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The anneal-induced enthalpy relaxation behaviour for (Feo.sNio.s)s3P17 and 
(Fe0.sNi0.5)saB17 amorphous alloys was examined calorimetrically. Upon heating the 
sample annealed at temperatures below Tg, an excess endothermic reaction (enthalpy 
relaxation) occurs above Ta. The Z~Cp,endo evolves reversibly in a continuous manner 
with In ta. The changes in the magnitude of ACp,endo and AHendo with Ta show clearly 
two distinct stages; a low-temperature one which peaks at about Tg -- 200 K and a high- 
temperature peak just below Tg. The activation energy, Qm, increases with the peak 
temperature of ACp, Tin, from 1.7 to 2.5 eV for the Fe-N i -P  and from 1.8 to 2.0 eV 
for the Fe -N i -B  for the low-temperature peak, and from 2.6 to 5.0 eV for the Fe-N i -P  
for the high-temperature peak. The reversible change in Tc for the Fe-N i -P  alloy pre- 
annealed for 1 min at 640 K as a function of Ta was also found to show two stages; a 
low-temperature stage ranging from 400 to 550 K where Tc rises, and a high-temperature 
one above 550 K where Tc lowers. From the almost complete agreement of the tempera- 
ture region and the peak temperature for each stage as well as the marked contrast in the 
change of To, it was proposed that the low-temperature endothermic peak is attributed to 
local and medium range rearrangements of metallic (iron and nickel) atoms and the high- 
temperature reaction to the long-range cooperative regroupings of metallic and metalloid 
atoms. The mechanism for the appearance of the two-stage enthalpy relaxation was 
investigated based on the new concept of two-stage distribution in relaxation times 
(or glass transitions) centring at Tgl and Tg 2 which arise respectively from the metal 
atoms and from the metal-metalloid atoms and the distinct two-stage splitting was 
interpreted to generate by the distinctly distinguishable difference in the easiness of 
structural relaxation between metal-metal and metal-metalloid. It was further found 
that the present irreversible and reversible enthalpy relaxation results are fairly well 
interpreted by a possible mechanism of two-stage relaxation processes consisting of 
as-quenched amorphous -+ local and medium range relaxation of metal atoms -+ coopera- 
tive relaxation of metal and metalloid atoms. 

1. Introduction magnetic properties, invar and elinvar effects, 
Iron-based amorphous alloys were recently found large magnetostriction, AE effect and so forth 
to possess a number of practically useful charac- (e.g. [1]), and hence attract the most intense 
teristics such as high strength, good soft ferro- interest among a large number of amorphous 
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alloy systems. Usually, these materials are ther- 
mally relaxed at an elevated temperature with an 
aim to remove an internal stress and improve 
various kinds of characteristics. However, there is 
a serious disadvantage that all of the iron-based 
amorphous alloys become brittle by annealing 
even at temperatures well below Tg and/or T~. 
From the above-described points of view, a large 
number of studies on the effect of annealing on 
the structural relaxation as well as mechanical and 
physical properties have been carried out. There 
remains, however, an important unresolved 
problem about the difference in the influence of 
phosphorus and boron elements, which are essen- 
tial metalloid elements for the formation of i ron-  
metalloid type amorphous alloys, on the structural 
relaxation behaviour. More recently, it has been 
found for the iron-based amorphous alloys such as 
F e - N i - P - B - ( A I )  [2-4] and (Fe, Co, Ni ) -S i -B  
[5] systems that the amorphous alloys annealed at 
temperatures well below glass transition tempera- 
ture (T~) or crystallization temperature (T~) 
exhibit a reversible endothermic peak at a tem- 
perature slightly higher than the annealing tem- 
perature (T~) and the further heating results in the 
same irreversible exothermic reaction as that of 
the as-quenched sample. In particular, the revers- 
ible endothermic phenomenon as a function of T~ 
in (Fe, Co, Ni)TsSil0Bls alloys was found to occur 
at two stages. The two-stage relaxation 
phenomenon cannot be satisfactorily interpreted 
by the previous model [6] on the one-stage 
structural relaxation which was proposed based on 
the data of Pd48Nia2Pz0 amorphous alloy. This 
paper intends (1) to clarify quantitatively the T a 
and ta dependences of the anneal-induced 
structural relaxation behaviour, especially the 
enthalpy relaxation behaviour, for amorphous 
(Fe0.sNi0.s)saPv and (Feo.sN0.s)aaBa7 alloys, (2) 
to investigate the difference in the influence of 
phosphorus and boron on the enthalpy relaxation 
behaviour, (3) to obtain the further detailed 
information on the two-stage enthalpy relaxation 
which was previously found for the first time for 
(Fe, Co, N i ) -S i -B  system [5], and (4) to propose 
a new mechanism on two-stage structural relax- 
ation of an amorphous alloy. 

2. Experimental methods 
Amorphous ribbons (Feo.sNio.s)s3P17 and 
(Feo.sNio.s)83B17 ternary alloys, typically 20pm 
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 
diffractometer using CuKa radiation in combi- 
nation with an X-ray monochromator. The 
subscripts are assumed to be those of the 
unalloyed pure elements since the difference 
between nominal and chemically analysed compo- 
sitions was less than 0.18 wt % for phosphorus and 
0.09wt % for boron. The apparent specific heat, 
C v, and the Curie temperature, T~, were measured 
with a differential scanning calorimeter (Perkin- 
Elmer DSC-II). Care was taken to reduce the 
thermal drift by prewarming the calorimeter for at 
least 5 h in the temperature range of interest. The 
accuracy of the data was about 0.8 J mol -~ K -1 for 
the absolute Cp values, but was better than 
0 . 4 J m o l - l K  -1 for the relative Cp or ACp 
measurement and 1 K for the T e measurement. 

The as-quenched samples were subjected to 
annealing treatments at various temperatures 
below Tg(T a = 350 to 600 K) for different periods 
(ta = 1 to 48 h). Short-period anneals (ta ~< 13 h) 
were performed directly inside the calorimeter 
while long-duration anneals (14 to 48h) were 
performed in a well-controlled furnace after 
placing the encapsulated samples inside a vacuum- 
sealed quartz tube. 

Following the annealing treatment, the sample 
was thermally scanned at 40 K min -1 from 320 to 
680K to determine the C~a of the annealed 
sample. It was then cooled to 320K, 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 due to the prolonged annealing 
time between the measurements. The change in 
the calorimeter behaviour with annealing was used 
to monitor the structural relaxation processes. 

3. Results 
3.1. Cp (T) and ACp (T) behaviour of 

as-quenched samples 
Fig. 1 shows the thermograms of an amorphous 
(Feo.sNio.s)83P17 alloy in as-quenched state. The 
Cp value of the as-quenched phase is about 
2 6 . 2 J m o l  -~ K -1 near room temperature. As the 
temperature rises, the Cp value begins to decrease 
indicative of a structural relaxation at about 375 K, 
exhibits two minimum peaks at about 480 K and 
about 600K in the range below 650K, then 
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Figure 1 The thermogram of an amorphous 
(F%.sNi0.s)83P17 alloy in as-quenched state. 
The solid line presents the thermogram of 
the sample subjected to heating to 675 K. 

increases rapidly in the region of glass transition 
and reaches an equilibrium liquid value of about 
43.7 J mo1-1 K -~ around 680 K. It can be seen that 
the Cp value near room temperature is consistently 
higher by about 0.1 to 0.2Jmo1-1K -1 for the 
as-quenched sample than for the annealed one. 
The small difference in Cp is attributed to the 
anneal-induced changes in physical and mechanical 
properties. The similar thermograms are obtained 
for an amorphous (Feo.sNio.s)a3B17 alloy as shown 
in Fig. 2. However, it may be noted that (1) the 

temperature at which the exothermic reaction 
corresponding to an irreversible structural relax- 
ation begins to occur is higher by about 30 K for 
the F e - N i - B  alloy than for the Fe-Ni  P alloy, 
(2) no distinct glass transition phenomenon is 
recognized for the Fe Ni-B alloy, (3) the 
splitting of the irreversible structural relaxation 
into two stages for the F e - N i - B  alloy is not as 
clear as that for the F e - N i - P  alloy, and (4)the 
Curie temperature of the F e - N i - P  alloy is located 
in the vicinity of 475 K, whereas that of the 
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Figure 2 The thermogram of an amorphous 
(Feo.sNio.s)83B~7 alloy in as-quenched state. 
The solid line presents the thermogram of 
the sample subjected to heating to 665 K. 
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Figure 3 Difference in the specific heat 
between the as-quenched and annealed 
state (ACp, i, ex o) plotted against tem- 
perature for amorphous (Feo.sNio.s)83P~7 
and (Feo.sNio.s)83B17 alloys. 

F e - N i - B  alloy is higher than the onset tempera- 
ture of crystallization (Tx "~ 681 K). 

Fig. 3 shows the temperature dependence of 
the difference in Cp between the as-quenched and 
the annealed states [ACp(T)] for the amorphous 
(Fe0.sNio.s)saP17 and (Feo.sNi0.s)83Bl~ alloys. 
Although the ACp(T) curve of the F e - N i - P  alloy 
is slightly complicated due to the appearance of 
Curie point, two separable broad irreversible 
relaxation peaks can be seen in the ACp-T 
relation of the F e - N i - P  and F e - N i - B  alloys: a 
low-temperature one which peaks at about 480K 
for (Fe0.sNio.s)s3P17 and about 540K for 
(Feo.sNio.s)saB17 and a high-temperature peak at 
about 590K for the 
the latter alloy. The 
the ACp-T relation 
has been recognized 

former alloy and 625 K for 
appearance of two peaks in 
for the as-quenched sample 

for a number of amorphous 
alloys [7]. The value of Ani, ex o (-'~ f ACpdT) for 
the F e - N i - P  (1.45kJmo1-1) is larger by about 
50% than that for the F e - N i - B  (1.07 kJmo1-1) 
due mainly to the incomplete relaxation of the 
latter, as the ACp,m~ value is nearly equal 
(~  6 J mo1-1 K -1) for both the alloys. 

3.2. Cp (T) and ACp (T) behaviour of 
annealed samples 

The changes in the thermograms of an amorphous 
(Feo.sNio.s)saP17 alloy with annealing tempera- 
ture T a for ta----13h and with annealing time 
t a at T~ = 475K are presented in Figs. 4 and 5, 
respectively, where the data of the as-quenched 
samples are also shown for comparison. The 
heating curve of the annealed sample, Cp,a, 
shows a Cp(T) behaviour which closely follows 
the specific curve of the reference sample, Cp,s, 
up to each annealing temperature, and then 
exhibits an excess endothermic peak relative to 
the reference sample before merging with that 
of the as-quenched sample at a temperature 
below Tg = 645K where T~ is defined as the 
point of inflection in the Cp(T) curve. 

The significant features of Figs. 4 and 5 may 
be summarized as follows: 

1. The sample annealed at T a shows an excess 
endothermic reaction beginning at Ta, implying 
that the Cp, a curve in the temperature range 
above T a is dependent on the thermal history 
and consists of configurational contributions as 
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well as those arising from purely thermal 
vibrations. Therefore, the vibrational specific heat, 
Cp, v for the F e - N i - P  amorphous alloy was 
extrapolated from Cp values in the low tempera- 
ture region T~< 4 5 0 K  and is a linear function of  
temperature such that  

Cp,v = 28.2 + 2.4 x 10 -2 ( T - -  4 5 0 ) J m o 1 - 1 K  -x 
(1) 
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Figure 4 The thermograms of an amorphous 
(Feo.sNio.s)ssP17 alloy subjected to anneals 
for 13 h at various temperatures from 375 
to 575K. The solid line presents the 
thermogram of the sample subjected to 
heating to 675 K. 
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However, the equilibrium specific heat, Cp. e, of  
the supercooled liquid including the vibrational 
and configurational specific heat could not  be 
determined owing to the crystallization at a 
temperature just above Tg(-~ 675 K). 

2. The excess endothermic curves always begin 
to rise at T a, being independent on the annealing 

time. Furthermore,  both  the magnitude and the 
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Figure 5 The thermograms of an 
amorphous (Feo.sNio.s)saPl~ alloy 
subjected to anneal at 475 K for various 
periods from 1 to 48 h. The solid line 
presents the thermogram of the sample 
subjected to heating to 675 K. 
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Figure 6 Variation of  the ~Cp  = Cp, a - -  Cp, s peak temperature, T m, as a function of  annealing time t a for an amorph- 
ous (Feo.sNio.s)83P17 alloy annealed at various temperatures from 400 to 575 K. 

temperature of the endothermic peak tend to 
increase linearly with the logarithm of the time 
(In ta), as plotted in Fig. 6. 

3. The excess endothermic peak is reversible 
while the exothermic broad peak is irreversible 
and the Cp(T) curve of the annealed samples 
couples the reversible endothermic and irreversible 
exothermic reaction. 

4. If the annealing is performed at temperatures 

well below T~(T a ~< 550 K), it does not affect the 
glass transition process. This is indicated by the 
close overlap of Cp(T) curves for the annealed and 
unannealed samples at temperatures below Tg. 

Quite similar Cp,a(T ) curves as a function of 
Ta and/or t~ were recognized for (Feo,sNio.s)83B17 
amorphous samples and the thermograms as a 
function of T a for t a = 13 h and t a at T a = 500K 
are shown in Figs. 7 and 8, respectively. The 
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vibrational specific heat, Cp,v, of the F e - N i - B  
alloy, which was determined by extrapolating the 
C v values in the low temperature region T~< 500 K, 
is presented by the following linear function of 
temperature. 

Cp, v = 29.4 + 2.6 x 10 -2 (T--  500)Jmo1-1K -1 
(2) 

Fig. 9 also shows that the temperature of the 
endothermic peak for the Fe -Ni -B  alloy increases 
linearly with the logarithm of the time (ln ta), 
similar to that for the F e - N i - P  alloy. The tem- 
perature dependence of the Cp,v is larger by about 
8% for the F e - N i - B  alloy than for the F e - N i - P  

alloy. From the features derived from Figs. 4 
to 9, the too strict separation of the relaxation 
process into chemical short-range order and 
topological shirt-range order, which was previously 
proposed, is thought to be over simplified. Alterna- 
tively it was suggested that the reversible relax- 
ation arises from compositional short-range local- 
ized relaxation regions of the more less rigid 
matrix while the irreversible structural relaxation 
results from the annihilation of various kinds of 
quenched-in "defects" as well as the topological 
and compositional atomic regroupings. The 
further discussion of this point will be described 
in Section 4. 
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Figure 9 Variation of the ACp = Cp, a --  Cp, s 
peak temperature, Tin, as a function of  anneal- 
ing time t a for an amorphous (Feo.sNio.s)~3B17 
alloy annealed at various temperatures from 
475 to 575 K. 
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Figure 10 (a)The endothermic peak of an 
amorphous (Feo.sNi0.s)s3P~7 alloy subjected 
to anneals for 13 h at various temperatures 
ranging from 375 to 575 K. (b) The change 
in the configuration enthalpy &Ha(T ) 
corresponding to the appearance of the 
endothermic peak, where Z~H a (675 K) is 
set to zero. 

3.3. Configuration enthalpy, AH~ (T), of 
annealed samples 

The change in the configuration enthalpy, AHo(T), 
upon annealing at T a for ta for the (Fe0.sNi0.s)s3Pl~ 
amorphous alloy which was evaluated from Cp(T) 
data shown in Figs. 4 and 5 is shown in Figs. 10 
and 11. Here the configuration enthalpy at 675 K 
was taken to be the reference with AHc,(675 K) = 
0, and the relaxed configurational enthalpy AHa(T) 
was expressed by: 

AHa(T) = (Cp,a-- Cp,u)dT (3) 
67s 

As seen in the figures, the configurational enthalpy 
curve falls progressively with the annealing time 
and annealing temperature, indicating that the 
low-temperature anneals stabilize the amorphous 
structure. With rising temperature, the AHa of the 
annealed sample increases towards the reference 
value and merges with it before the complete 
transition of amorphous solid to supercooled 
liquid, implying that it is possible to recover the 

initial structure of the amorphous alloy without 
reheating above Tg. This feature differs significantly 
from the common phenomenon [8-10] that the 
2~H, of the amorphous materials annealed in a 
temperature range slightly below Tg changes 
significantly even after the glass transition. 

3.4. Changes in ACp, r ,endo and A H r , e n d o  
with Ta and t a 

With an aim to clarify the effects of T~ and t a on 
the magnitude of the endothermic peak, the 
temperature dependence of the differences in Cp 
between annealed (T a = 350 to 600K, t a = 1, 3, 
13, 48h) and the reference states, [ACp,r, endo = 
Cp,a(r)-Cp,s(r)], is shown in Fig. 12 for 
(Feo.sNio.5)s3P17 and Fig. 13 for (Feo.sNio.s)s3B17. 
These figures reveal the following features: firstly, 
the change in the magnitude of the A Cp,r, enao 
with ir a is not monotonic and shows two separable 
maxima which peak respectively at ir a = 450 K and 
T~ = 575 to 600K for the F e - N i - P  samples and 
at T a = 5 5 0 K  and T a = 6 0 0  to 625K for the 
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Figure 11 (a) The endothermic  peak of  
an amorphous (Fe0.sNio.5)83P17 alloy 
subjected to anneals at 475 K for various 
periods from 1 to 48 h. (b)The change 
in the configuration enthalpy ZxHa(T) 
corresponding to the appearance of the 
endothermic peak, where AH o (675 K) 
is set to zero. 

F e - N i - B  samples, indicating that the anneal- 
induced enthalpy relaxation occurs by two 
separate mechanisms. Secondly, the magnitude of 
the A Cp,r,endo increases with t a in a continuous 
manner in the temperature ranges (Ta ~ 450 K and 
T a = 550 to 600K for the F e - N i - P  alloy and 
T a ~ 5 5 0 K  and T a = 6 0 0 K  for the Fe Ni-B 
alloy) where the evolution of the reversible 
endothermic peak is attributed to individual single 
mechanism for structural relaxation. Thirdly, 
while the maximum value of A Cp,r,end ~ is nearly 
equal for both the alloy systems, the temperature 
range where the endothermic reactions occurs is 
lower by about 75 to 100K for the F e - N i - P  
alloy than that for the F e - N i - B  alloy, indicating 
that the reversible structural relaxation in a low 
temperature range occurs more easily for the F e -  
Ni -P  alloy, similar to the result (Figs. 1 to 3) of 
the irreversible structural relaxation. 

Figure 14 shows the change in enthalpy relax- 

ation AHr,endo as a function of annealing time at 
T a = 4 0 0 ,  425, 450, 550 and 575K for 
(Fe0.sNio.s)83P17 and at T~ = 475, 500 and 525 K 
for (Feo.sNi0.5)s3B17. Here 

AH~,~do(Ta, ta) = f  ACp(T)(= Cp, a -- Cp,s)dT 

ACp(T) t> 0 (4) 

AHr,endo(Ta) of both the alloys increases with 
(ln ta) n ranging from 1 to 2 and the n value tends 
to decrease with rising T a. This In t a dependence of 
AHr,endo(Ta) is expected as both the magnitude 
and temperature of the ACp peak scale nearly 
as in t a (see Figs. 6 and 9), being the same as those 
by low temperature annealing for Pd4sNimP2o [6] 
and (Fe, Co, Ni)-lsSiloBls [5] alloys. 

The changes in the maximum differential 
specific heat, &Cp,ma x =Cp,a--Cp,s ,  and the 
enthalpy relaxation, AHr,endo , during annealing 
for different periods (ta) as a function of T a are 
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&Cp(T), between the reference and annealed 
samples for an amorphous (Fe0.sNi0.5)83p~7 
alloy subjected to anneals at various tem- 
peratures ranging from 400 to 600 K for 
different periods from 1 to 48 h. 

shown in Fig. 15 for (Feo.sNi0.s)saP17 and Fig. 16 
for (Feo.sNio.s)83B17. With increasing Ta, both the 
values ACp,max and AHr, enao increase at first, show 
maximum values at about 450K for the F e - N i - P  
alloy and at about 525 K for the Fe -Ni -B  alloy, 
and then decrease significantly in the range from 

450 to 550K for the former alloy and from 525 to 
575 K for the latter alloy followed by a rapid 
increase at temperatures slightly below Tg. The 
distinct splitting of the peaks of the ACp,ma~(ta) 
and AHr, enao(ta) as a function of Ta indicates 
clearly that the enthalpy relaxation of the 
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Figure 13 The differential specific heats, 
~Cp(T), between the reference and 
annealed samples for an amorphous 
(F%.sNio.~)83Bt7 alloy subjected to 
anneals at various temperatures ranging 
from 450 to 600 K for different periods 
for l t o13h .  

2426 



200 

- -  150 
O 
E 

O 
N0r 

<1 
5( 

~-" 15( 
"5 
E 
3 
9100 

5C 

I I I I I I ~ I 2L 

(Fe~176 . J 

t I I I ! I 

1 3 5 7 10 30 50 701U0 
ta  (h) 

Figure 14 The variation of the enthalpy 
relaxation, ~Ha, endo, as a function of 
annealing time t a for amorphous 
(Feo.s Nio.s)~3 PI~ and (Feo.s Nio.s)83Bl~ 
alloys at various temperatures ranging from 
400 to 575 K. 

amorphous alloys on annealing occurs by two dis- 
tinguishable mechanisms. The rapid increases in the 
ACp,max and AHr, endo at temperatures above 
550K for the Fe--Ni-P alloy and above 575 K for 
the F e - N i - B  alloy are interpreted to correspond 
to the common glass transition phenomena. 
Accordingly, the annealing temperature range can 
be divided for convenience into the following two 
regions; (1) the first stage region in the range of 
Ta < Tg -- 120K, and (2) the second region in the 
range of Tg -- 120 < Ta < Tg. It is worthy to point 
out that the ACmmax(Ta) and AHr, endo(Ta) 
behaviour of the annealed samples is similar to the 
exothermic ACp(T) behaviour of the as-quenched 
sample shown in Fig. 3 regarding the appearance of 
the two-stage relaxation and their peak tempera- 
tures. The similarity suggests that the reaction 
mechanisms at each stage for the irreversible and 
the reversible structural relaxations are similar. 

Furthermore, it is very important to point out 
that a similar two-stage splitting of the endothermic 
peak is seen even for the (Feo.sNio.s)s3P17 samples 
annealed for t a at T a after preannealing for 1 min 

at 640K as exemplified in Fig. 17, in addition to 
the case of the samples annealed after melt- 
quenching. However, the magnitude of the 
ACp,endo peak of the preannealed samples is 
smaller by about 40% than that of the as-quenched 
samples and the annealing temperature at which 
the ACp,ma~ of the first-stage reaction exhibits a 
maximum value increases from ~ 450 K for the as- 
quenched sample to 2 4 7 5  K for the preannealed 
sample. Such differences in the ACp,endo peak 
behaviour between the as-quenched and the 
preannealed samples have been also recognized for 
Pd48Ni32P2o alloy [6]. 

3.5. Change in Curie temperature with Ta 
and t a 

It has been reported that the irreversible and 
reversible structural relaxations cause significant 
changes in physical and mechanical properties 
such as internal friction [11-14], ferromagnetic 
Curie temperature [15-18], Young's modulus, 
[19-21], electrical resistance [22-24], supercon- 
ducting critical temperature [25-29], and fracture 
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Figure 15 The variations of the maximum differ- 
ential specific heat ~ Cp, max (a) and the enthalpy 
relaxation, A Ho,endo (b) as a function of annealing 
temperature for an amorphous (Feo.sNi0.s)8~p~v 
alloy subjected to anneals for different periods 
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Figure 16 The variations of the maximum 
differential specific heat, ACp, max (a) and the 
enthalpy relaxation, AHa, endo (1))as a function 
of annealing temperature for an amorphous 
(Feo.sNio.s)s3B17 alloy subjected to anneals for 
different periods from 1 to 48 h. 
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strain [30, 31] etc. Although the low-temperature 
annealing is well known to result in an irreversible 
and reversible rise of T~, there is no information on 
the correlation between T e and the double-stage 
enthalpy relaxations. It is strongly expected that 
the clarification of  the mutual relationship offers a 
valuable information for the interpretation of  the 
mechanisms of  the two-stage reaction. Fig. 18 
shows the change of  T~ for (Feo.sNio.5)83P17 amor- 
phous samples on annealing at Ta for t~. The T~ is 

Figure ] 7 The variation of the maximum 
differential specific heat, ACp, ma x, as a 
function of annealing temperature for an 
amorphous (Feo.sNi0.5)83P~7 alloy subjected 
to anneals for 3 and 48 h at various tempera- 
tures after preannealing for 1 min at 640 K. 

465 K in as-quenched state and rises irreversibly to 
480 K after heating to 640 K which is nearly equal 
to Tg. On annealing the sample (preheated to 
640K) at 475K for 3h,  T c rises further to 486K 
and the subsequent heating to 640K results in a 
lowering of  T~ to the previous value (480K),  
i.e. T e o f  the sample heated previously to 640K 
changes reversibly. The amplitude of  the change 
in T c depends on both T a and t a. Furthermore, it 
is noted in Fig. 18 that T e rises in the case of  

.-. 481 
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475K 49( 
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Figure 18 The change in the Curie temperature T e for an amorphous (Feo.sNi0.5)83P~7 alloy subjected to anneals at 
various temperatures ranging from 425 to 575 K for different periods from 3 to 48 h. 
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T a ~< 500K and lowers in the case of ira > 550K. 
Based on the data of Fig. 18, the T c values for vari- 
ous t a values as a function of T a are plotted in Fig. 
19. It is seen that the change in T e with Ta can be 
distinguished as following two stages: (1) a 
reversible rise of T~ from 480 K to various values at 
400K ~< T a ~< 550 K; and (2) a reversible lowering 
of T e from 480K to various values at 550K < T a ~< 
625 K. Furthermore, Fig. 19 shows that the Ta at 
which T e exhibits a maximum value tends to 
decrease with t a from 475K for t a = 1 h to 450K 
for t a = 48 h. 

4 .  D i s c u s s i o n  

4.1. Act iva t ion  energy for  entha lpy 
relaxat ion Qrn (Tin) 

The information on the activation energy for struc- 
tural relaxation can be obtained from the data of 
the change of Trn either by isothermal annealing or 
continuous heating. If the ACp,r,endo peak at T m is 
associated with a relaxation entity, an apparent 
activation energy for enthalpy relaxation, Q~,  of 
(Feo.sNio.s)saP17 and (Feo.sNio.s)saB17 amorphous 
alloys can be evaluated from isothermal annealing 
data of Figs. 6 and 9 by using the following 
relation [32], 

am(Tm)/kB = din t*/d(1/Ta) (5) 

w h e r e  t a is the annealing time for the appearance 
of ACp,max at Tm and k B is Boltzmann's constant. 
Figs. 20 and 21 show a plot of log t a against 1/Ta 
for the first stage (o) and the second stage (e) 
peaks of (Feo.sNio.s)s3Pl~ and (Feo.sNio.s)s3Bv 
amorphous samples. A rather good linear relation 
for each peak, indicating the satisfaction of an 
Arrhenius temperature dependence is seen. As 
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Figure 19 The variation o f  the  Curie tem- 
perature T e as a func t ion  o f  annealing tem- 
perature for an amorphous  (F%. 5 Nio.s) 83P 17 
alloy subjected to anneals for different 
periods form 1 to 48h .  

plotted in Fig. 22, Qm(Tm) of the F e - N i - P  alloy 
is not constant and increases with increasing Tm 
from 1.7eV at T m = 4 7 5 K  to 2.5eV at T m =  
600K for the first stage peak and from 2.6eV at 
600K to 5.0eV at 650K for the second stage 
peak. Similarly, the Qm(Tm) of the F e - N i - B  
alloy tends to increase with T m from 1.8eV at 
560K to 2.0eV at 620K, but the degree of the 
change in Qm with T m is considerably smaller as 
compared with the case of the F e - N i - P  alloy. 

Alternatively, Qm(Tm) was evaluated from the 
shift in the ACp, r ,  endo spectrum with scanning 
rate, a, from equation 6 [33, 34] as exemplified 
in Fig. 23. 

d In (T2m/a) 
Qm(Tm)/kB ~ 2T m 

d(1/Tin) 
d I n a  d in a 

d(1/rm) ~ d(1/rm) (6) 

where T ~ Qm/kB. The Qm values thus evaluated 
are nearly equal to those obtained from the iso- 
thermal data as seen in Fig. 22. 

The observed Qm increases rather drastically by 
the change of the first-stage peak to the second- 
stage peak, The relatively small Qm(Tm) values in 
the first stage reflect the occurrence of local and/ 
or medium range structural relaxation while the 
large Qm(Tm) values in the second stage are 
attributed to that of cooperative structural relax- 
ation. 

The activation energy Qm has the following 
relation to the frequency factor Uo and T~ if the 
first order rate reaction process for the enthalpy 
relaxation is assumed. 

Qm = kBTa In Uot* = kBT m In Uor* = Qm(Tm) 

(7) 
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Figure 20 The annealing time, t a, for the appearance of  the ACp peak at T m as a function of  the inverse of the 
annealing temperature I /T  a for an amorphous (Feo.sNio.s)83Pl~ alloy. 

Here r* is the relaxation time at Tg and is related 
to the scanning rate a = 2/3 K sec -1 such that ~-* = 
kBT~m/Qm a ~30sec [35]. The frequency factor 
uo(Tm) calculated from Equation 7 is plotted in 

i 
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Figure 21 The annealing time, ta, for the appearance of  the 
A Cp peak at T m as a function of  the inverse of  the annealing 
temperature l IT  a for an amorphous (Fe0.sNio.s)s3B17 
alloy. 

Fig. 22. The Po of the F e - N i - P  alloy increases 
with T m from --~ 1016 see -1 at 475 K to ~ 1019 sec -1 
at 650 K for the second stage reaction, while there 
is no appreciable change in Uo value of the F e - N i - B  
alloy as a function of T~. These Uo values are 
somewhat higher than Debye frequency up -~ 1013 

to 1014see -1 for the first-stage relaxation and 
much higher for the second stage relaxation. Fig. 
20 also shows that both the values of Qm(Tm) and 
Uo are larger for the F e - N i - P  alloy than for the 
Fe Ni-B alloy. 

4.2. Anneal-induced relaxation spectra 
In a previous section, the activation energy for 
enthalpy relaxation was found to exhibit a broad 
two-stage distribution against T~. Based on 
Primak's theory [36] on the kinetics of processes 
distributed in activation energy, the enthalpy 
relaxation spectrum as a function of Tm has been 
evaluated by Chen [16]. According to his analyses, 
the relaxation spectrum A C p , e n d o ( T  ) is evaluated 
from Equation 8. 

Cp, endo(T ) = No(T)'y(T) (8) 

where No(T) is the distribution of the relaxation 
entity, and 7(T) is the coupling strength contribu- 
ting to the specific heat ACp,enao- AS ? ( T ) ~  
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(T--  Ta), Equation 9 reduces to 

No(T) ~ ACp,endo(r)/(r -- Ta). (9) 

No(T) values of (Fe0.sNi0.s)s3P17 alloy evaluated 
from the data of ACp,endo(T) shown in Fig. 12 are 
plotted in Fig. 24. It is seen that No(T) also shows 
two separatable maxima, which peak respectively 
at 500K and Tg, and reproduces fairly well the 
actually measured distribution of the maximum 
ACp,endo as a function of T a shown in Fig. 15. The 
good reproducibility enables us to conclude clearly 
that the relaxation entity for (Fe0.sNio.s)saP17 
amorphous alloy distributes at two stages against 
T~ and t a. Judging from the result that the T~ 
dependence of the 7(T) and the relatively large 
frequency factor Uo >> Up are similar to the relax- 
ation behaviour commonly observed for anneal at 
temperatures just below Tg, each spectrum of the 
first-stage and the second-stage relaxations is 
therefore thought to be attributed phenomenologi- 
cally to a distribution of two kinds of characteristic 
glass transitions (Tgl and Tg:) with an apparent 
activation energy Q1 and Q2. 

4.3. Interpretation of the two-stage 
enthalpy relaxation phenomena 

In the framework of a percolation process which 
was conceived by Cohen and Grest [37] and Cyat 
[38], the model for the appearance of the 
reversible endothermic peak in the annealed 
amorphous samples has been proposed. Cyat [38] 
and Chen [6] have proposed that a supercooled 
liquid structure near Tg is inhomogenous 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 amorphous solid prepared by melt- 
quenching contains a number of liquid-like regions 
with unrelaxed atomic configuration which are 
isolated from each other embedded in the solid- 
like matrix. The inhomogeneity for an alloy is 
considered to arise from fluctuations in concen- 
tration and density. When the amorphous solid is 
annealed at T a for ta, a part of liquid-like regions 
undergo configurational change to a relaxed state 
by the independent and noncooperative manner. 
However, the local structural relaxation itself in 
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the cluster involving several atoms can be 
cooperative. The sizes of the cluster have been 
approximated to be 1 to 2 nm. Each liquid-like 
region, m, manifests a liquid-amorphous 
transition at Tern which depends on the atomic 
configuration state. The difference in specific 
heat, ACp,g(T) = Cp,s(T)-- Cp,u(T) (see Figs. 4, 
5, 7 and 8), then would represent the distribution 
of the glass transition Tg,m. 

When an amorphous alloy is annealed at tem- 
peratures well below Tg, the regions with charac- 
teristic relaxation times, rm, given by Equation 10, 
being shorter than the duration of annealing t a, 
would undergo local relaxation towards the local 
equilibrium states at T a. 

7m-~TmeaeXp[--~(1/Ta - 1/Tg,m)] (10) 

Here Tree a is the time constant of measurements. 
Each local relaxation contributes to the enthalpy 
relaxation proportional to (Tg,m--Ta). Upon 
heating the annealed sample, each region, m, 
recovers the initial structure (the so-called 
"reversion") and contributes to an excess 
endothermic 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 t a with intensity proportional to 
(rg,m- r~)Wo(rg,m). 

Recently, Chen and Morito [39, 40] proposed 
an extended free-volume model to interpret the 
internal friction data of bulk-shaped Pd-Cu-Si ,  
Pd -Ni -P  and P t - N i -P  amorphous alloys. In the 
model, it is assumed that (1)there exists in an 
amorphous alloy a fluctuation in the frozen-in 
local free-volume with the probable distribution of 
total free volume v~, 

P(v) = 7_ exp (-- 7v/vf), (11) 
v~ 

(2) internal friction arises from relaxation within 
localized structural entity of double-well potential, 
and (3) the activation energy for the relaxation is 
simply related to the activation energy that 

Q OC Qo -- -~ (12) 

with a relaxation time 

r = ro exp (Q/kBT) (13) 

where v* is the critical volume at which atomic 

diffusive process can occur freely [41]. It yields 
the temperature dependence of internal friction 

F-1(13, T) = Fole-~e ~T/To (14) 

where /3(= 7v*/vf) is the free volume parameter 
which can be obtained independently from 
thermal expansion and viscosity measurements 
[42]. To ~Tg and physically reasonable coupling 
constant Fo 1 ~-0.3. The model also predicts the 
endothermic specific heat of annealed samples and 
reversible changes in many properties with tem- 
perature cycling [39]. 

The above-mentioned free volume model deals 
with simple atomic interacting systems and gives a 
single broad distribution of relaxation times (or 
glass transitions). In many ternary and quaternary 
amorphous alloys, there exist two types of short- 
range ordering, e.g. metal-metal and metal-  
metalloid types, 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 account of two types of atomic pairs 
existing in the F e - N i - P  and Fe -Ni -B  amorphous 
alloys, we propose the existence of two distri- 
butions of glass transitions centring at Tel and Tg2 
respectively (see Fig. 25). Tgl corresponds to glass 
transition arising from the metal atoms and Tg2 to 
that from metal-metalloid atoms. The relaxation 
spectra are seen to be asymmetrical with a long tail 
in the short time. The metal-metal pairs are more 
or less confined in the skeleton of metal-  
metalloid pairs. The local range rearrangement of 
metal atoms with a weak bonding occurs in the 
low temperature range near Tr while the atomic 
regroupings involving metal-metalloid atoms take 
place at higher temperatures near Tg2. This new 
viewpoint is substantiated from the results [43] 
that the low temperature endothermic peak is 
barely detectable in the binary alloys such as 
Fe-P,  Ni-P, Fe-B and Ni-B and the alloying of 
metallic components leads to an increase in 
ACp,endo values as welt as ACp,ex o at the first 
stage. 

The occurrence of the minimum phenomenon in 
the ACp,r, endo and Anr,endo spectra shown in Figs. 
4, 12, 13, 15, and 16 can be explained by taking into 
consideration of the two distributions of glass tran- 
sitions. As illustrated in Fig. 25, at T a = Tg2, the 
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Figure 25 A schematic illustration showing the two-stage 
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nearly whole spectrum lies on the shorter side of 
annealing time (rm < ta), SO that almost all the 
"liquid"-like region undergoes the transition to 
"solid"-like structure, namely structural relaxation. 
Similarly, as Ta lowers, the fraction of the change 
from "liquid"-like region to "solid"-like region on 
annealing, which is presented by the oblique lines 
in Fig. 25, decreases, resulting in a reduction of 
ACp,r,endo and AHr, endo. The detectable amount 
of ACp,r, endo and AHr,endo with DSC at Tel < 
ira < Te2 is limited to the small region represented 
with oblique lines and does not include the first- 
stage relaxation by metal (iron and nickel) atoms, 

since at T, > Tel the amorphous region with glass 
transition of Tel is in the supercooled liquid and 
hence no transition from "liquid" to "solid" 
occurs. This is thought to be the reason why the 
minimum phenomenon appeared in the ACp,e~do -- 
ir a and AH,,endo -- T~ relations. 

4.4. Correlation between two-stage 
enthalpy relaxation and Curie 
temperature 

It was described in Section 3.5 that the change in 
T e of (Feo.sNi0.s)83P1~ amorphous alloy with ira 
and t a can be divided to three types: (1)an 
irreversible rise of T e from 465 to 480K at T a ~< 
400K; (2)a  reversible rise of T e from 480K to 
Te, a at 400~< T a~< 500K; and (3) a reversible 
lowering of T e from 480K to Te. a at 550 ~< T a <~ Te. 
The irreversible rise of T~ corresponds to the 
irreversible structural relaxation accompanied with 
exothermic amount AHi, ex o shown in Figs. 1 and 
3 and has been interpreted as due to the increase 
in the atomic packing arising from the annihilation 
of various kinds of queched-in "defects"such as 
vacancies, voids, density fluctuations and concen- 
tration fluctuations and the enhancement of 
topological and chemical short-range orderings. 
The remarkable feature in the data presented in 
Fig. 19 is that the reversible change of T e can be 
distinguished at two stages. Furthermore, each Ta 
range where the reversible rise and lowering of Te 
are observed agrees almost completely with those 
of the first-stage and the second-stage peaks, 
respectively, of ACp-T~ and AHr, endo-T a curves. 
The noteworthy result indicates that for the two- 
stage endothermic reaction, the low-temperature 
one results in a structural relaxation and a rise of 
T e while the high temperature reaction results in 
a lowering of T e. Based on the fact that T~ of 
F e - N i - P  amorphous alloys rises with decreasing 
phosphorus content and with the development 
of the short-range ordering of iron and nickel 
atoms, it is suggested that the evolution of the 
reversible ACp and AH~,endo peaks at the first 
stage on one hand arises from local and medium 
range atomic rearrangements among metallic 
elements leading to the reduction in the average 
atomic distance between the constituent metal 
(iron and nickel) atoms and the increase in the 
average number of metallic atoms at the nearest 
neighbour position. On the other hand, the high- 
temperature endothermic reaction at the second 
stage seems to originate from the cooperative 
rearrangement among metal and metalloid 
atoms leading to a decrease in average atomic 
distance between metal and metalloid elements 
and an increase in average number of metalloid 
atoms at the nearest neighbour site, resulting in a 
reduction in Te. 
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Figure 26 Irreversible and reversible structural relaxation 
processes of a metal-metal-metalloid amorphous alloy. 

4.5. Possible process of structural 
relaxation 

From the above-described results and discussion, 
we propose a possible structural relaxation process 
shown in Fig. 26. The structural relaxation of an 
amorphous phase is divided into irreversible and 
reversible processes which consist of two stages; 
the first stage is the local and medium range 
rearrangement which occurs by the interaction 
involving only metal atoms and the second stage is 
a relatively long-range atomic regrouping which 
occurs by that between metal and metalloid. The 
two-stage structural relaxations lead to the annihil- 
ation 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) short-range ordering for the reversible 
process. It is quite encouraging that the newly 
proposed process can explain many of the 
phenomenological features observed for low- and 
high-temperature anneals for a number of 
amorphous alloys such as F e - N i - S i - B  [5], 
Fe -Ni -P ,  Fe -Ni -B ,  Fe-B [43], Fe-P  [43], 
Ni-P [43], F e - C o - S i - B  [5], F e - S i - B  [5], 
Co-Si -B [5], and Pd-Ni-Si  [44]. 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 is valuable for an under- 
standing of the stability of amorphous alloys at 
low temperatures. 
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4.6. Comparison of Cp (T), ACp,i,ex o and 
~Hi,ex o between Fe-N i -P  and 
Fe -N i -B  alloys 

The data on the Cp(T), ACp,exo(T ) and AHi,ex o 
presented in Section 3 indicate the existence of 
significant differences in these thermodynamic 
parameters between F e - N i - P  and Fe -Ni -B  
alloys. They may be summarized as follows: (1) 
while the Cp values near room temperature are 
nearly equal with each other, the values in the 
temperature range above about 575 K as well as 
the temperature dependence of the Cp values are 
larger for the F e -N i -B  than for the Fe -Ni -P ;  
(2) the reversible endothermic peaks ACp,r,endo ' 

and the irreversible exothermic relaxation occur at 
two stages, but the temperatures of each peak are 
higher by about 85 to l l 0 K  for the F e -N i -B  
alloy; (3) the AHi, ex o is larger by a factor of about 
1.5 for the F e - N i - P  than for the Fe-Ni-B.  From 
these differences, it is said that the F e -N i -B  alloy 
has a high resistance against the irreversible 
structure relaxation, in particular at lower tem- 
peratures. Although the reason for the high 
thermal stability for the F e -N i -B  alloy against 
the structural relaxation remains unknown within 
the present work, it may be due to the difference 
in the bonding force between metals (iron and 
nickel)-metalloids (phosphorus and boron). 
Considering the result that the Vickers hardness 
of the amorphous alloys is about 515 DPN for 
(Feo.sNio.s)s3Pl~ and about 565 DPN for 
(Feo.sNi0.s)s3B17, the bonding force between 
metal and meatlloid atoms is considerably larger 
for metal-boron than for metal-phosphorus. The 
stronger bonding nature causes a reduction of the 
atomic mobilibity, resulting in a suppression of 
structural relaxation. Additionally, the large values 
of Cp, s as well as the temperature coefficient of 
Cp,v for the F e -N i -B  alloy imply that the free 
energy at temperatures above about 575 K is lower 
for the Fe -Ni -B  alloy. This suggests that the 
amorphous structure in F e -N i -B  system is 
also more stable from thermodynamic point of 
view. Anyhow, the higher thermal stability for the 
Fe -Ni -B  alloy may be concluded to originate 
from the stronger bonding nature of iron or nickel 
and boron as compared with that of iron or nickel 
and phosphorus. 

5. Conclusion 
In order to obtain a further detailed information 
on the two-stage enthatpy relaxation, which was 



previously found for (Fe, Co, Ni)~sSil0Bts amor- 
phous alloys for the first time, and to clarify the 
mechanism for the splitting to the two stages, 
structural relaxation behaviour of (Fe0.sNio.s)s3P17 
and (Feo.sNio.s)83B17 amorphous alloys was inves- 
tigated calorimetrically for the pre-annealed 
samples over a wide temperature range from well 
below to the glass transition temperature, Tg. The 
results obtained are summarized below. 

1. Upon heating the annealed samples, an 
excess endothermic reaction (enthalpy relaxation) 
occurs above the annealing temperature T~ and is 
followed by a broad exothermic reaction. The 
endothermic specific heat ACp,endo, the magni- 
tude of the enthalpy relaxation 2xHo,endo and the 
peak temperature of the endothermic reaction T m 
increase in a continuous manner with logarithm of 
t a, In t a. 

2. The changes in the magnitude of the 
2XCp,r,endo, peak and the AHc~,e,ao with Ta can be 
distinguished at 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 Tg. The activation energy increases 
with increasing Tm from 1.7 eV at T m = 475 K to 
2.5 eV at Tm = 600 K for the F e - N i - P  and from 
1.8eV at 560K to 2.0eV at 620K for the 
F e - N i - B  for the first-stage (T~ < Tg-- 120K) 
relaxation and from 2.6 eV at 600 K to 5.0 eV at 
650K for the F e - N i - P  for the second-stage 
(Tg -- 120K < T~ < Tg) relaxation. 

3. The T a dependence of the Curie temperature 
T~ of (Feo.sNio.s)s3P17 alloy pre-annealed at 640 K 
for l rain can be also separated into two stages; a 
low temperature region (400 to 550K)where  T~ 
rises reversibly, and a high temperature region 
(550 to 625 K) where T e lowers reversibly. 

4. From the almost complete agreement of the 
temperature range and the peak temperature for 
the two stages of A C p , r , e n d n  , AHo,endo and T c as 
well as the marked contrast of the rise and 
lowering of T~, the endothermic reaction may be 
concluded to be due to the local and medium 
range rearrangements of  metal atoms so as to raise 
T c for the first-stage peak and to the long-range 
cooperative rearrangements of metal and metalloid 
atoms so as to reduce T c for the second-stage peak, 
by which each region recovers from relaxed 
configuration caused by annealing to unrelaxed 
initial structure. 

5. The interpretation of the occurrence of the 
two-stage reversible enthalpy relaxation as a 

function of T~ was given within the new concept 
of two distribution of glass transitions centring 
at Tg, and Tg2 which arise respectively from metal 
atoms and from metal-metalloid atoms. 

6. In order to interpret reasonably the results 
obtained in the present work, a possible structural 
relaxation mechanism leading to the annihilation 
of various kinds of frozen-in "defects" and the 
development of topological and compositional 
short-range ordering was proposed; as-quenched 
unrelaxed amorphous ~ irreversible and reversible 
relaxation of metal atoms in local and medium 
range-+irreversible and reversible relaxation of 
metal and metalloid atoms over a long range. The 
newly proposed structural relaxation mechanism is 
believed to give fairly well an explanation on many 
of the phonomenological features in the structural 
relaxation observed for the anneals in the whole 
temperature below Tg. 
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