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Analysis of reversible resistivity changes during 
structural relaxation in CossFesNi10Si11B16 
metallic glass using different kinetic forms 
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Department of Materials Science and Technology, Technological University of Nagaoka, 
Nagaoka, 940-21, Japan 

Resistivity changes during structural relaxation in pre-annealed Co58Fe5Ni10Sill B16 metallic 
glass were measured as functions of annealing temperature (280 to 400 °C) and time and their 
kinetics were analysed using two different kinetic forms. In the case of the non-linear kinetic 
form which is expressed as ~ = exp [ -  (t/~rn)n], the values of mean activation energy, E,, and 
mean pre-exponential factor, z0, are 1.84eV and 2.88 x 10 -13 sec, respectively, and it was 
found that the quality of data fitting to the calculated curve with a constant value of n = 0.35 
was excellent. In the case of the log normal kinetic form which was developed by Nowick and 
Berry, the values of E a and % are 1.75eV and 2.4 x 10 -12 sec, respectively, and the quality of 
data fitting to the calculated curve with a constant value of fl = 4.5 was good, except for the 
slight deviation in the large value of log (t/Zr,), where fl is the width of the distribution of 
relaxation times. The kinetic parameters obtained in the present study were compared with 
various reported values. 

1. Introduction 
The relaxation of various properties in metallic glasses 
is generally not described by a single relaxation time 
and it is often convenient to describe the relaxation 
process of metallic glasses in terms of the distribution 
of relaxation time [1]. Two kinetic forms have often 
been used in phenomenological descriptions of the 
relaxation process of amorphous materials. One is a 
non-linear kinetic form expressed as 

P( T, t) - Po~ 
= $ = exp [ -  (t/~m) n] (1) 

Po -- P~ 

"C m = zoexp(Ea/kBT) (2) 

where P0 and P~ are initial and equilibrium physical 
properties in amorphous materials, "c m is the mean 
relaxation time, n is a constant with 0 ~< n ~< 1 and 
means the width of the distribution of relaxation 
times, z0 is the pre-exponential factor, Ea is the activa- 
tion energy of the relaxation process and kB is the 
Boltzmann constant. This non-linear kinetic form has 
been widely used not only in the relaxation of metallic 
glasses [2-4] but also in the relaxation of oxide glasses 
[5, 6] and polymer glasses [7]. 

The other form is a log normal kinetic form (normal 
log gaussian distribution in relaxation times) which 
was developed by Nowick and Berry [8]. According to 
Nowick and Berry, the relaxation function ~ can be 
expressed by the following equation 

I// - -  ~1/2 fTc~ exp (-- u 2) exp [-- exp ( y -- flu)] du 

y = ln(t/Zm) 

1 
u = ~ln('C/Zm) (3) 
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where fl is a parameter representing the width of 
the distribution of relaxation times and "c m is the 
mean relaxation time. A numerical integration of 
Equation 3 was reported by Nowick and Berry [8]. 
Although the above equation is very complicated for 
the fitting of experimental data, several authors [9-14] 
have used this kinetic form for the study of relaxation 
process of metallic glasses. 

To date, however, no experiment comparing the 
above two kinetic forms using the same experimental 
data has been reported. It would be very worthwhile 
analysing the relaxation process of metallic glasses 
using the two different kinetic forms and comparing 
the quality of data fitting and values of kinetic 
parameters. In this paper, the kinetics of resistivity 
changes caused by isothermal annealing in the 
temperature range 280 to 400°C in pre-annealed 
Co58FesNi10SixlB16 metallic glass has been analysed 
using two different kinetic forms (non-linear and log 
normal), and the quality of data fitting and values of 
kinetic parameters have been compared. Because the 
electrical resistivity is very sensitive to changes in 
local atomic rearrangements and measurements of 
resistivity can be made very accurately, the method 
combining measurements of resistivity changes with 
quench experiments has been widely used for the study 
of relaxation in metallic glasses [3, 4, 9, 14-17]. A 
CossFesNi10SiHB16 metallic glass is zero-magneto- 
strictive and, therefore, soft magnetic properties of 
this metallic glass have been studied extensively 
[11, 18, 19]. 

2. Experimental procedure 
A Co58FesNi~0Si.B~6 metallic glass was prepared in 
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the form of a ribbon, about 20#m thick and 1.5mm 
wide, and rapidly quenched using a single roller 
casting apparatus. Measurements of electrical resistiv- 
ity were made using a four-point probe method. As- 
quenched samples were spot-welded carefully by small 
copper wires. The samples were annealed in a furnace 
at a constant temperature. During annealing, nitrogen 
or argon gas flowed around the samples to prevent 
their oxidation. After each predetermined time inter- 
val, annealing was interrupted and the samples were 
quenched in acetone to room temperature. Then, the 
samples were immersed in liquid nitrogen (77 K) to 
measure the electrical resistivity. All the measure- 
ments were made at the reference temperature 77 K. 
The relative resistivity changes, AQ/Q0, were calculated 
as functions of annealing temperature Ta and time t,, 
where 0o is the initial resistivity (& = 0) and A0 is 
equal to the resistivity changes caused by annealing, 
A0 = 0 (T,, ta) -- 00- 

3. Results and discussion 
3.1. Resistivity changes caused by isothermal 

annealing 
It is well known that in as-quenched metallic glasses 
which contain two or more kinds of transition metal 
atoms, both irreversible and reversible resistivity 
changes occur during structural relaxation, while in 
pre-annealed metallic glasses which were annealed 
near the glass transition temperature, virtually only 
reversible resistivity changes occur on annealing at 

~temperatures below the pre-annealing temperature 
[3, 4, 14-17]. The scope of the present paper is 
limited to consideration of kinetics of reversible 
resistivity changes in pre-annealed samples. It has 
been reported [19] that the resistivity changes due 
to thermal annealing in Co58.3Fea.vNi,0Si11B16 metal- 
lic glass pre-annealed at 470 ° C for 60 min, are almost 
reversible, and, therefore, the pre-annealing of 
C%sFesNi10Si11B,6 metallic glass which was used in 
the present study was carried out at 470 ° C for 60 rain. 
The crystallization temperature of this metallic glass is 
525  ° C, which was determined by differential scanning 
calorimetry at a heating rate of 10 ° C min -1. 

The resistivity changes caused by isothermal 
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Figure 1 Equilibrium resistivity changes (A~o/Q0)eq as a function of 
annealing temperature in pre-annealed Co58 Fe 5 Nij0 Si u BI6 metallic 
glass. 
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annealing in pre-annealed Co58 Fe5 Nil0 Siu B,6 metallic 
glass were measured at various temperatures ranging 
from 280 to 400 ° C and it was found that the values of 
resistivity changes increase as a function of annealing 
time toward an equilibrium value (A0/00)~q which 
depends on the annealing temperature. The equi- 
librium values of resistivity changes in isothermal 
annealing are plotted in Fig. 1 as a function of anneal- 
ing temperature. As can be seen in Fig. 1, the equili- 
brium values lie on the same straight line for the 
annealing temperature range from 310 to 400°C and 
its line intercepts the annealing temperature of 470 ° C, 
which is the pre-annealing temperature of this metallic 
glass. Using equilibrium values shown in Fig. 1, the 
resistivity changes caused by isothermal annealing 
were normalized and the normalized resistivity 
changes (AO/Qo)/(AO/Oo)e q a r e  shown in Fig. 2. The 
equilibrium values at Ta = 280, 290 and 300°C were 
obtained by extrapolating the equilibrium values at 
high annealing temperatures. 

3.2. Analys is  of exper imenta l  da ta  
The normalized resistivity changes shown in Fig. 2 
were first analysed using the non-linear kinetic form 
expressed as Equation 1. As the values of mean relaxa- 
tion time, zm, at each annealing temperature, T,, three 
relaxation times which are equal to the time at ~ = 
l/e, 0.5 and 1 - 1/e were taken, where ~ is the 
relaxation function and corresponds to the values of 
1 - (AO/Oo)/(AO/Qo)e q and the value of e is 2.718. The 
relationship between Zm and T, is shown in Fig. 3, and 
it is clear that the mean relaxation time obeys 
an Arrhenius law. The values of the constant n in 
Equation 1 were estimated from the relationship 
between log ( - i n  ~O) and log ( t /Zm) shown in Fig. 4. 
The obtained values of activation energy, E,, pre- 
exponential factor, z0, and the constant n, are sum- 
marized in Table I. The quality of fitting of experi- 
mental data to the theoretical curve expressed by 
Equation 1 is shown in Fig. 5, where the values of z= 
correspond to the time at ~ = 1/e. It can be seen from 
Fig. 6 that the resistivity changes at the different ann- 
ealing temperatures can be brought into a single mas- 
ter curve with the value ofn  = 0.35 and the quality of 
fitting is excellent. As can be seen in Table I, the values 
of Ea, z0 and n are almost the same irrespective of the 
method of determining the values of mean relaxation 
time, zm. The mean values of E~, z0 and n are 1.84 eV, 
2.88 x 10 -13 sec and 0.35, respectively. 

Next, the normalized resistivity changes shown in 
Fig. 2 were analysed using the log normal kinetic form 
expressed as Equation 3. It was found that the value 
of fl lies in the range 4.2 and 4.6, depending on the 
annealing temperature, Ta. The values of Zm which 
were estimated from the time at ~ = 0.5 and the 
values of fl are plotted against 1/Ta in Fig. 6. As can 
be seen in Fig. 6, the mean relaxation time obeys an 
Arrhenius law. The estimated values of mean activa- 
tion energy, Ea, and mean pre-exponential factor z 0 
are 1.75eV and 2.4 x 10-~2sec, respectively. The 
quality of fitting of experimental data to the theoreti- 
cal curve with fl = 4.5 expressed by Equation 3 is 
shown in Fig. 7. The quality of fitting of experimental 
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Figure 2 Normalized resistivity changes (AO/Oo)/(A~O/Oo)eq 
in isothermal annealing in pre-annealed Co58FesNit0 
Sill Bt6 metallic glass. 

data is good except for the slight deviation in the large 
values of  log (t/rm). 

3.3. Comparison of two different kinetic 
forms 

From the quality of data fitting shown in Fig. 5, it is 
clear that the resistivity changes due to thermal 
annealing in pre-annealed Co58 Fe5 Nij0 Six~ B~6 metallic 
glass can be well described using the non-linear kinetic 
form with a constant value of n = 0.35. The log 
normal kinetic form is also good as shown in Fig. 7. 
It is very interesting that the relaxation process of 
Co58 FesNil0 Sill  B 16" metallic glass can be described 
satisfactorily using the non-linear kinetic form which 
is very simple compared with the log normal kinetic 
form, as well as in the case of oxide and polymer 
glasses, and this indicates that the non-linear kinetic 
form is useful as a common relaxation function for the 
comparison of  relaxation processes in various amor- 
phous materials. 
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Figure 3 Dependence of  the mean relaxation time, Tm, on the 
annealing temperature, T,, for resistivity changes in pre-annealed 
Co58 Fe 5 Nil0 Si H B I6 metallic glass. The values of  z m correspond to 
the time at tp = 1/e (0), ~ = 0.5 (e)  and ~ = 1 - 1/e (zx). 

The values of mean activation energy, Ea, and mean 
pre-exponential factor, ~0, estimated using the non- 
linear kinetic form (Ea = 1.84eV, r0 = 2.88 x 
10 -13 sec) are somewhat different from those esti- 
mated using the log normal kinetic form (Ea = 
1.75eV, r0 = 2.4 x 10 -~2 sec). This difference would 
arise from the differences in the method of deter- 
mining the values of mean relaxation time, rm. That is, 
in the non-linear kinetic form, the mean relaxation 
time corresponds straightforwardly to the time at 
~k = 1/e (or 0 = 0.5, 0 = l - l / e ) ,  while in the log 
normal kinetic form, the mean relaxation time is 
determined from the time at ~k = 0.5 and the values 
o f / / ,  where the value of/~ changes with annealing 
temperature. 

Several authors [2-4, 10-13] have examined the 
kinetics of  property changes such as resistivity and 
field-induced magnetic anisotropy in various metallic 
glasses using the non-linear kinetic form or the log 
normal kinetic form. The reported kinetic parameters 
are summarized in Table II. It can be seen from 
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Figure4 Relation between l o g ( - l n ~ )  and log(t/Zm) in pre- 
annealed Co58 Fe 5 Nil0 Sill BI6 metallic glass. ~b is the relaxation func- 
tion and corresponds to the values of 1 - (A~/Q0)/(AQ/Q0)¢q. z m 
corresponds to the time at 4J = 1/e (line A), ~b = 0.5 (line B) and 
~k = 1 - 1/e (line C). (O) 280°C, (O) 300°C, (,x) 320°C, (A) 
340 ° C. 
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T A B L E  I Kinetic parameters estimated using the non-linear 
kinetic form ~, = exp [-( t /z~)"]  for resistivity changes in 
the temperature range 280 to 350 ° C  in pre-annealed 
CossFesNi~0SitlBl6 metallic glass. Ea is the activation energy, z 0 is 
the pre-exponential factor and n is the constant  of  the relaxation 
function. 

]Tin 

= 1/e 0 = 0.5 0 = 1 -- 1/e 

E a (eV) 1.84 1.86 1.81 
r o (sec) 6.00 x I0 ~3 1.40 × 10 ]3 1.25 × 10 -j3 
n 0.35 0.35 0.35 

Table II that the value of n in the non-linear kinetic 
form is around 0.4 almost irrespective of the com- 
position of metallic glasses, while the value of fl in the 
log normal kinetic form is distributed widely in the 
range of 3 and 6. Chambron and Chamberod [11] have 
examined the kinetics of the formation of field- 
induced magnetic anisotropy in Co58FesNi~0Sil~B16 
metallic glass pre-annealed at 480 ° C for 20 rain using 
the log normal kinetic form and reported the values of 
Ea = 1.85eV and z 0 = 5 x 10-i6sec. These values 
are somewhat different from those for resistivity 
changes obtained in the present study. 

Yokota et al. [19] have suggested that the resistivity 
changes in pre-annealed Co58.3Fe4 .7NiwSi l iB16  m e t -  

a l l i c  glass are due to the chemical short-range ordering 
among transition metal atoms. Recently, Komatsu 
et al. [17] have shown that the resistivity changes 
during structural relaxation in pre-annealed 
(COl_xFex)7sS i l0Bl5  metallic glasses are largely affected 
by the Co/Fe ratio and are attributed to reversible 
changes in the degree of short-range ordering (SRO) 
between cobalt and iron atoms. Komatsu et al. [4, 15] 
have also suggested that the resistivity changes in 
pre-annealed Fe-Ni based metallic glasses are due to 
reversible changes in the degree of SRO between iron 
and nickel atoms. 

From these previous studies, it is considered that 
the resistivity changes caused by isothermal annealing 
in pre-annealed C o s s F e s N i 1 0 S i l l B 1 6  metallic glass 
shown in Fig. 2 are due to changes in the degree of 
SRO among cobalt, iron and nickel atoms and, thus, 
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Figure 5 Resistivity changes ~p = l --(AQ/00)/(AQ/00)~q caused 
by isothermal annealing at various temperatures as a function of  
log (t/Zm) in pre-annealed CossFesNi10SillB16 metallic glass, z m 
corresponds to the time at ~k = 1/e. Solid line is a theoretical curve 
expressed by Equation 1. (o)  280 ° C, (O) 300 ° C, (A) 320 ° C, (A) 
340 ° C. 
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Figure 6 Dependence of the mean relaxation time, z m, on the 
annealing temperature, T a, for resistivity changes in pre-annealed 
C058 Fe 5 Nil0 Sill BI6 metallic glass. 

the kinetic parameters of resistivity changes obtained 
in the present study may correspond to those of the 
formation of short-range order. 

4. Conclusions 
Resistivity changes caused by isothermal annealing in 
pre-annealed C058FesNi10Si1~B16 metallic glass were 
measured and the kinetics of resistivity changes were 
analysed using two different kinetic forms. In the case 
of the non-linear kinetic form, the values of mean 
activation energy, Ea, and mean pre-exponential fac- 
tor, 30, are 1.84eV and 2.88 x 10  -13 sec, respectively, 
and it was found that the quality of data fitting to the 
calculated curve with a constant value of n = 0.35 
was excellent. In the case of the log normal kinetic 
form, the values of Ea and 30 are l~75eV and 
2.4 x 10 -12 sec, respectively. The value offl is in the 
range 4.2 to 4.6 and the quality of data fitting to the 
calculated curve with a constant value offl = 4.5 was 
also good, except for the slight deviation in the large 
value of log (t/Zm). 
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Figure 7 Resistivity changes t~ = 1 - (A0/q0)/(A0/q0)eq caused 
by isothermal annealing at various temperatures as a function of  
log (t/z m) in pre-annealed Co58 F% Nia0 Sin Bl6 metallic glass. Solid 
line is a theoretical curve expressed by Equat ion 3. (O) 280 ° C, (O) 
300°C, (~) 320°C. 



T A B L E  II Kinetic parameters estimated using the non-linear and log normal kinetic forms for reversible properties changes during 
structural relaxation in various metallic glasses, n (non-linear) and fl (log normal) are the parameters representing the width of  distribution 
of  relaxation times, Ea is the mean activation energy and z 0 is the mean pre-exponential factor 

Composition n, fl Ea (eV) %(sec) Method* Reference 

Non-linear 
Co58F%Ni~0SiI1BI6 0.35 1.84 2.88 x I0 13 a This work 
Co38FesNi3oSillB16 0.4 1.82 5.46 × 10 -14 a [3] 
FeIsNi63SisBI4 0.43 1.93 8.6 × 10 -t6 a [4] 
Fe40 Ni40 BE0 0.4 1.76 b [2] 

Log normal 
CossF%Ni10SilIB~5: 4.2-4.6 1.75 2.4 x 10 12 a This work 

1.85 5 × 10 -16 c [11] 

Co70.3Fe4.7SilsBi0 4 - 6  2.0 7.8 X 10 -t7 C [12] 
Co72.1 Fes. 9 Si 5 B15 Mo 2 3-5 2.0 c [13] 
Fe4oNi40P14B6 4 1.74 6.7 x 10 -16 C [10] 

*a: resistivity, b: Young's modulus, c: field-induced magnetic anistropy. 

Acknowledgements 
This work was supported in part by a Grant-in-Aid 
for the Scientific Research from the Ministry of 
Education in Japan and by a Grant of the Nippon 
Sheet Glass Foundation for Materials Science. 

References 
1. D. R. UHLMANN and R . W .  HOPPER, "Metallic 

glasses", edited by J. J. Gilman and H. J. Leamy (American 
Society for Metals, Ohio, 1978) p. 218. 

2. M. G. SCOTT and A. KURSUMOVIC,  Acta Metall. 30 
(1982) 853. 

3. R. YOKOTA, T. TAKEUCHI,  T. KOMATSU and K, 
MATUSITA, J. Appl. Phys. 55 (1984) 3037. 

4. T. KOMATSU and K. MATUSITA, J. Mater. Sci. 21 
(1986) 1693. 

5. R. D. CORSARO, Phys. Chem. Glasses 17 (1976) 13. 
6. H. S. -Y. HISCH, J. Mater. Sci. 15 (1980) 1194. 
7. G. D. PATTERSON, "Relaxation in complex systems", 

edited by K. Ngai and G. B. Wright (National Technical 
Information Service, 1985) p. 11 I. 

8. A. S. NOWICK and B. S. BERRY, IBM J. October 
(1961) 297. 

9. M. BALANZAT, Seripta Metall. 14 (1980) 173. 
10. W. CHAMBRON and A. CHABEROD, Solid State Com- 

mun. 33 (1980) 157. 
11. Idem, J. de Physique C5 (1981) 511. 
12. K. Y, HO, P. J. FLANDERS and C. D GRAHAM Jr, 

J. Appl. Phys. 53 (1982) 2279. 
13. P. J. ELANDERS,  T. EGAMI and C. D. GRAHAM Jr, 

IEEE Trans. Mag. MAG-19 (1983) 1904. 
14. T. KOMATSU, S. SATO and K. MATUSITA, J. Non- 

Cryst. Solids 91 (1987) 52. 
15. T. KOMATSU, R. YOKOTA, T. SHINDO and K. 

MATUSITA, ibid. 65 (1984) 63. 
16. E. BALANZAT, J . T .  STANLEY, C. MAIRY a n d  

J. HILLAIRET,  Aeta Metall. 33 (1985) 785. 
17. T. KOMATSU, S. SATO and K. MATUSITA, ibid. 34 

(1986) 1899. 
18. H. Q. GUO, W. FERNENGEL,  A. HOFMANN and 

H. KRONMULLER,  IEEE Trans. Mag. MAG-20 (1984) 
1394. 

19. R. YOKOTA, M. MIYAZAKI,  T. KOMATSU and 
K. MATUSITA, J. Appl. Phys. 58 (1985) 4237. 

Received 10 November 1986 
and accepted 29 January 1987 

3651 


