
JOURNAL OF MATERIALS SCIENCE 26 (1991) 1851-1855 

Reversible short-range ordering due to the 
structural relaxation in amorphous Ni-Cr-B 
alloys 
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Reversible short-range ordering due to the fitructural relaxation in two amorphous alloys, 
Ni68Cr14B18 (Allied Chemical MBF-80) and melt-spun Ni55Cr25B2o, was investigated. Excess 
endothermic peaks were observed in differential scanning calorimetry (DSC) thermograms 
taken for Ni68Cr14B18 alloy annealed for both 5 and 20 h at 493 K, and this phenomenon can 
be explained as the decomposition process of short range order formed during annealing. 
Reversible changes in electrical resistance with isochronal annealing temperature were found 
in both alloys, which may be caused by the reversible formation and the decomposition 
processes of short range order. Kinetics of reversible relaxation in Ni~sCr25B2o alloy was also 
examined under the assumption that the relaxation process exhibits a Gaussian distribution in 
the logarithm of the relaxation time, that is, a log normal distribution. The mean relaxation time 
Xrn is obtained as an Arrhenius type, I; m = V O  1 exp(E'm/ka Ta), where k a and T a are Boltzmann 
constant and annealing temperature, respectively. As the mean activation energy, Em, and the 
attempt frequency re, values of 2.20 eV and 1.6 x 1016 sec -1 were obtained. 

1. Introduct ion 
It is well known that an amorphous alloy changes its 
properties within the amorphous state by annealing 
well below crystallization temperature. This phenom- 
enon is called the structural relaxation [1] and gen- 
erally attributed to atomic rearrangements within 
the amorphous state [2, 3]. The structure relaxation 
strongly depends on thermal history of the sample. 
The reversible structural relaxation, which is often 
called the chemical short range ordering (CSRO), was 
observed around 150 K lower than the glass transition 
temperature, Tg. Furthermore, the annihilation of 
quenched-in free volume (density fluctuation in a 
sample), which is called the topological short range 
ordering (TSRO) and is the irreversible change within 
the amorphous phase, became extensive in the same 
temperature region. However, TSRO change can be 
suppressed by adequate heat treatment at a temper- 
ature above the region which CSRO takes place 
[2, 4, 21]. 

The reversible structural relaxation was observed in 
many metal-metal and metal-metalloid amorphous 
alloys through the reversible changes of physical prop- 
erties such as Curie temperature [5, 6, 22], elastic 
modulus [-3, 7], specific heat [8] and electrical resistivity 
[2, 4, 9]. The reversible relaxation process was generally 
proposed to originate in compositional atomic re- 
arrangements in short range. Balanzat et al. I-2] ex- 
plained the reversible change in electrical resistance as 
the short range ordering analogous to it observed in 
crystalline alloys. Another model was also proposed 
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by O'Handley and co-workers [10, 11] that the 
reversible relaxation process can be attributed to the 
transition of a basic unit in the amorphous structure 
between a tetragonal unit and an octahedral one. 
Inoue et al. 1-12] have systematically investigated the 
effect of composition on the anneal-induced enthalpy 
relaxation and observed an excess endothermic 
reaction upon heating the sample annealed at a tem- 
perature well below Tg. They considered this phe- 
nomenon as local and medium range atomic 
rearrangements upon annealing. 

Kinetics of short range ordering due to the revers- 
ible relaxation has been studied by many workers, and 
some models have been proposed to explain the mech- 
anism. Van den Buekel et al. [7] pointed out that it is 
necessary to treat reversible structural relaxation pro- 
cesses as distributed continuously in activation energy 
(AES model), in order to account for the wide range of 
annealing temperatures and times over which revers- 
ible relaxation effects are seen. Gibbs and co-workers 
[13, 14] described the relaxation processes at first as 
the transition between the levels of a single two-level 
system (TLS model) with the activation energy spec- 
trum and later went on to use a relatively large 
amount of two-level systems with small energy split- 
tings to account for large reversible structure changes. 

In Ni-TM (TM: transition metal) based amorphous 
alloys, the cases of TM=Fe [4, 8], CO [12], Ti [2], Zr 
[15, 16] and Pd [17] have exhibited the reversible 
relaxation, but the criterion to identify which combi- 
nation of metallic elements cause the reversible relaxa- 
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tion is not yet discovered. So it is important to check 
which alloy systems generate the reversible relaxation 
and to investigate its mechanism;The purpose of this 
study is to show that the reversible relaxation was 
observed in Ni-Cr based amorphous alloy and also to 
examine the kinetics of reversible relaxation. 

2. Exper imenta l  p rocedure  
An amorphous Ni6sCr~r alloy was obtained from 
Allied Chemical Co. Ltd, about 25 mm in width and 
40 gm in thickness. Ribbons, about 2 mm in width 
and 20 Ixm in thickness, with the composition of 
Ni55CrEsB2o were produced by a melt spinning ap- 
paratus operated in a reduced Ar atmosphere with a 
cupper roller of 10 cm in radius. X-ray diffraction 
scans with CoK~ radiation did not show any sign of 
crystallinity in the samples. Heat treatments of sam- 
ples were performed with an infrared furnace in a He 
atmosphere. The samples were heated at a rate of 
300 K min-1 to given annealing temperatures T,, at 
which they were annealed isothermally. After isochro- 
nal and isothermal anneals, samples were quickly 
cooled to room temperature and then electrical resist- 
ances were measured at 78 K with a d.c. four-probe 
method, where the accuracy of resistance were con- 
trolled within + 0.004%. To decide the crystallization 
temperature T~ of samples, electrical resistance curves 
and DSC thermograms were taken with a heating rate 
of 20 Kmin-~ .  T~ obtained by both methods were 
almost coincident with each other. The changes in 
specific heat of samples were calculated from the DSC 
thermograms, using a Rigaku DSC model 8240, where 
an aluminium chip in 99.99 at % purity was used as a 
standard material. 
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Figure 1 Electrical resistance change (solid line) and DSC curve 
(dotted line) observed on heating at a rate of 20Kmin-I for 
Ni68CrIeB18 and Ni55Cr25B20 alloys. 
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Figure 2 Resistance changes AR/R,s of as-quenched (I)  
Ni6sCr14B18 and (O) NissCr25B2o alloys during isochronal an- 
nealing for 10 rain. 

3. Results and discussion 
3.1. Crystal l izat ion temperature and 

pre-annea l ing  cond i t ion  
As mentioned, the adequate heat treatment at Tp (pre- 
annealing temperature) enables one to induce the 
reversible relaxation during annealing below Tp, be- 
cause the annihilation of quenched-in free volume 
becomes negligible owing to the stabilization of 
amorphous structure by pre-annealing. To find out 
the appropriate pre-annealing condition, the change 
of amorphous properties around Tx must be exam- 
ined. Fig. 1 shows electrical resistance curve as a 
function of temperature and DSC thermograms taken 
with a heating rate of 20 K min-  1. From Fig. 1, Tx 
were determined as 664 K in Ni6sCr14Bts alloy and 
710 K in Ni55CrzsB2o alloy, respectively. Reduced 
resistance ratios AR/R,s in as-quenched samples are 
shown in Fig. 2 as a function of isochronal annealing 
temperature, where R~s represents the value of electri- 
cal resistance measured in an as-quenched condition 
and AR is defined as R(T~) - Ras. Both curves initially 
increase with rising annealing temperature. Beyond 
the peak temperature, about 540 K in both alloys, 
they begin to decrease. These behaviours are similar to 
ones observed in a lot of alloys [4, 9, 18] and are 
explained as below. In the low temperature region 
(below the peak temperature), short range ordering 

T A B L E I Crystallization temperature Tx and pre-annealing tem- 
perature Tp for Ni68CrleBIs and Ni55Cr2sB20 alloys 

Amorphous Tx (K) Tp (K) 

Ni6sCr14Bls 664 623 
Ni55Cr25B2o 710 638 

may progress during isochronal annealing together 
with decay of the chemical disorder state, which was 
frozen in samples by quenching from the melt. In the 
high temperature region, the order state formed dur- 
ing annealing may be decomposed to the disorder 
st~tte, which is more thermodynamically stable in the 
high temperature region, and simultaneously the anni- 
hilation of quenched-in free volume takes place. Tp 
was determined on the basis of the above explanations 
and is listed in Table I together with Tx for each 
sample. 

3.2. T h e r m a l l y - i n d u c e d  short  range 
order  

3.2.1. Change in speci f ic heat 
Thermal scans by DSC were carried out to examine 
the changes in specific heat for as-quenched and an- 
nealed Ni6sCrleB18 alloys. The temperature depend- 
ence of specific heat is shown in Fig. 3. Curves 1 and 2 
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Figure 3 Temperature dependence of specific heat for as-quenched 
and annealed at 493 K for (A) 5 h, (V)20 h, Ni68Cr~4Ba8 alloy which 
was pre-annealed at 622 K for 5 rain. The specific heat was calgu- 
lated from DSC thermogram taken with a heating rate of 
20 K min - 1. 

indicate the changes in specific heat of the samples 
which were annealed at 493 K for 5 and 20 h, respect- 
ively, then stabilized by a 5 min pre-anneal at 622 K. 
The reference curve Cpr(T) was obtained from a DSC 
thermogram taken subsequent to pre-annealing. The 
specific heat of the annealed sample shows a behavi- 
our which follows a Cv,(T) up to about 490 K, and 
hereafter exhibits an excess specific heat relative to the 
reference curve. The occurrence of the excess specific 
heat is interpreted as the decomposition process of 
short range order thermally induced during long time 
annealing at 493 K. 

3.2.2. Reversible resistance change 
The resistance measurements were carried out during 
isochronal up- and down-anneals subsequent to pre- 
annealing to check whether the reversible relaxation 
appears or not. Fig. 4 shows the changes in reduced 
resistance ratio with isochronal annealing temper- 
ature, where Rp represents the value of resistance 
measured immediately after pre-annealing for 10 rain 
in Ni68Cr~Bt8 and for 45 min in Ni55Cr25Bzo alloys, 
respectively. The first and third run were taken with 
down-anneals and the second run was measured with 
up-anneals. For  Ni55Cr25B2o alloy, the third run has a 
similar behaviour to the first one, and the reversible 
change in resistance is clearly observed. This suggests 
that the pre-annealing stabilized the amorphous struc- 
ture and the resistance change due to the free volume 
change did not occur during u p - a n d  down-anneal 
cycles. On the other hand, the third run for 
Ni68CrlgB18 alloy shifts to a lower position than the 
first run, and this means the irreversible part in relaxa- 
tion process still existed together with reversible one 
due to insufficient pre-annealing temperature. AR/Rp 
for Ni55Cr25Bzo alloys remains unchanged until 
about T~ = 550 K and beyond T~ it decreases almost 
linearly. This behaviour is explained as mentioned 
below. At each annealing temperature above T~, the 
thermal equilibrium state of short range ordering is 
attained during the time duration of a heat treatment 
owing to the high mobility of atoms but below T~, in 
contrast to this, the equilibrium order state is not 
achieved due to lack of thermal energy. Then, al- 
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Figure 4 Resistance changes AR/R o of pre-annealed samples during 
isochronal up- and down-anneal cycles; (a) Ni68Crl4B18 alloy: pre- 
annealed at 623 K for 10 rain; (b) Ni55CrzsB2o alloy: pre-annealed 
at 638 K for 45 min; (�9 first run, (O) second run, (L) third run. 

though AR/Rp remains apparently unchanged, a 
longer annealing may approach the formation of 
equilibrium short range order. The change in AR/Rp 
between about 550 and 600 K, where the linear rela- 
tion between AR/Rp and annealing temperature was 
seen, is about - 1.4 x 10 -5 K -1 for NissCr25B20 
alloy. This value is comparable to - 1.2 x 10 -3 K -1 
for Ni4oFe4oP14B6 alloy [18-]. 

3.3. Kinetics of short range ordering 
To examine the kinetics of short range ordering, iso- 
thermal changes in resistance were measured for 
Ni55Cr25B2o alloy. As shown in Fig. 2, this alloy has a 
higher Tp.than that in Ni6sCrl4Bla alloy. Therefore, 
the formation of short range order during pre- 
annealing would be suppressed to a lower level. Fig. 5 
shows the changes in AR/Rp during typical isothermal 
anneals at T, = 563 and 593 K. During an early stage 
of annealing, the value of AR/Rp on annealing at 
563 K is smaller than that obtained at 593 K, but it's 
equilibrium value (AR/Rp)eq is larger on annealing at 
563 K. Fig. 6 shows the T, dependence of(AR/Rp) 1 ~in, 
the value of AR/Rp at ta = 1 min, and (AR/Rp)eq. 
(AR/Rp)I m i n  increases with Ta and (z~R/Rp)eq decreases 
with T,. The different values of (AR/Rp)eq in Fig. 6 
suggest a relaxation process with a distribution of 
relaxation time [19]. The AR/Rp normalized by 
(AR/Rp)eq is shown in Fig. 7. In this case, the curves do 
not cross mutually. It has been reported in many 
alloys [6, 9, 20] that the kinetics of reversible relaxa- 
tion was well described by the process with a Gaussian 
distribution in the logarithm of relaxation time (a log 
normal distribution). Since the relaxation process may 
be expected to be controlled by atom movements, we 
assume here that the relaxation time has an Arrhenius 
form as �9 = v o 1 exp(E/kB T,), where v o, E and kB are 
the attempt frequency, the activation energy and 
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Figure 5 Resistance changes AR/Rp of pre-annealed at 638 K for 
45 rain, NissCr2sB2o alloy during isothermal anneals at ((3) 563 
and (Q) 593 K. 
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Figure 6 Values of AR/Rp in pre-annealed at 638 K for 45 rain, 
NissCr25B20 alloy after a 1 min anneal, (AR/Rp)lmin , and in an 
equilibrium order state, (AR/Rp),q, for various isothermal annealing 
temperatures. 
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Figure 7 Normalized resistance changes AR/R~/(AR/Rp)~q for pre- 
annealed at 638 K for 45 min, NissCr25Bzo alloy during isothermal 

annealing. 
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Figure 8 Relaxation function ~/(t) = 1 - AR/Rp/(AR/Rp)~q for pre- 
annealed Nis~Cr25B2o alloy as a function of log(t/Zm). Theoretical 
curves for n = 0.5, 0.6 and 1 are drawn in solid lines; (@) 563, 
((3) 572, ([]) 583, (A) 593, ( + ) 603 K. 

Boltzmann constant, respectively. Then it is assumed 
that the attempt frequency has a constant value and 
the value of activitation energy has a Gaussian dis- 
tribution. The relaxation function ~(t) is related to the 
physical property P(t) by assuming first order kinetics 
of a process with the relaxation time z as below [5], 

P(t) - Po~ I ~ = G( ' c ) exp( -  t/z)d~ (1) 
~(t) = Po - Po~ ~o 

where Po and P~o are an initial and equilibrium values 
of P(t). The distribution function G(z) is normalized 
such that 

j ~o G(x)dz 1 (2) 

Equation 1 is conventionally approximated to the 
next expression, 

@(t) ,,~ exp{--(t/Tin) n} (3) 

where % is the mean relaxation time and the inverse of 
an exponent n, which represents the width of distribu- 
tion of relaxation time. Thus, the mean relaxation time 
zm is represented as "[m = VO 1 exp(Em/k B Ta), where E m 

is the mean activation energy. Substituting P(t) 
= AR/Rp, Po = 0 and P o~ = (AR/Rp)~q into Equation 
1, the relaxation functions for various annealing tem- 
perature are fitted to Equation 3 by using the least 
square method. Then the parameters n and % were 
otgained for each annealing temperature. The relaxa- 
tion functions obtained are plotted as a function of 
log(t/~m) in Fig. 8. The data are well described by 
Equation 3 with the mean value of n ~ 0.60. In order 

T A B L E  I I  Kinetic parameters for short range ordering in amorphous NissCr25B2o alloy together with other alloys 

Amorphous n E m (eV) Vo 1 (sec- 1) 

Ni4oFe4oP14B6 0.5 1.39 1.8 x 1012 
Ni4oFe4oBzo 0.4 1.75 - 
NiraFelsSisB:4 0.43 1.93 1.2 x 1015 
(Col-xFe~)75SiloB15 0.37 ~ 0.43 1.78 ~ 2.70 5.3 x 1012 ~ 2.4 x 1020 

x = 0.067, 0.1, 0.25, 0.5 
NissCr25B2o 0.60 2.20 1.6 X 1016 

Method Reference 

electrical resistance [18] 
Young's modulus [-3] 
electrical resistivity [-4] 
electrical resistivity [9] 

electrical resistance This work 
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to estimate the parameters v o and E m, the plot be- 
tween lnz m and Ta -1 is shown in Fig. 9. The values of 
the kinetic parameters obtained are summarized in 
Table II together with those found in other alloys. The 
values ofv o = 1.6 x 1016 sec -1 and E m = 2.20 eV ob- 
tained from this experiment are reasonable in com- 
parison with those reported in other alloys. On the 
other hand, the mean value of exponent n is slightly 
larger. This means that Ni55CrzsB2o alloy has a 
slightly narrower width of the distribution of relaxa- 
tion time. This fact would suggest that the fluctuation 
of the amorphous structure was partly diminished by 
the prestabilization due to the longer pre-annealing, 
and consequently the degree of freedom in atom dis- 
placements was decreased. Komatsu and Matusita [4] 
have suggested that in Ni63Fe15SisB1, amorphous 
alloy reversible short rar/ge ordering could be well 
described by movements of nickel and iron atom in a 
trigonal prism which is considered as a basic unit in 
TMvsM25 (TM: transition metal, M: metalloid) 
amorphous alloy. O'Handley [10] has proposed the 
structural model that reversible short range ordering 
corresponds to the mutual transition of a basic unit in 
amorphous structure between a tetragonal and octa- 
hedral unit during annealing. However, it is hard to 
find out from this experiment the structural model 
applicable to the reversible relaxation mechanism in 
Ni-Cr-B amorphous alloy. More extensive study for 
short range ordering in Ni-TM based alloys is in 
progress. 

4. Conclus ion 
The reversible structural relaxation was confirmed in 
two Ni-Cr-B based amorphous alloy, Ni68Cr14B1s 

and Ni55Cr25B2o, by an excess endothermic reaction 
observed in DSC thermograms and reversible changes 
in electrical resistance with isochronal annealing. 
Using Ni55CrzsB2o alloy with higher pre-annealing 
temperature, kinetics of reversible relaxation was 
examined through isothermal measurements of elec- 
trical resistance. Under the activation energy spec- 
trum model, the kinetic parameters were determined 
to be about 0.60 for n, 2.20 eV for activation energy 
and 1.6 x 1016 sec-1 for the attempt frequency. 
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