Based on homogeneous nucleation theory, the solid-liquid interfacial energy is estimated by 
use of the nucleation frequency of crystallization. The energy obtained is quite close to that 
estimated by extending Turnbull's assumption for alloys. 

1. Introduction 
Solid-liquid interfacial energy is one of the factors 
controlling the nucleation of a crystal in a liquid. 
Especially, it is very important in controlling dendrite 
coarsening, the decrease in melting point and the 
glass-forming capability. Several attempts have been 
made to estimate the crystal (solid)-liquid (or glass) 
interfacial energy [1-9]. Since the metals are not trans- 
parent and show high melting points, it is difficult to 
measure the interfacial energy precisely. Furthermore, 
no one has determined this energy in a supercooled 
liquid at extremely low temperatures near the glass- 
supercooled liquid transition temperature Tg. Thus, 
the purpose of the present work is to estimate the 
crystal-supercooled liquid interfacial energy obtained 
for F e - S i - B  alloy glass during isothermal ageing 
above Tg. This glass is the one of the most industrially 
useful amorphous materials [10, 11]. 

2. Experimental procedure 
An alloy of F e - 1 0 a t %  S i -15a t% B was prepared 
from high-purity elemental powder: Fe 99.8wt% 
metallic purity, Si 99.99 wt % purity and B 99.8 wt % 
purity. The powders were compacted under high 
pressure with a hydraulic press, and induction-melted 
in an argon-hydrogen atmosphere. Glass plates of 
this alloy of 0.100 -t- 0.01mm thickness were 
prepared by liquid quenching [12, 13]. The amount of 
sample melted in one run was about 0.2 to 0.5 g. The 
samples were melted at about 1600 K by three infrared 
furnaces. A piston-anvil type apparatus was con- 
structed to quench the molten alloy in an argon-  
hydrogen atmosphere. The speed of the piston was 
about 0.12 m sec -1. 

Ageing was performed in a lead bath. The sample 
piece was rapidly dipped into a molten lead bath at a 
desired temperature above the glass transition tem- 
perature controlled within + 1.0 K. The rapid heating 
and cooling rates were about 10 4 and 103Ksec -~, 
respectively [14]. The microstructure change during 
the isothermal crystallization was monitored by 
metallographic observations in optical and scanning 
electron microscopes. 
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3. Experimental results 
The white crystalline particles formed in glass during 
ageing are shown in Fig. 1. As shown in Fig. 2, the 
histograms of crystal size are determined by counts 
on the photographs. Small crystal particles cannot be 
observed below the minimum critical diameter of 
crystalline embryos as calculated by nucleation theory 
[15]. As shown in Fig. 2, the crystal sizes have 
approximately the same number density except for the 
large sizes. The low density is deduced to be caused by 
the experimental error at large sizes. The delay in 
reaching the ageing temperature and the temperature 
distribution induce this error. 

Transformation kinetics are discussed in terms of 
the Johnson-MeN equation [16]: 

X = 1 - exp [ - ( k t )  n] (1) 

Here X is the volume fraction transformed in time t 
and is estimated by use of micrographs and thermal 
analysis on crystallization, k is the kinetic constant 
and can be obtained from the dependence of X on t. 
n is the exponent in the transformation kinetics. If  the 
nucleation frequency Iv and the growth rate U are 
assumed to be constant, the crystallization process is 
n = 4, as measured in the crystallization of 

Figure 1 S EM micrograph of  F e -  10 at % Si-15 at % B alloy glass 
aged for 30sec at 721 K. 
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Figure 2 Histogram of  crystal sizes in F e - 1 0 a t %  S i - 1 5 a t %  B 
alloy glass aged for 30 sec at 721 K. 

P d - C u - S i  alloy glass [14]. The k values obtained are 
listed in Table I and Fig. 3. k is expressed by the 
following equation [17]: 

k 4 = 1.047 IvU 3 (2) 

U can be obtained using k and the nucleation fre- 
quency Iv as in Table I. The growth rate U is listed in 
Table I together with the experimental Iv values. The 
linear plots of U are shown in Fig. 3. Since k, Iv and 
U are usually controlled by atom diffusivity at low 
temperatures far below the nose temperature of the 
time-temperature-transformation TTT curve, these 
factors exhibit Arrhenius temperature dependences as 
shown in Fig. 3. The apparent activation energies E~ 
are 211kJmol -l for k, 234kJmol -l for IV and 
201 kJmol -~ for U, respectively. 

4. Discussion 
4.1. Homogeneous nucleation theory 
For discussing nucleation in glass-forming systems, 
the following expression has been used for the steady- 
state nucleation rate [18]: 

16no 3 "~ 
Iv = NvOa -2 exp (AGv)2RT f (3) 

Here a is the solid-liquid interfacial energy, Nv is the 
number of unassociated molecules per unit volume, D 
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T A B L E  I Experimental results for nucleation frequency Iv 
(m -3 sec-l) ,  growth rate U (m sec l) and kinetic constant  k (sec -1) 
during isothermal crystallization above the glass-supercooled 
liquid transition temperature, sol id-l iquid interfacial energies 
(mJ m -2) (G, an and o- m are for experimental value, for non-metallic 
bonded case and metallic bonded case, respectively) and constants  
(K'  and K") of  Equations 7 and 8 for F e - 1 0 a t %  S i - 1 5 a t %  B 
alloy glass 

Quanti ty Temperature (K) 

681 721 741 761 781 

log I V 15.009 15.562 16.318 16.769 17.262 
log U - 7.939 - 7.193 -- 6.446 - 6.365 -- 5.894 
log k - 2 . 1 9 7  - 1.499 - 0 . 7 5 0  - 0 . 5 7 7  - 0 . 1 0 0  

Case 1 
G 173.2 178.2 178.4 179.3 179.8 
K '  0.400 0.413 0.414 0.417 0.419 
K" 0.189 0.193 0.192 0.192 0.192 
a,  138.4 138.0 137.8 137.5 137.3 
a m 194.7 194.0 193.7 193.4 193.1 

Case 2 
a e 153.7 158.4 158.6 159.6 160.0 
K '  0.400 0.413 0.414 0.417 0.418 
K" 0.189 0.192 0.192 0.192 0.191 
% 123.0 122.8 122.7 122.6 122.5 
~m 173.0 172.7 172.5 172.4 172.2 

Case 3 
% 224.6 231.1 231.3 232.5 233.1 
K '  0.293 0.304 0.305 0.305 0.305 
K" 0.189 0.193 0.192 0.192 0.192 
% 204.3 203.7 203.4 203.0 202.7 
~r m 287.3 286.4 286.0 285.5 285.0 

Case 4 
G 199.3 205.4 205.6 206.9 207.5 
K'  0.351 0.362 0.363 0.366 0.367 
K" 0.189 0.192 0.192 0.192 0.191 
a n 181.6 181.3 181.1 180.9 180.8 
cr m 255.4 254.9 254.7 254.4 254.2 

is the liquid diffusivity for molecular transport across 
the matrix to nucleus interface, a is the molecular 
diameter, R is the gas constant, T is the absolute 
temperature of this transformation and AGv is t h e  
difference between the liquid and crystal of the stan- 
dard Gibbs free energy per unit volume. AGv may be 
expressed by the following equation for large 
departures from equilibrium, using the model sug- 
gested by Hoffmann [19]: 

aGv = aS r (Tm-  T)T/VTm (4) 
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Figure 3 Change in (O) nucleation 
frequency I v, (El) growth rate U 
and (zx) kinetic constant  k with 
temperature in F e - 1 0 a t  % Si -  
15 at % B alloy glass. 



Here ASf is the entropy change on solidification per 
mole, Tm is the melting point and V is the molar 
volume. Based on homogeneous nucleation theory, 
the solid-liquid interfacial energy is estimated by the 
use of the frequency of nucleation, the melting point, 
the entropy change on solidification and the super- 
cooled liquid diffusivity (D). For a simple molecular 
liquid and even for liquid metals, D is inversely related 
to the viscosity (r/) as suggested by Stokes and Einstein 
[18]. Thus it is important to know the viscosity in the 
supercooled liquid in which the concentration of 
solute is the same as that in front of the interface 
between the crystal and the supercooled liquid. 

4.2. Supercooled liquid viscosity 
The supercooled liquid viscosity q (Pa sec) is expressed 
by the equation of Fulcher [20]. r/is calculated from 
the glass transition temperature Tg and the viscosities 
of the liquid at the melting point Tm and the nose 
temperature T, in a calculated TTT curve [12, 13]. Tn 
is expressed by the phenomenological relation 
between Tn and Tm [21] 

r .  = 0.556 T m -t- 218 (5) 

Viscosities in the liquid are estimated from the relation 
between the critical cooling rate and the viscosities at 
T m and Tn [21]. Since the critical cooling rate is 
6.40 x 104Ksec -1 in F e - 1 0 a t %  S i - 1 5 a t %  B alloy 
as measured by the piston-anvil type cooling method 
[22], the viscosity is about 10~4mPasec at T m and 
about 103~ mPa sec at Tn, respectively [12, 13]. 

The viscosity is 1013 mPa sec at Tg [23]. However, it 
is difficult to measure Tg in this alloy. Thus, the tem- 
perature dependence of the viscosity is calculated by 
the use of the growth rate U of the crystallization in 
F e - S i - B  alloy supercooled liquid, because the tem- 
perature dependence of the viscosity has been reported 
to be in good agreement with the crystal growth rate 
in P d - C u - S i  alloys [14]. If  the apparent activation 
energy of the viscosity, which probably exhibits an 
Arrhenius temperature dependence, the supercooled 
liquid viscosity q (mPa sec) is expressed by the follow- 
ing equation in Fe-10 at % Si-15 at % B supercooled 
liquid alloy: 

log q = -1 .135 + 2 9 3 6 / ( T -  342.1) (6) 

4.3. Solid-liquid interfacial energy of 
Fe-lOat% Si-15at% B alloy 

Since it is assumed that the nucleation rate is steady- 
state, Iv is estimated from the results with the optical 
microscope and SEM. These are for samples aged at 
several temperatures in the initial states of crystalliz- 
ation. The solid-liquid interfacial energy ae can be 
obtained using the nucleation frequency Iv in the 
F e - 1 0 a t %  S i -15a t% B alloy, the melting point 
(Tm = 1500K [24]), the entropy change on solidifi- 
cation AS~ and the liquid molar volume V. We esti- 
mate this energy in four cases. 

In the first case (Case 1) ASr (7 .63kJmol - lK  -~) 
and V(=  (atomic weight)M/(extrapolated liquid den- 
sity)~) of Fe are used [25]. ae is 176 _+ 4 m J m  -2 at 
731 4- 50 K in Fe-10 at % Si-15 at % B alloy (Case 1 

in Table I). For calculation in Case 2, use is made of 
the entropy change of iron and the liquid molar vol- 
ume which is estimated by liquid density ~ (kg m 3; 

= 7.34 x 10 3 to 5 x 10-7T) with the tem- 
perature T (K), for F e - 2 w t  % Si-3.5wt % C alloy 
[26] whose properties are deduced to be similar to 
those of the Fe-10 at % Si-15 at % B alloy, are used. 
oe of Case 2 is then 157 4- 3 m J m  -2. oc is 229 4- 
4 mJ m -2 in Case 3 (V is assumed to be for pure Fe and 
the value of ASr (10.63 Jmo1-1K -1) is assumed to be 
an arithmetic mean of the entropy changes on solidifi- 
cation for pure materials in Case 3. Here ASf are 
24.9 J mol-1 K-1 [27] for silicon and 20.3 J tool 1 K 1 
for boron [28].) In Case 4 (the value of V for the 
F e - 2 w t %  S i -3 .5wt% C alloy and the arithmetic 
mean of ASr for F e - 1 0 a t %  S i -15a t% B alloy are 
used) oc is 203 4- 4 m J m  -2. The values of(r e obtained 
are between 154 and 233mJm -2, while the tem- 
perature dependence of ae is small. 

4.4. General expression for the interfacial 
energy 

Several equations for ~r, the solid-liquid interracial 
energy, have been suggested by the use of various 
assumptions [6, 7-9]. However, these equations are 
classified into two types of expression: 

a = K ' A S r T m  
N1/3 V2/3 (7) 

, , /  "~AS: 2/3 
o- = K ~--V-) (Tin+ T)2/3T~/3 (8) 

Here N is Avogadro's number. K'  and K" are con- 
stants which depend on the assumptions made. 
Equation 7 is applied by Turnbull [6] and Spaepen [7] 
while Equation 8 is applied to the assumptions of 
Thompson and Spaepen [8] and Uhlmann's exper- 
imental results for SiO 2 [9]. 

Values of K'  in Equation 7 are 0.45 for metallic 
bonded elements (0.445 for iron, 0.444 for nickel and 
0.45 for palladium) and 0.32 for non-metallic bonded 
elements (0.302 for antimony and 0.33 for bismuth 
[6]). The arithmetic mean of K'  is 0.41 and is equal to 
the experimental values (K' = 0.41 4- 0.01 of Cases 1 
and 2, K'  = 0.36 _+ 0.008 in Cases 3 and 4). Thus, 
the experimentally obtained interfacial energy is 
approximately equal to the energy calculated by the 
extended Turnbull's assumption for alloys, while the 
experimental value is far from the K'  values for pure 
metallic ( K ' =  0.445) and non-metallic elements 
(K' = 0.32). The result is concluded that 25a t% 
addition of metalloid elements translates the bonding 
state of iron. 

It is important to investigate the change in the 
interfacial energy with the temperature in supercooled 
liquids. Some noteable work has been done in this 
field [1, 9, 29]. Equation 8 depends on temperature. 
The value of K" in Equation 8 is 0.191 4- 0.002, 
which is about 0.76 times smaller than that of the 
Thompson-Spaepen assumption (K" = 0.252) [8]. If  
this equation is applied to this alloy, increases in o- are 
found and the increases are 64.2 4- 12.0mJm 2 at the 
melting point. 
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Ewing suggests the temperature dependence of the 
interfacial energy as following the equation [30]. 

a = a l l -  AST (9) 

o- h is the enthalpy term of the interfacial energy and AS 
is the entropy change from liquid to crystal. The 
values obtained show a change (1.8 + 0.2rnJm 2 
between 721 and 781K, 7.4 _ 1.1mJm -2 between 
681 and 781 K) with the ageing temperature. If AS is 
assumed to be 0.012 and 0.74mJm-2K in this alloy, 
increases in a are by about 13 and 53mJm -2 at the 
melting point. 

Although these values are not close to the a values 
estimated by Equation 8, the temperature dependence 
of the solid-liquid interfacial energy is found and the 
energy increases with increases in temperature. 

Further experiments to explore this result and other 
alloy glasses are in progress. 

5. Conclusion 
Based on homogeneous nucleation theory and the 
supercooled liquid viscosity, crystal-supercooled 
liquid interfacial energies are estimated by the use of 
the nucleation frequency, the viscosity in the super- 
cooled liquid and the melting point of an Fe-10 at % 
Si-15at % B alloy. The obtained solid-liquid inter- 
facial energy is found to be quite close to that esti- 
mated by the extended Turnbull's assumption for 
alloys. Considering the Turnbull's and Thompson- 
Spaepen's assumptions, modified expressions are sug- 
gested. 
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