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Synopsis

The anneal-induced enthalpy relaxation behavior was examined calo-
rimetrically for amorphous alloys of Fe-P, Fe~B, Ni-P, Ni-B, Fe-Ni-P,
Fe-Ni-B and Fe-Ni-Co-P systems. When the alloys annealed at tempera-
tures below Tg are heated, an excess endothermic reaction (enthalpy re-~
laxation) occurs above the annealing temperature, Ty. The magnitudes
of ACp,endo and AHepdo for the alloys of Fe-P, Fe-B, Ni-P and Ni-B con-
taining only one metallic element first increase gradually with rising
Ta and then rapidly at temperatures just below Tg, while their changes
as a function of Tz for the alloys containing more than two metallic
elements show a distinct two-stage splitting; a low-temperature peak at
about Tg-200 K and a high-temperature peak just below Tg. From the re-
sult that the addition of the second metallic element causes the two-
stage splitting of the ACp,endo(Ta), it has been proposed that the low-
temperature endothermic peak is attributed to short-range rearrangement
of metal-metal atoms with weak bonding nature and the high-temperature
peak to the long-range cooperative regrouping of metal-metalloid atoms
which are composed of the skeleton structure in the metal-metalloid
amorphous alloys. The mechanism for the appearance of the two-stage
enthalpy relaxation has been investigated by the concept of two-stage
distributions of relaxation times proposed previously by the present
authors and the distinct two-stage splitting has been interpreted to be
generated by the distinguishable difference in the ease of atomic rear-

rangement between metal-metal and metal-metalloid.
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I. Introduction

It is very important for thermodynamically nonequilibrium amor-
phous alloys to clarify quantitatively the structural relaxation behav-
ior resulting from annealing at temperatures well below the glass tran-
sition temperature (Tg) or crystallization temperature (Tx), because
relaxation causes significant changes in physical, mechanical and chem~
ical properties such as ferromagnetic Curie temperature[l-4], supercon-
ducting critical temperature[5~9], electrical resistance[10-13],
Young's modulus[14-16], internal friction[l17-22], fracture strain[23-
25], and anodic current density[26,27] etc. To this date, much infor-
mation on the structural relaxation of amorphous alloys has been pre-
sented[28,29] which enables us to interpret semi~guantitatively anneal-
induced structural changes. Among the previous publications, the two-
stage distribution of enthalpy relaxation found most recently by Inoue
et al. for the metal-metalloid alloys of (Fe, Co, Ni)~Si~B[30], Fe-Ni-P
[31] and Fe-Ni-B[31l] as well as the metal-metal alloys of Cu-2r-~Fe[32]
and Cu-Zr-Ni[32] is thought to be one of the most important in the im-
mutable interpretation on the structural relaxation behavior of an a-
morphous alloy. That is, the magnitude of an excess endothermic reac~
tion (enthalpy relaxation), which occurs upon heating the sample an-
nealed at temperatures below Ty, as a function of annealing temperature
shows clearly two distinct stages; a low-temperature peak at about Tg -
200 K and a high-temperature peak just below Tg. It has been inter-
preted that the low-temperature endothermic reaction is due to local
and medium range rearrangements of metal atoms and the high-temperature
reaction to the long-range cooperative regroupings of metal and metal-
loid atoms. Furthermore, the interpretation of the appearance of the
two-stage enthalpy relaxation is based on the new concept of a two-
stage distribution in relaxation times (e.g., two-stage glass transi~
tions). The concept of the local and medium rearrangements with
shorter relaxation times due to metal atoms is quite significant in the
understanding of the effect of structural relaxation on various kinds
of properties for amorphous alloys subjected to low-temperature anneal-
ing, because the relaxation time is shorter by many orders of magnitude
than that required for the cooperative relaxation due to metal~-metal~
loid atoms responsible for the commonly observed glass transition,

This paper intends (1) to give an outline of the two-stage enthalpy re~
laxation phenomenon for (Feg,Ks5Nig,5)g83P17 and (Feg,5Nig,.5)g3B17 amor-
phous alloys[31] found previously by the present authors, (2) to pre-
sent the compositional effect on the anneal-induced two-stage enthalpy
relaxation behavior of (Fe, Ni)-P, (Fe, Ni)~B and (Fe, Co, Ni)-P amor-
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phous alloys, and (3) to reconfirm the invariability of the concept of
the two~stage enthalpy relaxation in the whole amorphous alloys.

II. Experimental Procedures

Ribbon samples of (Fej-xNix)g3P17, (Fej-xNix)g3Bi7 (x=0, 0.25,
0.50, 0.75 and 1.0), (Feo,sNio.s)loo_yPy, (Feo.SNiO.S)loo-yBy (y=15,
17, 20 and 25) and (Feg,33Nig, 33C0q, 34)83P17 alloys, typically 20 um in
thickness and 1.5 mm in width, were prepared by a single-roller melt
spinning method and confirmed to be amorphous by conventional X-ray
diffraction using Cu-Ka radiation in combination with an X-ray mono-
chromator. The subscripts are assumed to be those of the unalloyed
pure elements since the difference between nominal and chemically ana-
lyzed compositions was less than 0.20 wt% for phosphorus, 0.12 wt% for
boron and 0.66 wt$ for nickel. The apparent specific heat, Cp, was
measured with a differential scanning calorimeter (Perkin Elmer DSC-
II). Care was taken to reduce thermal drift by prewarming the calorim-
eter for at least 5 h in the temperature range of interest. The accu-
racy of the data was approximately 0.8 J/mol-K for the absolute Cp val-
ues, but was better than 0.2 J/mol-K for the relative Cp and ACp meas~
urements.

The as—-gquenched samples were subjected to annealing treatments at
various temperatures below Tg (Ta=350 -~ 600 K) for different periods of
time (ta=1] - 200 h). Short-time anneals (t3<13 h) were performed di-
rectly inside the calorimeter while long-~time anneals (14 - 200 h) were
performed in a well-controlled furnace after placing the encapsulated
samples in a vacuum-sealed quartz tube.

Following the annealing treatment, the sample was thermally
scanned at 40 K/min from 320 K to Tg to determine the Cp,q of the as-
quenched or the Cp,a of the annealed sample. It was then cooled to 320
K, and reheated immediately to obtain the Cp,s data of the "reference"
sample (i.e., the preconditioned sample without further low-temperature
annealing). This test procedure is essential in order to eliminate any
possible error that might result from the drift in the calorimeter.

The change in the calorimetric behavior with annealing was used in mon-
itoring the structural relaxation processes.

ITI. Results

1. Cp(T) and ACp(T) behaviors of as-quenched and annealed samples
As examples, Figs. 1 and 2 show the changes in the thermograms (a)
and the temperature dependence of the configuration enthalpy AH4(T) (b)
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of an amorphous (Feqg,5Nip,5)g3P17 alloy subjected to isochronal (tz=13
h) and isothermal (T53=475 K) anneals. Here the temperature dependence
of the vibrational specific heat, Cp,vs in Fig. 1 (a) and Fig. 2 (a) is

obtained by linear extrapolation of the Cp,s curve in the low tempera-

ture region T £ 450 K, which is independent on the thermal history and

arises from purely thermal vibrations, and is expressed by

Cp,v = 27.9 + 7.0%107>(T - 530) J/mol-K. (1)

Also the configuration enthalpy is taken to be the reference with AHg

(675K) = 0, and the relaxed configurational enthalpy AH4(T) is evalu-

ated by

The Cp value of the as-
quenched phase is about 26
J/mol-X near room tempera-
ture. As the temperature
rises, the Cp,q value begins
to decrease, indicative of
structural relaxation at a-
bout 375 K, exhibits two
minimum peaks at about 480 K
and about 600 K in the range
below 650 K, then increases
rapidly in the region of
glass transition and reaches
an equilibrium supercooled
liquid value of about 43.7
J/mol=K around 680 K. It
can be seen that the Cp,g
value near room temperature
is consistently lower by a~
bout 0.1 -~ 0.2 J/mol-K than
the Cp,q value. The small
difference in Cp is attrib-
uted to the anneal-induced
changes in physical, mechan-
ical and chemical proper-
ties. The heating curve of
the annealed sample, Cp,a,
shows a Cp(T) behavior which
closely follows the specific
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(a) The endothermic peak of an amorphous
(Feg,5Nig,5)g3zP17 alloy subjected to an-
neals for 13 h at various temperatures
ranging from 375 to 575 K. (b) The
change in the configuration enthalpy

AHg (T) corresponding to the appearance
of the endothermic peak, where AHg(675K)
is set to zero.
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heat curve of the reference
sample, Cp,s, up to each Ty,
and then exhibits an excess
endothermic peak relative to
the reference sample before
merging with that of the as~
quenched sample at a temper-
ature below Tg=645 K, where
Tg is defined as the point
of inflection in the Cp(T)
curve.

The other significant
features obtained from the
1l and 2 are
(1)
The sample annealed at Ty

data of Figs.

summarized as follows:

shows an excess endothermic
reaction beginning at Tj.

(2) The temperature (=Tj3)
where the excess endothermic
peak begins to rise is inde~
pendent on the annealing
time, (3) The temperature
of the endothermic peak in-
creases linearly with the
logarithm of the time

(2n ta) [31].

endothermic peak is reversi-

(4) The excess

ble while the exothermic

broad peak is irreversible
and
the
the
(5)
550

the Cp’a(T) curves of
annealed samples couple
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Fig. 2 (a) The endothermic peak of an amorphous

K), it does not affect the glass transition process.

(Fep.5Nip,5)83P17 alloy subjected to an-
neals at 475 K for various periods from
1 to 48 h. (b) The change in the con-
figuration enthalpy AHg(T) corresponding
to the appearance of the endothermic
peak, where AHg(675K) is set to zero.

reversible endothermic and irreversible exothermic reaction[31].

If the annealing is performed at temperatures well below Tg (Ta <

This is indi-

cated by the close overlap of Cp(T) curves for the annealed and unan-

nealed samples at temperatures below Tg.

(6) The change in the magni-

tude of the endothermic peak with Ty is not monotonous and can be di-

vided into two stages having the peak at Ta =

450 K and Ty = Tg, indi-

cating the appearance of the two-stage enthalpy relaxation (see also

Figs. 3 and 4).

(7) The configurational enthalpy curve falls progres-

sively with T and tz, indicating that the low-temperature anneals



121

result in a stabilization of the amorphous structure and a lowering of
fictive temperature. (8) With rising temperature, the AHy(T) of the
annealed sample approaches the reference values AHO,S(T) and merges
with it before the complete transition from amorphous solid to super-
cooled liquid. showing that it is possible to recover completely the
initial structure of the amorphous alloy without reheating above Tg.
This feature differs significantly from the common phenomenon of glass
transition[33-35].

Quite similar Cp,a(T) curves as a function of Ta and/or ty were
recognized for all the amorphous alloys containing two or more metallic
elements, i.e., with the exception of Feg3P17, Feg3B17, Nig3P37 and
Nig3Bj7.

2. Changes in ACp,endo and AHg, engo With Ty and ta

In order to reconfirm the two-stage change in the magnitude of the
endothermic peak with T, the temperature dependence of the differences
in Cp between annealed (Ta=350 - 600 K, ta=1, 3, 13, 48 h) and the ref-
erence states, [ACp endo = Cp,a(T) - Cp,s(T)] is shown in Fig. 3 for
(Feg,5Nig, 5)g3P17 and Fig. 4 for (Feg,s5Nip,5)g3B17. One can see clear-
ly that the change in the magnitude of the ACp,endo with Ty shows two
separatable maxima which peak respectively at T53=450 K and Tz=575 - 600
K for the Fe-Ni-P samples and at T3=550 K and Tz=600 - 625 K for the
Fe-Ni-B samples, indicating that the anneal-induced enthalpy relaxation
occurs by two separatable mechanisms.

The changes in the maximum differential specific heat, ACp max =
Cp,a - Cp’s, and the enthalpy relaxation, AHg,endo, during annealing
for different periods (ta) as a function of Ty are shown in Fig. 5 for
(Fep,5Nip,.5)g3P17 and Fig. 6 for (Feqp, s5Nip,5)83B17, where

AHc,endo(Ta,ta) = .I.ACP(T) = lr(Cp’a - Cp’s)dT at ACPZO. (3)

With increasing Ty, both the values ACp,max and AHg,endo increase at
first, show maximum values at about 450 K for the Fe-Ni-P alloy and at
about 525 K for the Fe-Ni~B alloy, and then decrease significantly in
the range from 450 to 550 K for the former alloy and from 525 to 575 K
for the latter alloy followed by a rapid increase at temperatures
slightly below Tg. Similar two-stage changes in the ACp,endo and
AHg,endo With Tz have been recognized for all the metal-metal-metalloid
amorphous alloys consisting of two kinds of metallic elements as exem-
plified by (Feq.5Nig,5)75Si10B15 in Fig. 7([30]. The distinct splitting
of the peaks of the ACp max(ta) and AHg,endo(ta) as a function of Ta
indicates clearly that the enthalpy relaxation of the amorphous alloys
on annealing occurs by two distinguishable mechanisms. The rapid in-

creases in the ACp,max and AHg,endo at temperatures above 550 K for the
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Fig, 3

Fig. 4
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The differential specific heat, ACp(T), between the reference
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Fig. 7 The variations of the maximum differential specific heat, ACy max (a) and
the enthalpy relaxation AHg endo (b) as a function of annealing temperature

for an amorphous (Feq,5Nig,5)75Si10gB15 alloy subjected to anneals for dif-
ferent periods from 1 to 48 h.
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Fe-Ni-P alloy and above 575 K
for the Fe-~-Ni-B alloy are in-
terpreted to correspond to
the common glass transition
phenomenon. Here it is wor~
thy to point out that the
ACp,max (Ta) and AHg,endo (Ta)
behaviors of the annealed
samples are similar to the
exothermic ACp(T) behavior
of the as-quenched samples
(Fig. 8) regarding the ap-
pearance of the two-stage re-
laxation and their peak tem-
peratures. The similarity
suggests that the reaction
mechanisms at each stage for
the irreversible and the re-~
versible structural relaxa-
tions are similar.
Furthermore, the two-
stage splitting of the endo-
thermic peak is seen for all
the metal-metal-metalloid
amorphous samples even after
pre-annealing for 1 min at a
temperature near Tg (640 K)
as exemplified by
(Feg,5Nig,5)g3P17 in Fig. 9.
The magnitude of the ACp,endo
peak of the pre-annealed sam-
ples, however, is smaller by
about 40 % than that of the
as—quenched samples and the
annealing temperature at
which the ACp max for the
first-stage reaction exhibits
a maximum value increases
from =450 K for the as-
guenched sample to =475 K for
the pre—annealed sample.

Such differences in the
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Fig. 8 Difference in the specific heat between

the as-quenched and annealed state,
ACp,exo, Vs. temperature for amorphous

(Fep,5Nip,5)g3P17 and (Feg 5Nip,5)83B17
alloys.
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Fig. 9 The variation of the maximum differen-

tial specific heat, ACp,max, as a func-
tion of annealing temperature for an a-
morphous (Feg,.5Nig,5)83P17 alloy sub-
jected to anneals for 3 and 48 h at var-
ious temperatures after pre-annealing
for 1 min at 640 K.
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ACp,endo peak behavior between the as-quenched and the pre-annealed
samples have also been recognized for Pd4qgNi3pP2g[36].

3. Effect of metal composition on the ACp,max(Ta) and AHg,endo (Ta)
behavior

As presented in the previous section, the anneal-induced enthalpy
relaxation as a function of Tz for (Fep,5Nig_5)g3P17 and
(Fep,.5Nig,5)g3B17 amorphous alloys occurs by two distinguishable proc-
esses. In this section, the effect of the ratio of iron to nickel on
the two-stage relaxation behavior is analyzed for (Fe-Ni)g3P;7 amor-
phous alloys and the ACp,max and AHg,endo values as a function of Ty
are shown in Fig. 10 for Ni/(Fe+Ni) = 0.25 and 0.50 and in Fig. 11 for
Ni/(Fe+Ni) = 0.50 and 0.75. Additionally, Fig. 12 shows the changes in
the maximum ACp max and AHg,endo values as a function of Ni/(Fe+Ni) for
(Fe-Ni) g3P17 alloys. The features of these figures may be summarized
as follows; (1) the changes of the ACp max(Ta) and AHg endo(Ta) are di-
vided into two distinguishable stages, (2) the values of ACp,max and
AHg ,endo are greatest at Ni/(Fe+Ni) = 0.4 and decrease with deviation
from the ratio Ni/ (Fe+Ni) = 0.4, (3) the peak temperature of the low-
temperature endothermic reaction tends to lower with increasing nickel
content, e.g., 450 - 475 K at Ni/(Fe+Ni) = 0.25, about 450 X at
Ni/(Fe+Ni) = 0.50 and 425 - 450 K at Ni/(Fe+Ni) = 0.75, (4) the peak
temperature of the high-temperature reaction tends to rise with Tg and/
or Ty, even though not enough data is available due to the high thermal
instability of the amorphous alloys at temperatures near Tg.

Figure 13 shows the effect of the third metallic element (cobalt)
on the ACp,endo(Ta) and AHg,endo (Ta) of (Fep,s5Nip,5)g3P17 amorphous al-
loy. It is surprising that the ACp,max and AHg,endo Values of the
first-stage reaction for (Feg 33Nig_ 33C0q, 34)g3P17 alloy are larger by
about 44 % than those of (Feg,sNig,5)g3Pj7 alloy. This indicates that
the multiplication of the mother metallic components results in a sig-
nificant increase in the anneal-induced structural relaxation at low
temperatures. Figure 14 shows the changes in ACp,max and AHg,endo as
a function of Ty for binary Feg3Bl7 amorphous alloy together with the
data of (Feqg,5Nig,5)83B17. The first stage peak of ACp,max(Ta) and
AHg,endo (Ta) disappears for the Fe-B alloy, indicating that the anneal-
induced structural relaxation for Feg3Bj7 binary alloy occurs by a
single-stage mechanism. From the above-described results, the effects
of the metallic composition on the two-stage relaxation behaviors for
(Fe-Ni)g3P17 amorphous alloy may be summarized as follows: (1) The peak
height of the first-stage reaction, ACp,max, exhibits a maximum value
in the vicinity of Ni/(Fe+Ni) =~ 0.5, i.e., the low-temperature
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Fig. 10

The variations of the maximum dif-
ferential specific heat, ACp, max,
(a) and the enthalpy relaxation,
AHg endo (b) as a function of an-
nealing temperature for an amor-
phous (Feq, 75Nip,25)g3P17 alloy
subjected to anneals for different
periods from 1 to 13 h. The data
for an amorphous (Feg, sNig,5)83P17
alloy are also shown for compari-
son,

Fig. 11

The variations of the maximum dif-
ferential specific heat, ACp, max
(a) and the enthalpy relaxation,
AHg endo (b) as a function of an-
nealing temperature for an amor-
phous (Feg, 25Nig 75)83P17 alloy
subjected to anneals for different
periods from 1 to 13 h. The data
for an amorphous (Fep,5Nip,5)83P17
alloy are also shown for compari-
son,
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Fig. 12

The composition dependence of the maxi-
mum differential specific heat, ACp,max
(a) and the enthalpy relaxation,

AHg  endo (b) for amorphous (Fe-Ni)gzP17
alloys subjected to anneals for differ-
ent periods from 1 to 13 h at various
temperatures ranging from 360 to 600 K.

Fig. 13

The variations of the maximum different-
ial specific heat, ACp,pax (a) and the
enthalpy relaxation, AHg endo (b) as a
function of annealing temperature for an
amorphous (Feq,33Nig, 33Co0, 34)83P17 al-
loy subjected to anneals for 13 h after
melt-quenching or pre-annealing for 1
min at 640 K. The data for an amorphous
(Fep,5Nip,5)83P17 alloy are also shown
for comparison.
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The variations of the maximum differ-
ential specific heat, ACp, max (a) and
the enthalpy relaxation, AHg endo (b)
as a function of annealing temperature
for an amorphous Feg3Bi7 alloy sub-
jected to anneals for 3 and 13 h. The
data for an amorphous (Feg, sNip,5)g3B17
alloy are also shown for comparison.

Fig. 15

The composition dependences of the max-
imum differential specific heat,
ACp,pax (a) and the enthalpy relaxa-
tion AHg, endo (b) for amorphous
(Fe1~-xNix)755110B15, (Nij-xCox)755i10-
Bis and (Coj-xFex)75Si10B15 (x=0, 0.25,
0.50, 0.75, 1.0) alloys subjected to
anneals at 600 K for different periods
from 1 to 200 h.
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relaxation becomes easy with an increase in the entropy of mixing of
the metallic components. (2) While the first-stage reaction is en-
hanced significantly by the multiplication of metallic components, the
elimination of iron or nickel results in a disappearance of the first~
stage reaction. From these results, it is concluded that the first-
stage reaction corresponds to the relaxation which occurs by the short-
range rearrangement of metallic atoms and the second~stage reaction to
one by the long-range rearrangement of metal and metalloid atoms. A
similar change in the low-temperature endothermic reaction with metal~
lic component has also been observed[30] for the alloy series of
(Fe, Co)+95SijgB15, (Fe, Ni)758i310B15 and (Co, Ni)75SijoBis (Fig. 15).
4, Effect of metalloid content on the ACp, endo(Ta) and AHg,endo(Ta)

behavior

Figure 16 shows the changes in ACp,max(Ta) and AHg, endo(Ta) for

(Fep,5Nig,5)100-xBx amorphous
alloys with boron content.
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a eutectic composition (=17 anneals for 3 h.
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$B) and decreases significantly when approaching the stoichiometric
compound composition M3B. Considering the previous results[37-39])
that the mechanical strengths of hardness and Young's modulus etc.,
which are thought to reflect the bonding force of the constituent at-
oms, increase significantly with increasing boron content, one can no-
tice a tendency that the stronger the bonding force of the constituent
atoms the smaller the amount of the anneal-~induced structural relaxa-
tion.

5. Activation energy for enthalpy relaxation Qp(Tp)

The activation energy for structural relaxation can be evaluated
from the change in the peak temperature (Tp) of the relaxation curve
either by isothermal annealing or continuous heating. If the ACp, endo
peak at Ty is associated with a single relaxation entity, an apparent
activation energy for enthalpy relaxation, Qpm, of (Fe-Ni)g3P;7 and
(Fe-Ni) g3B17 amorphous alloys can be obtained from isothermal anneal-
ing data of Figs. 1 to 4 by use of the following relation[40],

Om(Tn) /kp = d&nta*/d(1/Tz), (4)

where ta* is the annealing time for the appearance of ACp,max at Tp
and kg is Boltzmann's constant. As an example, Fig. 17 shows the

log ty versus 1/T5 relation for the first stage (open circles) and the
second stage (solid circles) for (Feg_5Nig,5)g3P17 amorphous samples,
A rather good linear relation for each peak, indicating the satisfac-

10" T— T T
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<
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® ]I- stage
‘0‘1 1 A i 1 1 i 1 I
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117q (103K

Fig. 17 The annealing time, tga*, for the appearance of the AC, peak at
Tm as a function of the inverse of the annealing temperature
1/Ta for an amorphous (Feg, 5Nip,65)g3P17 alloy.
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tion of an Arrhenius temperature dependence, is seen. As plotted in
Fig. 18, Qm(Tn) of the Fe-Ni-P alloy is not constant and increases with
increasing Ty from 1.7 eV at Ty = 475 K to 2.5 eV at Ty = 600 K for the
first stage peak and from 2.6 eV at 600 K to 5.0 eV at 650 K for the
second stage peak. Similarly, the Qn(Ty) of (Feg 5Nig,5)g83B17 alloy
tends to increase with Ty from 1.8 eV at 560 K to 2.0 eV at 620 K,

Alternatively, Om(Tm) was evaluated from the shift in the ACp,endo
spectrum with scanning rate, o, from equation (5) [41,42],

. _dn(Tm?/0) _ _,. _ _dina
om (Tm) /XB = —F7T/%) = =2Tm = —3(1/7n
~ _44n o (5)
a1/ Ty '

where T << Qm/kp. The Qn values thus evaluated are nearly equal to
those obtained from the isothermal data as seen in Fig. 18.

The observed Qn increases rather drastically by the change of the
first-stage peak to the second-stage peak. The relatively small Qp(Th)
values in the first stage reflect the occurrence of local and/or medium
range structural relaxation while the large Qn(Tp) values in the second

stage show cooperative structural relaxation.
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The activation energy Qn has the following relation to the fre-

quency factor vo and Ty if a first order rate reaction process for the
enthalpy relaxation is assumed;

Here t* is the relaxation time at Tg and is related to the scanning
rate a = 2/3 Ks~1 such that t* = kBTmz/Qm = 30 s[43]. The frequency
factor vo (Tm) calculated from equation (6) is plotted in Fig. 18. The
vo of (Fep,5Nig,5)g3P17 alloy increases with Ty from 21016 571 at 475 x
to =10192 g-1 at 600 K for the first stage reaction and from ~1020 g-1
at 600 K to =1037 s~! at 650 K for the second stage reaction, while
there is no appreciable change in v, value of (Feqg,5NiQ,5)g3B17 alloy
as a function of Tm. These v, values are somewhat higher than Debye
frequency vp = 1013 - 1014 57! for the first stage relaxation and much
higher for the second stage relaxation.

IV. Discussion

1. Anneal-induced relaxation spectra

In a previous section, the activation energy for enthalpy relaxa-
tion was found to exhibit a broad two-stage distribution against Tp.
Based on Primak's theory[44] on the kinetics of processes distributed
in activation energy, the enthalpy relaxation spectrum as a function of
Tm has been evaluated by Chen[36]. Accordingly, the relaxation spec-
trum ACp,endo(T) is evaluated from equation (7).
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The relaxation entity spectra, No(T) =
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Feg3B17 alloy as a function of temper-
ature.
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ACp,endo (T) = No(T)y(T), (7)

where N (T) is the distribution of the relaxation entity, and v(T) is
the coupling strength contributing to the specific heat ACp,endo- As
Y(T) « (T - Ta), equation (8) reduces to

No(T) « ACp,endo(T)/(T - Ta). (8)

Ng (T) values evaluated from the data of ACp,endo(T) are plotted in
Fig. 19 for Feg3B)17 and in Fig. 20 for (Feq,75Nig.25)83P17.
(FeO.SNi0.5)83Pl7 and (Feo.25Ni0.75)83Pl7' It is seen that Ng(T)
shows a single maximum near Tg for Feg3B]7 and two separatable maxima
which peak respectively at 490 - 520 K and Tgq for (Fej-yxNiy)g3P17 (x=
0.25, 0,50, 0.75). Thus the Ny - T curves reproduce fairly well the
actually measured distribution of the maximum ACp,endo as a function
of Ta shown in Figs. 5, 10, 11 and 14. The good reproducibility ena-
bles us to conclude clearly that the relaxation entity distributes
over one stage against Ta and ty for Feg3Bj7 alloy and over two stages
for (Fe-Ni)g3P17 alloys. Judging from the result that T, dependence
of the v (T) and the relatively large frequency factor vy > vp are sim-
ilar to the relaxation behavior commonly observed for anneal at tem-
peratures just below Tq, the single stage relaxation spectrum for the
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Fe-B alloy is therefore thought to be attributed to a distribution of
one kind of glass transition (Tg) with an apparent activation energy
Om. Similarly, each spectrum of the first- and the second-stage re-
laxations for the Fe-Ni-P alloys is attributed phenomenologically to a
distribution of two kinds of characteristic glass transitions (Tg1l and

ng) with an individual apparent activation energy Q1 and Q3.

2. Interpretation of the single-stage endothermic reaction of Fe-B

binary alloy

It has been recently proposed([36,45,46] that a supercooled liquid
structure near Ty is inhomogeneous and consists of liquid-like regions
of large free volume or high local free energy and solid-like regions
with small free volume or low local free energy. The resulting amor-
phous solid prepared by melt-~quenching contains a large number of lig-
uid-like regions with unrelaxed atomic configuration which are iso-
lated from each other embedded in the solid-like matrix. The inhomo-
geneity in the Fe-B amorphous alloy is thought to arise from fluctua-
tions in concentration and density. When the amorphous solid is an-
nealed at Ty for ty, parts of the ligquid-like regions undergo configu-
rational changes to a more relaxed state in an independent and non-
cooperative manner. However, the local structural relaxation in a
cluster involving several atoms can be cooperative and the size of
this cluster has been estimated to be less than 1-2 nm. Each liquid-
like region, m, manifests a liquid-amorphous transition at Tg,m which
depends on its atomic configuration state. When an amorphous alloy is
annealed at temperatures well below Tg, the regions with characteris-
tic relaxation times, T, given by equation (9), being shorter than
the duration of the annealing time (tz), (Tm < ta) undergo local re-
laxation towards the local equilibrium states at Tj.

Tm ¥ Tmea ©XP[- "%g” (1/Ta - 1/Tg,m)] (9)

Here Tpea is the time constant of measurement. Each local relaxation
contributes to the enthalpy relaxation in proportion to (Ta - Tg,m).
Upon heating the annealed sample, each region, m, recovers the initial
structure (so-called "reversion") and contributes to an excess endo-
thermic specific heat as the local amorphous~liquid transition occurs
at or slightly above Tg,m- Thus the peak temperature of the ACp, endo
evolves in a continuous manner against the logarithm of tz with inten-
sity proportional to (Tg'm - Ta)No(Tg,m)- Therefore, the reason why
the endothermic reaction for the Fe-B binary amorphous alloys evolves
over a single stage is concluded to be due to a monotonous increase of
No(Tg,m) for the binary amorphous alloys as a function of temperature
as is evidenced in Fig. 19.
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3. Interpretation of the two-stage endothermic reaction of Fe-Ni-P

and Fe-Ni-B alloys

The above-mentioned relaxation mechanism deals with a single a-
tomic interacting system of metal and metalloid and gives a single
broad distribution of relaxation times (or glass transitions). 1In
many ternary and quaternary amorphous alloys, there exist two types of
short-range ordering, e.g., metal-metal and metal-metalloid type, and
the latter shows much stronger ordering than the former, This is
manifested by a drastic increase in Tg with the addition of metalloid
elements in metal-metalloid amorphous alloys. We thus expect higher
mobility or faster relaxation for the metal-metal than for the metal-
metalloid pairs.

Taking into account two types of atomic pairs existing in the Fe~
Ni-P and Fe-Ni-B amorphous alloys, we propose the existence of two
distributions of glass transitions centering at Tg) and Tg2 respec-
tively (see Fig. 20). Tg)] corresponds to glass transition arising
from the metal atoms and ng to that from metal-metalloid atoms, The
relaxation spectra are seen to be asymmetric with a long tail in the
short time. The metal-metal pairs are more less confined in the skel-
eton of metal-metalloid pairs. The local range rearrangement of metal
atoms with a weak bonding occurs in the low temperature range near
Tgl, while the atomic regroupings involving metal-metalloid atoms
take place at higher temperatures near Tg2. That is, the marked dif-
ference in bonding force among the constituent elements is the main
reason for the appearance of the two-stage enthalpy relaxation which
is evidenced from the data (Fig. 20) showing the two-stage distribu-
tion of the Ng - T curve for the (Fe-Ni)g3Pj7 alloys. This new view-
point is substantiated from the present results that the low tempera-
ture endothermic peak is barely detectable in Fe-B binary alloys and
the alloying of metallic components leads to an increase in ACp,endo
values as well as ACp,exo at the first stage. 1In addition, the reason
why the magnitude of the endothermic peak for (Feq,s5Nip,k5)3100-xBx (X=
17, 20, 25) amorphous alloys decreases with increasing boron content
is thought to originate from an enhancement of the difficulty in atom-
ic rearrangement during annealing (an increase in relaxation times)
due to the increase in the number of iron-boron and nickel-boron pairs
with strong bonding force and the decrease in that of iron-iron, iron-
nickel and nickel-nickel pairs with weak bonding force. The occur-
rence of the minimum phenomenon in the ACp,endo and AHg,endo Spectra
shown in Figs. 3 to 14 can be explained by taking into consideration
of the two distributions of glass transitions.
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4, Possible process of structural relaxation

From the above-described results and discussion, we propose a
possible structural relaxation process shown in Fig. 21, The struc-
tural relaxation of an amorphous phase is divided into irreversible
and reversible processes which consist of two stages; the first stage
is the short-range rearrangement which occurs by the interaction in-
volving only metal atoms and the second stage is a relatively long-
range atomic regrouping which occurs by interaction between metal and
metalloid. The two-stage structural relaxations lead to the annihila~
tion of various kinds of quenched-in "defects" and the enhancement of
topological and chemical short~range ordering for the irreversible
process, and to the enhancement of compositional (chemical) shorte
range ordering for the reversible process. It is quite encouraging
that the newly proposed process can explain many of the phenomenolo-
gical features observed for low- and high-temperature anneals for a
number of amorphous alloys such as Fe-P, Fe-B, Ni-P, Ni-B, Fe-Ni-P, Fe
-Ni-B, Fe-Si-B[30], Co~Si~B[30}, Ni-Si-B[30], Fe-Ni-Si-B[30], Fe-Co-Si
-B[30], Co-Ni-Si-B[30] and Pd-Ni-Si[47]. Since the relaxation due to
the interaction of metal-metal atoms can be faster by a factor of many
orders of magnitude than the cooperative relaxation process due to
metal-metalloid atoms responsible for the commonly observed glass
transition, the concept of the distribution of the glass transition
due to metal-metal atoms with short relaxation time is significant and
valuable in the understanding of the stability of amorphous alloys at
low temperatures.

Metal-Metalloid Type Metal-Metal-Metalloid Type
As-quenched As-quenched
unrelaxed amorphous unrelaxed amorphous

f 4
First stage reldxation| Relaxation of metal atoms

(irreversible, reversible) |(short-range atomic

rearrangement)
Relaxation of metal - Second stage relax. | Relaxation of metal-
metalloid atoms (irreversible, reversible) | metalloid atoms
(long-range atomic regrouping) (long-range atomic regrouping)

Fig. 21 Irreversible and reversible structural relaxation processes of metal-
metalloid and metal-metal-metalloid amorphous alloys.
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Finally, in order to appeal the universality of the present con-
cept on the structural relaxation of amorphous alloys, it is worthy to
note that the anneal-induced relaxation of metal-metal type amorphous
alloys such as Cu-2r, Ni-2r, Cu-2r-Fe and Cu-Zr-Ni etc. has also been
demonstrated{32] to occur through the similar process as that shown in
Fig. 21. That is, the structural relaxation of Cu~Zr and Ni-Zr binary
amorphous alloys occurs at a single stage with a peak at =Tg, while it
for Cu-Zr-Fe and Cu-Zr-Ni ternary amorphous alloys can be separated
into two stages; a low temperature (first stage) peak at about Tg - 150
K and a high temperature (second stage) peak at a temperature slightly
below Tg. From the result that the addition of iron or nickel to Cu-2r
alloys causes the two-stage splitting of the structural relaxation, it
has been proposed[32] that the low temperature relaxation peak is at-
tributed to the short~range rearrangement of copper and iron or nickel
atoms with weak bonding nature and the high temperature relaxation to
the long-range cooperative regrouping of zirconium and copper, iron or
nickel atoms which are composed of the skeleton structure in the metal-
metal amorphous alloys.

V. Summary

In order to clarify the compositional effects on the two-stage
enthalpy relaxation phenomenon found previously by the present authors,
structural relaxation behavior of the pre-annealed samples over a wide
temperature range from well below the glass transition temperature Tq
to Tg was investigated calorimetrically for amorphous (Fej-xNiyx)g3Pi7,
(Fel-xNiy)g3B17 (x=0, 0.25, 0.50, 0.75, 1,0), (Feo.sNio.s)loo,yPy,
(Feg,sNip,5)100-yBy (y=15, 17, 20, 25) and (Feg,33Nip,33Cog,34)83P17
alloys. The results obtained are summarized as follows:

1. Upon heating the annealed samples, an excess endothermic reac-
tion (enthalpy relaxation) occurs above T followed by a broad exo-
thermic reaction. The peak temperature of the endothermic reaction,
Tm, increases in a continuous manner with 2ntgj.

2. The change in the magnitude of the ACp, 6 endo peak with Ty for
the Fe-P, Fe-B, Ni-P and Ni-B alloys occurs at a single stage with a
peak at *Tg. On the other hand, for the Fe-Ni-P and Fe-Ni-B ternary
alloys, it can be separated into two stages; a low-temperature (first-
stage) peak at about Tg - 200 K and a high-temperature (second-stage)
peak at a temperature slightly below Tgq. The activation energy in-
creases with increasing Ty from 1.7 eV at T,y = 475 K to 2.5 eV at Ty =
600 K for (Feqp,5Nig,5)83P17 and from 1.8 eV at 560 K to 2.0 eV at 620 K
for (Feqg,5Nig,5)g3By7 for the first-stage (Ta < Tg - 120 K) relaxation
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and from 2.6 eV at 600 K to 5.0 eV at 650 K for the Fe-Ni-P for the
second-stage (Tg - 120 K < Ty < Tg) relaxation.

3. From the result that the addition of other metallic elements
causes the appearance of another low-temperature peak in the ACp,endo -
Ta relation, the endothermic relation has been interpreted to be due to
the short-range rearrangement of metal~-metal atoms with weak bonding
nature for the first-stage peak and to the long~range cooperative re-
arrangements of metal-metalloid atoms, which are composed of the skele-
ton structure in metal-metalloid type amorphous alloys, for the second-~
stage peak. By an endothermic reaction each region recovers from a re-
laxed configuration caused by annealing to an unrelaxed initial struc-
ture. The occurrence of the two-stage reversible enthalpy relaxation
for the amorphous alloys containing more than two metallic elements ap-
pears to originate from a dual distribution of glass transitions cen-
tered around Tgl and Tg2 which arise respectively from metal-metal at-
oms and metal-metalloid atoms.

4. A possible structural relaxation mechanism leading to the an-
nihilation of various kinds of frozen-in "defects" and the development
of topological and compositional short-range ordering has been pro-
posed; as-quenched unrelaxed amorphous => irreversible and reversible
relaxation of metal atoms in a short range —» irreversible and reversi-
ble relaxation of metal-metalloid pair atoms over a long range. The
newly proposed structural relaxation mechanism is believed to explain
fairly well many of phenomenological features in the structural relaxa-

tion observed for the anneals in the whole temeprature below Tg-
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