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Enthalpy relaxation behaviour of
metal-metal (Zr-Cu) amorphous alloys

upon annealing
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Anneal-induced enthalpy relaxation behaviour was examined calorimetrically for
Zrso 70 CUsg 30, 210 (Cu—Fe) 5, and Zr,, (Cu—Ni);, amorphous alloys. When the alloys
annealed at temperatures below T, are heated, an excess endothermic reaction
(enthalpy relaxation) occurs above the annealing temperature 7,. The peak tem-
perature of AC, ... €volves in a continuous manner with Int,. The magnitudes

of AC, cngo @and AH,,4, for Zr—Cu binary alloys increase gradually with rising 7, and
then rapidly at temperatures just below 7, while their changes as a function of

T, for the ternary alloys show a distinct two-stage splitting; a low-temperature

one which peaks at about 7, — 150K and a high-temperature peak just below 7.
From the result that the addition of iron or nickel causes the two stage splitting of
the AC, .40 (7). it was proposed that the low-temperature endothermic peak is
attributed to local and medium range rearrangments of copper and iron or nickel
atoms with weak bonding nature and the high-temperature reaction to the long-
range co-operative regroupings of zirconium and copper, iron or nickel atoms
which are composed of the skeleton structure in the metal-metal amorphous alloys.
The mechanism for the appearance of the two-stage enthalpy relaxation was inves-
tigated by the concept of two-stage distributions of relaxation times proposed
previously, and the distinct two-stage splitting was interpreted as arising from the
distinctly distinguishable difference in the ease of atomic rearrangements between

Cu—(Fe or Ni) and Zr—(Cu, Fe or Ni).

1. Introduction

Recently, it has been found for a number of
metal-metalloid amorphous alloys such as
Fe—Ni-P-B-Al [1-3], Pd-Ni—(P or Si) [4, 5]
and (Fe, Co, Ni)-Si—B [6] that the amorphous
alloys annealed at temperatures well below glass
transition temperature (7,) or crystallization
temperature (7T,) exhibit a reversible endo-
thermic peak at a temperature slightly higher
than the annealing temperature (7,), and that
further heating results in the same irreversible
exothermic reaction as that of the as-quenched

sample. Most recently, the reversible endo-
thermic reaction as a function of 7, was found to
occur in two stages in metal-metalloid amor-
phous alloys containing more than two kinds of
metal elements such as (Fe, Co, Ni)-Si—B [6],
Fe-Ni-P [7] and Fe~-Ni-B [7] systems and it was
concluded [7] that the low-temperature endo-
thermic reaction is attributed to local and
medium-range rearrangements of metal atoms,
and the high-temperature reaction to long-range
co-operative regroupings of metal and metalloid
atoms. Furthermore, the mechanism for the

* Permanent address: The Research Institute for Iron, Steel and Other Metals, Tohoku University, Sendai 980, Japan.

0022-2461/85 $03.00 + .12 © 1985 Chapman and Hall Ltd.

4057



appearance of the two-stage enthalpy relaxation
was interpreted based on the new concept of
two-stage distribution in relaxation times (e.g.
two-stage glass transitions).

The concept of the distribution of the glass
transition due to metal-metal atoms with shor-
ter relaxation times is quite significant in the
understanding of the thermal stability of various
kinds of properties for metal-metailoid type
amorphous alloys annealed at temperatures well
below T, and/or T, because the relaxation due
to the interaction of metal-metal atoms is faster
by many orders of magnitude than the co-operative
relaxation process due to metal-metalloid atoms
responsible for the commonly observed glass
transition. Thus, a lot of useful information has
been obtained on the structural relaxation
behaviour of metal-metalloid type amorphous
alloys. However, there is no quantitative infor-
mation available on the reversible endothermic
reaction for metal-metal type amorphous alloys,
even though a trial to clarify the anneal-induced
relaxation behaviour has been actively made for
Cu—Zr [8, 9], Cu-Ti[9] and Zr-Ni [9] alloys. The
purpose of the present investigation is threefold;
(a) to clarify quantitatively the 7, and ¢,
dependences of the anneal-induced structural
relaxation behaviour, especially the enthalpy
relaxation behaviour, for amorphous Zr,y,_,Cu,
binary and Zr,,(Cu—Fe);;, and Zr.,,(Cu—Ni)s,
ternary alloys; (b) to ascertain whether or not
the two-stage enthalpy relaxation behaviour,
which was first found for the metal-metalloid
amorphous alloys of (Fe, Co, Ni)-Si-B,
Fe—Ni-P and Fe-Ni-B etc., is observed even for
the present metal-metal amorphous alloys; and
(c) to clarify the copper concentration depen-
dence of the enthalpy relaxation behaviour of
Zr—Cu binary alloys including eutectic and com-
pound compositions.

2. Experimental methods

Ribbon samples of Zr;,Cuyg, Zrg; Cus;, ZrssCuys
and Zr,Cus, binary and Zr,,(Cu,_,Fe,);, and
Zry(Cu, _,Ni )y (x = 0.25, 0.50, 0.75) ternary
alloys, typically 20 um in thickness and 1 mm in
width, were prepared in argon atmosphere by a
single-roller melt spinning method and con-
firmed to be amorphous by a conventional
X-ray diffractometer using CuKu radiation in
combination with an X-ray monochrometer.
The subscripts are assumed to be those of the
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unalloyed pure elements, since the difference
between nominal and chemically analysed com-
positions was less than 0.3 wt % for copper and
iron and 0.25wt% for nickel. The apparent
specific heat C, was 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 0.8Jmol 'K~! for the
absolute C, values, but was better than
0.2Jmol~'K~' for the relative C, and AC,
measurements.

The as-quenched samples were subjected to
annealing treatments at various temperatures
below T, (T, = 373 to 593K for different
periods (¢, = 1 to 100h). Short-period anneals
(t, < 3h) were performed directly inside the
calorimeter while long-time anneals (4 to 100 h)
were performed in a well-controlled furnace
after placing the encapsulated samples in a
vacuum-sealed quartz tube.

Following the annealing treatment,
sample was thermally scanned at 40 K min
from 320K to 7, to determine the C,, of the
as-quenched or the C,, of the annealed sample.
It was then cooled to 320K, and reheated
immediately to obtain the C,; 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 behaviour with
annealing was used in monitoring the structural
relaxation processes.

the

-1

3. Results
3.1. C,(T) and AC,(T) behaviour of
as-quenched samples

Fig. 1 shows the thermograms of an amorphous
Z15;Cuys alloy corresponding to a eutectic com-
position in the as-quenched state. The C, value
of the as-quenched phase is about
26 Jmol~'K~! near room temperature. As the
temperature rises, the C, value begins to
decrease indicative of a structural relaxation at
about 375K, exhibits a minimum peak at about
580K in the range below 650 K, then increases
rapidly in the region of glass transition and
reaches an equilibrium liquid value of about
45 mol~' K ~'around 700 K. It can be seen that
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Figure I The thermogram of an amorphous Zr,Cu,; alloy in
the as-quenched state. The solid line presents the thermo-
gram of the sample subjected to heating to 700 K.

the C, value near room temperature is consist-
ently higher by about 0.1 to 0.2Jmol 'K ! for
the as-quenched sample than for the annealed
one. The small difference in C, is attributed to
the anneal-induced changes in physical and
mechanical properties. Furthermore, the dif-
ference in C, between amorphous solid and
supercooled liquid is estimated to be about
16Jmol~'K~!. Similar thermograms have been
obtained for an amorphous Zrg; Cu,; alloy cor-
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Figure 2 The thermogram of an amorphous Zr; Cus; alloy in
the as-quenced state. The solid line presents the thermogram
of the sample subjected to heating to 650 K.
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Figure 3 Difference in the specific heat between the
as-quenched and annealed states (AC,,, ) against tem-
perature for amorphous Zr,;Cu,s and Zrg, Cu,, alloys.

responding to a stoichiometric compound
(Zr,Cu) as shown in Fig. 2. From the com-
parison of the C,(T) curves between ZrsCuys
eutectic and Zrg; Cu,; compound alloys, one can
notice the following three differences: (a) the
temperature at which the exothermic reaction
corresponding to an irreversible structrual
relaxation begins to occur is higher by about
15K for Zrg; Cuy, than for Zrs;Cuys while T, is
lower by about 35K for Zry,Cu,,, indicating
that the distribution of relaxation entity as a
function of temperature is considerably nar-
rower for the Zr,Cu compound alloy; (b) no
distinct supercooled liquid region is recognized
for Zrg;Cuy; and (c) the difference in C,
between supercooled liquid and amorphous
solid is smaller by about 14% for Zrg, Cus, than
for ZrssCuys.

Fig. 3 shows the temperature dependence of
the difference in C, between the as-quenched and
the annealed states, AC,(T), for the amorphous
ZrssCuys and Zrg;,Cu,, alloys. Only one broad
irreversible relaxation peak with a long tail on
the low-temperature side can be seen, and the
existence of two separable peaks is not recog-
nized for both alloys, in good contrast to the
previous results for the metal-metalloid type
amorphous alloys such as (Fe, Ni)—(P or B)
[7] and (Fe, Co, Ni)}>-Si-B [6]. The value of
the exothermic relaxation enthalpy change
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Figure 4 Changes in glass transition temperature T, crystal-
lization temperature 7,, exothermic relaxation enthalpy AH,
and heat content of crystallization AH, of Zr—Cu amorphous
alloys as a function of copper concentration. The data for
Vickers hardness H, and Young’s modulus Y are also
presented for comparison.

AH, = [ACdT = [(C,, — C,o)dT (where sub-
script q refers to quenching) for ZryCuys
(1.60 kJ mol~") is larger by about 16% than that
for Zr,;Cuy, (1.34kJ mol~}), indicating that the
amorphous structure in the Zr,Cu alloys with a
stoichiometric compound composition possesses
a more relaxed and stable atomic configuration
even in the as-quenched state.

The AH,, T, and T,, for Zr-Cu binary
amorphous alloys as a function of copper con-
tent are shown in Fig. 4, where the heat of
crystallization AH,,, the Young’s modulus Y
and Vickers hardness H, are also presented for
comparison. The features of this figure are
described as follows: (a) T,, T,, Y and H,
increase monotonically with increasing copper
content; (b) AH,,, shows a minimum value at
33at % Cu, whereas AH,,,, exhibits an inverse
tendency showing a maximum value at
33 at % Cu. These results enable us to infer that
the Zr,Cu compound alloy has a more relaxed
atomic configuration but a higher instability
against the completion of crystallization as com-
pared with Zr;;Cu,s and Zr,,Cu,, eutectic alloys,
even though the difference in atomic configur-
ation hardly reflects on the mechanical proper-
ties of Yand H, as well as the onset temperatures
of glass transition and crystallization. The
monotonic rise of T,, T,, and Y with increas-
ing copper content is in good agreement with the
previous data reported by Chen and Krause [10].
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Figure 5 The thermograms of an amorphous Zr;Cu,; alloy
subjected to anneals at 533K for various periods from 1 to
2h. The solid line presents the thermogram of the sample
subjected to heating at 700K.

3.2. C,(T) and AC,(T) behaviour of
annealed samples

The change in the C,(T) behaviour with
annealing was examined for ZrgCus,, ZrssCuys,
Zrg;Cuyy and Zr,,Cu,y amorphous alloys. As an
example, Fig. 5 shows the thermograms of an
amorphous Zr;;Cu,s alloy annealed at 533K for
different periods, together with the data of the
as-quenched sample. The heating curve of the
annealed sample C,, shows a C,(T) behaviour
which closely follows the specific curve of the
reference sample C, up to each 7, 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
T,, where T, is defined as the point of inflection
in the C,(T) curve.

The significant features of Fig. 5 may be sum-
marized as follows:

1. The sample annealed at 7, shows an excess
endothermic reaction beginning at T,, implying
that the C,, curve in the temperature range
above T, is dependent on the thermal history
and consists of configurational contributions as
well as those arising from purely thermal
vibrations. Therefore, the vibrational specific
heat C,, must be extrapolated from C, values in
the low-temperature regions 7 < 530K and is a



linear function of temperature such that

C,, = 279 + 70
x 10~*(T — 530)Jmol 'K~ (1)

Further, the equilibrium specific heat C,, of the
supercooled liquid including the vibrational and
configurational specific heat was determined
from Fig. 5 as expressed by Equation 2:

C,. = 450 + 8.2

p.e
x 1073(700 — T)Jmol 'K™! )
Similarly, the C,, and C,, of ZrsCus, and the

C,. of Zrg;Cuyy and Zr,,Cus, were found to be
expressed as follows:

Zr5, Cugg:
C,, = 274 + 1.2 x 1073(T — 500)
Jmol~'K™! 3)
Zrs,Cugy:
C,. = 465+ 7.7 x 107%(720 — T)
Jmol'K™! C))
Zrg;Cusy;y:
C,. = 274+ 1.4 x 10°%(T — 480)
Jmol'K™! (5)
Zr,,Cuyy:
C,. = 273 4+ 1.3 x 10°%(T — 470)
Jmol~'K™! 6)

However, the C,. of Zr,Cuy; and Zr;Cuy,
alloys cannot be determined due to crystal-
lization at a temperature just above T,.

2. The excess endothermic curves always
begin to rise at T,, regardless of t,. Furthermore,
both the magnitude and the temperature of the
endothermic peak tend to increase linearly with
the logarithm of the time (In¢,), as exemplified
for Zr,,Cu,, alloy in Fig. 6.

3. The excess endothermic peak is revers-
ible while the exothermic broad peak is irrevers-
ible, and the C,(T) curve of the annealed
samples couples the reversible endothermic and
irreversible exothermic reaction.

4. If the annealing is performed at tem-
peratures well below T,(T, < T, — 100K), the
glass transition process is not affected. This is
indicated by the close overlap of C,(T) curves
for the annealed and as-quenched samples at
temperatures below T,.
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Figure 6 Variation of the AC, = C,, — C,; peak tem-
perature, 7,, as a function of annealing time 7, for an
amorphous Zr,,Cu,, alloy annealed at various temperatures
from 423 to 548 K.

3.3. Configuration enthalpy of annealed
samples

The change in the configurational enthalpy,
AH_(T), upon annealing at T, for ¢, is evaluated
for Zrs;;Cu,s amorphous alloy exhibiting a clear
supercooled liquid state and is shown in Figs. 7
and 8. Here the configurational enthalpy of the
supercooled liquid at 700K is taken to be the
reference with AH,(700K) = 0, and the relaxed
configurational enthalpy AH_(T) is expressed by

AH(T) = [ (G — GAT (D)

As seen in the figures, the configurational
enthalpy curve falls progressively with 7, and ¢,,
indicating that the low-temperature anneals
result in a stabilization of the amorphous struc-
ture and a lowering of fictive temperature. With
rising temperature, the AH_(T) of the annealed
sample approaches that of the as-quenced sam-
ple (not shown) and merges with it before the
complete transition from amorphous solid to
supercooled liquid, showing that the low-
temperature anneals do not affect the relaxation
processes near 7,. This feature differs signifi-
cantly from the previous common phenomenon
[11-13] that the AH,(T) of the amorphous
materials annealed in a temperature range slightly
below T, changes significantly even after the glass
transition. Additionally, in all cases the AH_(T)
curves cross the equilibrium AH, (7; = T) with
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Figure 7 (a) The endothermic peak of an amorphous
Zr;Cu,, alloy subjected to anneals for 12h at various tem-
peratures ranging from 513 to 573 K. (b) The change in the
configuration enthalpy AH_(T) corresponding to the
appearance of the endothermic peak, where AH_(700K) is
set to zero.
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Figure 8 (a) The endothermic peak of an amorphous
Zr;;Cu,s alloy subjected to anneals at 533K for various
periods from 1 to 12h. (b) The change in the configuration
enthalpy AH,(T) corresponding to the appearance of the
endothermic peak, where AH,(675K) is set to zero.
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positive slope, and eventually approach equi-
librium at high temperature from below the
equilibrium curve. The relaxation behaviour,
moving away from equilibrium with increasing
t, in the region below T}is a manifestation of the
memory effect and clearly confirms the necessity
of a distribution of relaxation times to describe
the structural state of the metal-metal type
amorphous alloys.

3.4. Changes in AC, .4, With T, and ¢,

The changes in the maximum differential specific
heat AC,..,x = C,, — C,, during annealing for
different periods ¢, as a function of 7, are shown
in Fig. 9 for Zr,Cu,,, Fig. 10 for Zr,Cu,, and
Fig. 11 for Zr;,Cu,,. With increasing T,, the
AC, . of the three alloys increases gradually
followed by a rapid increase at temperatures
slightly below T,. The rapid increase in the
AC, ,..x is interpreted to correspond to the com-
mon glass transition phenomenon. Fig. 12
shows the change with copper concentration in
the maximum values of AC, ., at the same
reduced annealing temperature (t = T,/T,) of
Zr—Cu amorphous alloys during annealing for
different periods from 1 to 12 h. In both cases of
t = 0.82 and 0.89, the AC, ., value decreases
with increasing copper content and approaches
zero in the vicinity of 50 at % Cu, revealing that
the enrichment of copper results in a suppression
of the endothermic reaction. Thus, the com-
positional dependence of the AC, ,,,, varies mon-
otonically and no deflective tendency is seen
even at the compositions of deep eutectic and
intermetallic compound. Furthermore, it is very
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Figure 9 The variation of the maximum differential specific
heat AC, ., as a function of annealing temperature 7, for
an amorphous Zrs;Cu,s alloy subjected to anneals for 1, 3

and 12h.
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Figure 10 The variation of the maximum differential specific
heat AC, . as a function of annealing temperature T, L for
an amorphous Zrg; Cuy; alloy subjected to anneals for 1, 3
and 12h.

important to point out an existence of strong
correlation that the lower the Y, H,, T, gand T,,
the larger is the endothermic enthalpy relaxation.
The correlation indicates that the generation of
the anneal-induced endothermic relaxation is
strongly affected by the bonding force between
zirconium and copper atoms.
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Figure 11 The variation of the maximum differential specific
heat AC, ., as a function of annealing temperature T, for
an amorphous Zr,, Cu,, alloy subjected to anneals for 1, 10
and 100 h.
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Figure 12 The variation of the maximum differential specific
heat AC;, ., as a function of copper content for amorphous
Zr-Cu alloys subjected to anneals at the same reduced

annealing temperatures, ¢ = T,/T, = 0.82and 0.89, for 1, 3
and 12h.

3.5. Effect of third metal elements on
AC, cndomax (T2) behaviour

The changes in the AC, ,,, during annealing for
12h as a function of T, are shown in Fig. 13 for
Zry(Cu-Fe),, alloys and in Fig. 14 for
Zr,(Cu-Ni)s, alloys, where the data of Zr,,Cus,
binary alloy are also plotted for comparison. As
seen in these figures, the replacement of copper
by iron or nickel results in the appearance of an

7 T T T
0 ZrpCuyy
6r & Zmy(CuygsFegasin ]
8 Zro(Cug sFeg sl
~ 5F .
= £g=12h
1
©
€ 4 .
z
a3 ]
O
<
2 -
1_ -
- L 1 1
200 450 500 550
7, (K)

Figure 13 The variation of the maximum differential specific
heat AC,,,, as a function of annealing temperature for
amorphous Zr;,(Cug 75 Feg 15 )3 and Zry (Cuy s Fey s),, alloys
subjected to anneals for 12h. The data for Zr,,Cu,, alloy are
also shown for comparison.
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Figure 14 The variation of the maximum differential specific

heat AC, ., as a function of annealing temperature for

amorphous Zr,,(Cuy;5Nig,s5)5 and Zr,,(Cu,y sNig 5)5, alloys
subjected to anneals for 12 h. The data for Zr,,Cu,, alloy are
also shown for comparison.

additional peak at about 475K in the AC, ., —
T, relation, in addition to the large original peak
at about 550 K. Furthermore, it appears import-
ant to point out that Zr—Cu-Fe and Zr-Cu-Ni
alloys (Fig. 15) also show a two-stage splitting
tendency in the temperature dependence of the
difference in C, between the as-quenced and
annealed states, AC,(T), as is seen from a com-
parison with the data for Zr,,Cu,, alloy (Fig. 3)
showing a single-stage exothermic reaction.
From the above-described results, it is clearly
concluded that the two-stage splitting of the
AC, cniomax(T,) and  AC,.,,(T) behaviour
occurs by the addition of the third metallic
elements (iron and nickel), and hence the reason
for the appearance of the low-temperature peak
originates from the structural relaxation
through the interaction among the constituent
elements containing iron or nickel. Detailed dis-
cussion of this point will be made in Section 4.4.

4. Discussion

4.1. Acitvation energy for enthalpy
relaxation Q_, (7,,)

The activation energy for structural relaxation

can be evaluated from the data of the change of

T, either by isothermal annealing or continuous
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Figure 15 Difference in the specific heat between the
as-quenced and annealed states (AC,,,) against temperature
for amorphous Zr;,(CugsFeys); and Zr,(CugsNigs)s,
alloys.

heating. If the AC, 4, peak at T, is associated
with a single relaxation entity, an apparent
activation energy for enthalpy relaxation, Q,,, of
Zr—Cu amorphous alloys can be obtained from
the isothermal annealing data of Figs. 5 to 8 by
using the following relation [14]:

On(Ty) _ ddnz)
ks d(T,)

®)

where t}is the annealing time for the appearance
of AC, s at T, and kg is Boltzmann’s constant.
As an example, Fig. 16 shows the log ¢, against
1/T, relation for Zr,,Cu,, amorphous samples.
A rather good linear reldtion, indicating the
satisfaction of an Arrhenius temperature
dependence, is seen. As plotted in Fig. 17,
0. (T,,) of the Zr—Cu alloys is not constant and
increases with increasing T,,. For instance, the
Q.. value of Zr,,Cu,, alloy increases significantly
from 1.4eV at T, = 520K to 4.6eV at T, =
620K.

Alternatively, Q. (T,,) was evaluated from the
shift in the AC, .4, spectrum with scanning rate
o from Equation 9 [15, 16] as exemplified in Fig.
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Figure 16 The annealing time £ for the appearance of the
AC, peak at T, as a function of the inverse of the annealing
temperature 1/7, for an amorphous Zr,,Cu,, alloy.
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where T,, <€ Q. /kg. The Q,, values thus evalu-
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Figure 17 The activation energy spectrum Q,.(7,,), and the
frequency factor vy(T,), as a function of T, for amorphous
ZrsCuyg, Z1;Cuyy and Zr,,Cuy, alloys.

ated are nearly equal to those obtained from the
isothermal data as seen in Fig. 17.

The observed Q,, increases very drastically at
temperatures slightly below T,. The relatively
small Q. (T,,) value in the temperature region of
T, — 40K reflects the occurrence of local and/or
medium-range structural relaxation, while the
large Q,,(T,) value at temperatures near T, is
attributed to that of co-operative structural
relaxation.

The activation energy Q, has the following
relation to the frequency factor v, and T, if a
first-order reaction process is assumed for the
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E
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Figure 18 Ozawa plots of In « against 1/7,, for an
amorphous Zr,,Cuy, alloy.
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enthalpy relaxation:
On = kgT,Invytf = kgT,Invg*
= On(Ty) (10)

Here * is the relaxation time a. 7, and is related
to the scanning rate o = 2/3K.sec”' such that
* = ks T2/Q,, @ =~ 30sec [17]. The frequency
factor vo(7,) calculated from Equation 10 is
plotted in Fig. 17. The v, increases with T, from
~10"sec™' at 560K to ~10"sec™"' at 620K for
ZrssCuys, from ~10%sec™’ at 540K to
~10%sec™! at 600K for Zry;Cuy;, and from
~10"sec™! at 520K to ~10'°sec™! at 600K for
Zr,,Cuy,. These v, values are nearly equal to the
Debye frequency vy, ~ 10" to 10'sec™" in the
low-temperature range of 7, — 40K, and much
higher in the higher temperature range. Fig. 17
also shows that both the values of Q,,(7,,) and
v, are smaller for the Zr,Cu compound alloy
than for the other two eutectic alloys (Zrs;Cuys
and Zr;,Cu,).

4.2. The distribution of the
anneal-induced relaxation entity
No(T)

In a previous section, the activation energy for

enthalpy relaxation was demonstrated to exhibit

a broad distribution against T,,. According to

Primak’s theory [18] on the kinetics of processes

distributed in activation energy, the enthalpy

relaxation spectrum as a function of T,

AC, 4o (T), is evaluated from

AC,e0o(T) = No(T) y (T) (11

where N,(T) is the distribution of the relaxation
entity, and 9(T) is the coupling strength
contributing to the specific heat AC, ..4,. As y(T)
oc (T — T,) [4]. Equation 11 reduces to

NO(T) oC ACp,endo(T)/(T - Ta) (12)

Ny(T) values of Zr;Cuyg, Zr4(CuysFegs)q and
Zr;0(Cuy sNij 5)4, alloys evaluated from the lead-
ing edges of AC, ,,4,(T) are plotted in Fig. 19. It
is seen that Ny(7') shows a single maximum near
T, for Zr,Cuy; and two separable maxima
which peak respectively at about 475K and 7,
for Zry(CugsFegs);, and  Zryy(CugsNigs)s.
Thus the N; — T curves reproduce fairly well the
actually measured distribution of the maximum
AC, .n40 88 a function of T, shown in Figs. 11, 13
and 14, since T,, — T, is nearly constant. The
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Figure 19 The relaxation entity spectra Ny(T) = AC, 04, (T)/
(T — T,) for amorphous Zr,,Cusy, Zry(CuysFeys)s and
Zr1,4(Cuy sNig 5)5 alloys as a function of temperature.

good reproducibility enables us to conclude
clearly that the relaxation entity distributes over
one stage against 7, and ¢, for Zr,,Cu,, alloy and
over two stages for Zr,(CuysFeys);,, and
Z17(Cuy s Niy 5)5 alloys. Judging from the result
that the T, dependence of p(T') and the relatively
large frequency factor v, > vy are similar to the
relaxation behaviour commonly observed for
anneal at temperatures just below T, the single-
stage relaxation spectrum for the Zr—Cu alloy is
therefore thought to be attributed to a distribu-
tion of one kind of glass transition (7,) with an
apparent activation energy Q,,. Similarly, each
spectrum of the first- and second-stage relaxa-
tions for the Zr—Cu—Fe and Zr-Cu~—Ni alloys is
attributed phenomenologically to a distribution
of two kinds of characteristic glass transitions
(T, and T,,) with an individual apparent activa-
tion energy Q, and Q,.

4.3. Interpretation of the single-stage
endothermic reaction of Zr-Cu
binary alloys

It has recently been proposed [4, 19, 20] that a

supercooled liquid structure near 7, is inhom-

ogeneous 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 large
number of liquid-like regions with unrelaxed



atomic configuration which are isolated from
each other and embedded in the solid-like
matrix. The inhomogeneity in the Zr—Cu amor-
phous alloys is thought to arise from fluctu-
ations in concentration and density. When the
amorphous solid is annealed at T, for ¢,, parts of
the liquid-like regions undergo configurational
changes to a more relaxed state in an indepen-
dent and non-co-operative manner. However,
the local structural relaxation in a cluster involv-
ing several atoms can be co-operative, and the
size of this cluster has been estimated to be less
than 1-2 nm. Each liquid-like region, m, mani-
fests a liquid-amorphous transition at 7,
which depends on its atomic configuration state.
When an amorphous alloy is annealed at tem-
peratures well below 7, the regions with charac-
teristic relaxation times 7, given by Equation 13
below, being shorter than the duration of the
annealing time ¢,, where 7, < t,, undergo local
relaxation towards the local equilibrium states
at T,:

1 1
Ty = Tmeaexpl:_'%_m<’f - _T_)} (13)
B a g,m

Here, 1., is the time constant of measurements.
Each local relaxation contributes to the enthalpy
relaxation in proportion to (7, — 7,,). Upon
heating the annealed sample, each region, m,
recovers the initial structure (the so-called
“reversion’’) and contributes to an excess endo-
thermic specific heat as the local amorphous—
liquid transition occurs at or slightly above T, ,.
Thus the peak temperature of the AC,..q,
evolves in a continuous manner against the log-
arithm of ¢, with intensity proportional to (T},
— T,)Ny(T,,,). Therefore, the reason why the
endothermic reaction for the Zr-Cu binary
amorphous alloys evolves over a single stage is
concluded to be due to a monotonic increase of
Ny(T,,,) for the binary amorphous alloys as a
function of temperature.

4.4. Interpretation of the two-stage
endothermic reaction of Zr—Cu-Fe
and Zr-Cu-Ni alloys

Although the above-described concept gives

reasonably a single broad distribution of relaxa-

tion times (or glass transitions), it does not give
an interpretation of the appearance of the two-
stage endothermic peaks. Most recently, Inoue

et al. [7] have found that the metal-metalloid
amorphous alloys containing more than two
kinds of metal elements such as (Fe, Co,
Ni)-Si—B, Fe—-Ni—P and Fe-Ni-B systems
annealed at temperatures below 7T, exhibit two
distinctly distinguishable endothermic peaks,
and the appearance of the two peaks has been
interpreted on the new concept of a two-stage
distribution of relaxation times (or glass tran-
sitions) centring at T, and T,,. Here T, corres-
ponds to the glass transition arising from metal
atoms (iron, nickel and cobalt) with a weak
bonding nature, and T, to that from metal-
metalloid atoms with a strong bonding nature.
The reason for the appearance of the two-stage
endothermic peak which was found for the first
time for the metal-metal type Zr—-Cu—Fe and
Zr—Cu—Ni amorphous alloys can be reasonably
explained by the same mechanism. In the
Zr—Cu-Fe and Zr—-Cu—Ni ternary systems, the
metallic bonding force between zirconium and
copper, iron or nickel is thought to be much
stronger than that between copper and iron or
nickel, as is evidenced from the fact that an
amorphous phase is easily formed in Zr-Cu,
Zr-Fe and Zr-Ni alloys while no amorphous
phase is obtained in Cu-Fe and Cu-Ni alloys.
Therefore, the Cu—Fe and Cu—Ni pairs are more
or less confined to the skeleton of Zr-Cu and
Zr-Fe or Zr-Ni pairs. The local-range rearrange-
ment of copper and iron or nickel atoms with a
weak bonding occurs in the low-temperature
range, while the atomic regroupings involving
zirconium and copper (iron or nickel) atoms
take place co-operatively at higher temperatures
near T, because of the limitation of atomic
rearrangement due to their strong bonding
nature. It is thus concluded that the marked
difference in bonding force among the con-
stituent elements is a main reason for an
appearance of the two-stage enthalpy relaxation
which is evidenced from the data (Fig. 19) show-
ing a two-stage distribution of the N,(T) curve
of the Zr—Cu—Fe and Zr—Cu—Ni amorphous
alloys. In addition, the reason why the magni-
tude of the endothermic peak for Zr-Cu
amorphous alloys reduces with increasing cop-
per content is thought to originate from an
enhancement of the difficulty in atomic
rearrangement during annealing (an increase in
relaxation times) due to the increase in the num-
ber of Cu—Zr pairs with a strong bonding force
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and the decrease in that of Zr—Zr pairs with a
weak bonding force. Thus, the effect of copper
on the enthalpy relaxation behaviour as well as
Y, H,, T, and T, of Zr—Cu amorphous alloys is
concluded to be quite similar to that [5, 21] of
metalloid elements for metal-metalloid type
amorphous alloys.

5. Summary

In order to clarify the anneal-induced relaxation
behaviour of a metal-metal type amorphous
alloy structural relaxation of ZrgCus,
ZrssCuys, Zrg;Cus; and Zr,Cuy, binary and
Zr,(Cu,_,Fe,);, and Zr,(Cu,_,Ni,),, ternary
amorphous alloys has been investigated calor-
imetrically for samples annealed over a wide
temperature range from well below 7, to T,,. The
results obtained are summarized as follows:

1. Upon heating the annealed samples, an
excess endothermic reaction (enthalpy relaxa-
tion) occurs above T, followed by a broad exo-
thermic reaction. The peak temperature of the
endothermic specific heat AC, .,4,, Ty, increases
in a continuous manner with In¢,.

2. The magnitude of AC, .4, decreases with
increasing copper content, and no endothermic
reaction is seen in Zr;,Cuy, alloy even at T, ~
T,. There is a clear tendency that the lower the
hardness and the Young’s modulus, the larger is
the AC, .4, Peak.

3. The change in the magnitude of the AC, .4,
peak with T, for Zr—Cu binary alloys occurs
at a single stage with a peak at ~T,. On the
other hand, that for the Zr-Cu-Fe and
Zr-Cu-Ni ternary alloys can be separated into
two stages: a low-temperature (first-stage) peak
at about 7, — 150K and a high-temperature
(second-stage) peak at a temperature slightly
below T,. The activation energy for the enthalpy
relaxation of Zr—Cu binary alloys increases with
increasing T, from ~1.4eVat T,, ~ 0.85 T, to
~45eVat T, =~ T,

4. From the result that the addition of iron or
nickel results in the appearance of another low-
temperature peak in the AC, 4,7, relation, the
endothermic reaction was interpreted as due to
local and medium-range rearrangements of
Cu-Fe or Cu-Ni atoms with a weak bonding
nature for the first-stage peak and to the long-
range co-operative rearrangements of Zr—Cu,
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Zr-Fe and Zr-Ni atoms, which are composed of
the skeleton structure in Zr—Cu type amorphous
alloys, for the second-stage peak. By the endo-
thermic reaction each region recovers from the
relaxed configuration caused by annealing to an
unrelaxed initial structure. The occurrence of the
two-stage reversible enthalpy relaxation for the
Zr—-Cu-Fe and Zr-Cu-Ni alloys appears to
originate from a dual distribution of glass tran-
sitions centred around T,, and T,,, which arise
respectively from copper and iron or nickel
atoms and from zirconium and copper, iron or
nickel atoms.
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