
A quantitative study on reversible structural relaxation of metallic glasses

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1991 J. Phys.: Condens. Matter 3 4523

(http://iopscience.iop.org/0953-8984/3/25/002)

Download details:

IP Address: 171.66.16.147

The article was downloaded on 11/05/2010 at 12:15

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/3/25
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J .  Phys.: Condens. Matter3(1991)452~531.  Printed in the UK 

A quantitative study on reversible structural relaxation 
of metallic glasses 

A Bohonyeyt and L F Kiss$ 
t Eotvos L6rind University, Solid State Department, H-1088 Budapest Miizeum 
krt. &8, Hungary 
t Central Research Institute for Physics, H-1525 Budapest PO 60x49. Hungary 

Received 16 July 1990. in final form 1 March 1991 

Abstract. Two phenomenological theories were investigated for describing the reversible 
structural relaxation in metallic glasses: the activation-energy spectrum model of two-level 
systems and the difFusion model based on the free volume theory, where the driving force is 
thought to be compositional ordering of different types of atoms. Two kineticcurves were 
measured and compared with those calculated from the models. For comparison the whole 
annealing procedure performed in the experiment was taken into account by using a new 
evaluation technique. In the temperature range investigated (160-270 "C) for NimFeuFeloPm the 
diffusion Dicture seems to describe the data better. 

1. Introduction 

A metallic glass produced by rapid quenching from the melt is in an unstable thermo- 
dynamic state, consequently structural rearrangements leading to the metastable state 
of the undercooled liquid take place in it. This phenomenon is called 'irreversible 
structural relaxation'. Compared with the time scale of this process, there occur even 
shorter relaxation processes in a metallic glass, having reversible character, that are 
superimposed on the irreversible background. In this case thermodynamic systems can 
be defined on a matrix that is considered to be static. 

In this paper we deal with the quantitative analysis of reversible processes. The 
simultaneous treatment of reversible and irreversible processes would complicate the 
analysis, makingit impossible todraw fine conclusionsfromit. Theirreversible processes 
can be separated easily by proper preannealings so that the annealing5 exciting the 
reversible processes should not significantly influence the irreversible ones. 

We examine two phenomenological relaxation theories. The first is the activation- 
energy spectrum (AES) model of two-level systems (TLS) [1+ 21. The second explains the 
reversible processes by compositional (or chemical) ordering of different types of atoms 
assuming, as in the former case, a spectrum for the activation energy of the processes 
[3,4]. In this latter model the free volume theory [5] plays an essential role. 

Both models successfully describe the qualitative features of the relaxation. A 
few semi-quantitative analyses have been published but in these studies either the 
irreversible and reversible processes were treated simultaneously [4, 61 or the whole 
annealing procedure was not taken into account [7]. An attempt was made for the latter 
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Figure i. Schematic representation of a two-level 
system (TLS). 

Figure 2. Schematic temperature time diagram of 
an arbitrary annealing process approximated by a 
senesolsmall kinetics 

in the paper of Bruning et d[8] which approximates very roughly the real annealing 
procedure including two additional fitting parameters. Recently, there appeaced papers 
[9,10] calculating the AES spectrum exactly but only for irreversible processes. 

Having eliminated the irreversible effects by a proper preannealing, we measured 
the time evolution of a selected physical quantity (the Young modulus (YM)) at two 
different temperatures, i.e. two types of kineticcurve. and we compared them with the 
theoretical kinetic curves derived from the two models considered in this study. 

2. AES modelof two-level systems 

Suppose thatin theamorphousmaterialtherearerelaxationcentresthatcanbedescribed 
by separated two-level potential wells, see figure 1, i.e. an atom (or a group of 
atoms) can exist in two configurations of different energies, and transitions are possible 
between them via activation. In an amorphous material a quasi-continuous spectrum of 
the parameters ( E ,  A) of theTLss can be expected. Furthermore, the form and number 
of the TL% are supposed to be unaltered. In this picture the relaxation reflects simply 
the population change of the TLSS in the investigated physical property. 

First we investigate the population change of separated TLss characterized by E and 
A, which are initially not in equilibrium. We denote the population of the 1st state by' 
n , ,  the time derivative is denoted by a point. 

Applying first-order kinetics and taking into account the possible partial transitions 
derived from figure 1 we obtain: 

r i ,  = - v E n l  + v E + A n 2  

where Y E  is the rate of the transition through the potential barrier with encrgy E. An 
Arrhenius expression is used for uE: 

v E  = y o  exp(-E/kT). 
Solving the abovedifferential equation (indicatingin detail thevariablesofthe functions) 

where we introduce, for convenience, a function characterizing the annealing process 
and immediately drop its weak A dependence: 

n ~ ( t )  = b d E .  A) - n d A ,  V l ~ p o ( E .  T,t)  + n d A ,  7) (1) 
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ev0 (E, T ,  t) = exp[-votexp(-E/kT)] 

n,&, T )  = 1/[1 + exp(A/kr)]. 
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For an as-quenched material, nlo(E, A) = nl=(A, T,) can be written ignoring the low 
energy TLSS already equilibrated at room temperature during storing. As n2(t) = 
1 - n,(t), we investigate only n l  in the rest of this work, and we drop the index. 

In order to see what restrictions should be imposed on a ns in order that it can be 
considered as a closed system, let us allow the excitation of the particles out of the TLS 
(E' is finite in figure 1). It can be shown easily that if E' - E 5 kT the ratio of the time 
constant of the intra-TLS transitions to that of the excitations out of the TLS is s10-*, 
consequently the TLS can be considered as a closed system. For example, at T = 300°C, 
E' - E I 0.2 eV is required for a TLS to be a closed system. In an experiment TLSS with 
Evalues between 1 and 2 eV are generally excited. Fluctuations of the order of 0.2 eV 
with respect to E can be expected in a disordered system. 

In order to be able to compare a model quantitatively with the experiment we have 
to trace an arbitrary annealing procedure in the model in question. We approximate an 
arbitrary annealing process T(t) by a series of small kinetics (figure 2). 

First let us wite  the contribution of one TIS, characterized by the parameters E, A, 
to the relaxation. The physical property change between the ith and jth annealing steps, 
called elementary relaxation, R$'iemenrary, is given by 

RZlementary = A P  = (n(" - n o  )C 
where n(j) is the population after the ith annealing step and C is a coupling factor 
connecting the population change to the physical property change. 

After the first annealing step (at temperature Ti for t l )  the population can be written 
according to (1): 

n ( U  = (np - np)@l)  + &),. 

In the second annealing step, a similar equation is valid with nh') = d'). In the kth step: 
= ( n ( t - ~ )  - n E ) ) $ k )  + n p ,  

In the case of a TLS spectrum the elementary T u  contributions must be summed. That a 
summation is possible follows from the assumption of no interaction between separated 
TLSS. 

Thus, 

R" = [ J0= q(E ,  A)C(E,[n("(E,  A, T )  -&)(E, A, T)]  dEdA 

where q ( E ,  A) dE dA is the number of the TLSS havingarameters between E and 
E + dE and A and A + dA. The coupling term, C(E, A), is an average value: TLSS 
characterized by the same parameters Eand A can represent different atomic processes 
giving different contributions to the physical property change. 

Now suppose that 

q(E, A) = dE) if A < 5 kT 

where Tis the maximum temperature used in the experiment, meaning that a TLS with 
any A value less than 5 kT can be found with equal probability in the material. This 
assumption is obvious because theTLss with A > 5 kTdo not contribute to the reversible 
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effect [ 2 ] .  and because the (nearly) equal distribution of q(E,  A) in A is suggested by the 
amorphous structure. 

For the A dependence of the coupling factor, we examine the possibility of two 
assumptions: 

(i) C(E,  A) = C(E) 

A Bohonyey and L F Kiss 

-- 
if A < 5 kT. 

Thus 

RI] = loz ~(E)C(E)(\' d 0 ( E ,  4 T)dA - lo* n ( ' ) ( L  A, T )  dA) dE  
n 

where 
= 

n(l'(E, A, T )  dA = 1 { [ d ' - ' ' ( E ,  A, T) - nkl(A, r)]@("(E,  T, I )  + &'(A, 7')) dA. lo= 0 

The integral with respect to A gives: 

= kT, In 2 E T, dA Iox n"(A' T, dA = lox 1 + exp(A/kT,) 

and 
dA A 3 5 k T  dA 6 1 + exp(A/kT,) 1 + exp(A/kT,)' 

Finally we get a very simple construction: 

n("(E) E [,% n( ' ' (E,  A, 7") dA = const{[. . . [ (AT,@"'  + AT2)@(') 

+ ATjJ@(3i . . .I@('' + Ti} 

where AT, = T k - ,  - T,; @ I k 1  = exp[-~"I~exp(-E/kT,)]. 
-- 

(ii) Assuming C(E,  A) = C(E)A we get I,' @(A, T)A dA T:. 

The calculation to obtain n(')(E) is n o w s t f o r w a r d .  Note that in differential scan- 
ning-calorimeter (DSC) measurements C(E, A) A [ll], since the contribution of a TLS 
with a parameter A to the heat evolution is proportional to A! (Sn the case of other 
physical quantities it is difficult to give the C(E, A) function.) 

The relaxation between the ith and jth step can be written in the form 

R'J = lo* p(E)@"(E)  dE ( 2 )  
- 

where p(E) = C(E)q(E)  is characteristic for the material; ~$12 n("(E) - n(j)(E) is 
characteristic for the annealing (depending on the model). @"(E) can be calculated from 
the annealing process T(r) used in the experiment. p ( E )  is unknown. However, if a 
relatively small energy interval is swept out by choosing a proper @(E),  which is 
automatically the case when measuring kinetics,p(E) can be considered to be constant 
in the chosen interval. This assumption is at least a good starting point and we apply it 
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in the evaluation process of our data. It is possible to map p ( E )  over a large energy 
interval by kinetic measurements at different temperatures. 

It is worth mentioning that (2) is of general validity in the framework of the given 
model, i.e. not only forp(E) = const, but also for p ( E )   EO) (discrete spectrum). 
The exact form of @(E)  must be taken into account in every case. 

2. I .  The experiment 

2.1.1. Physicalquantity. Asaphysicalquantity, the Young modulus (YM) wasmeasured, 
it being very sensitive to the relaxation. The YM was calculated by measuring the period 
( T )  of a flexurally vibrating metallic glass ribbon (vibrating reed method): M oc l/TZ; 
the relative YM change is M ,  = ( M  - Mo) /Mo = ( T i  - T?)/T2 where MO, To are the 
values of these quantities in a reference state, e.g. at the beginning of the experiment at 
room temperature. 

The vibrating length of the sample was 7.4 mm, the vibration frequency -150 Hz 
and the nominal composition Ni60Fe20PZo. 

2.1.2. Annealing trentment. In principle any annealing treatment could test the models. 
Trivially, it is possible to make 0'' non-zero in a short energy interval by measuring at 
constant temperature. 

The YM was measured at two different temperatures. Annealing at the lower tem- 
perature for a long time resulted in an increase of the YM, in the subsequent annealing 
at the higher temperature the YM decreased first, then increased (crossover effect) (see 
details later). The comparison of these two kinetic curves with the theuretical ones 
shouldprovideasharptestofthemodelsbecause bothkineticcurveshave to bedescribed 
by the same model parameters. There is only one trivial fitting parameter setting the 
amplitude of the curves for both annealing treatments. 

Having discussed the general implications of the experiments we summarize the 
exact annealing process: 

(i) Preannealing at Tp = 279 "C for fp = 3 h for the elimination of the irreversible 
effects. 

(ii) Cooling from Tp = 279 "C to T2 = 159 "C with a cooling rate of approximately 
3 "C min-I. 

(iii) Annealing at T I  = 159°C fort, = 20 h. 
(iv) Heating from T I  = 159°C to T2 = 201 "C with a heating rate of approx. 

(v) Annealing at T, = 201 "C for t2  = 3 h. 
5 "C min-I. 

2.2. Tracing the annealingprocess in the model 

Weexamined the variants C(E, A) = const and C(E, A) 0~ A. Let ustake uo = lO"Hz, 
which is of the order of the Debye frequency, because this value, corresponding to the 
atomic migration frequency, is the only conceivable one in the TLS picture. Note that 
according to our definition of the TLS model, the transition between the two states of the 
TLS occurs in one step. p ( E )  const was generally assumed during the fitting procedure. 

Tracing the influence of the annealing procedure on the TLS the n(E)  functions in the 
initial (i) and h a 1  (f) states of the annealing at temperatures T ,  (figure 3) and at T2 

- - 
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E M  EleW 
Figure 3. n(E)  function (for definition sec trxt) 
after prcanncaling (p) at 279 T and in the initial 
(i) and final (0 stales of the kinetic measurement 
at 15Y "C. 

Figure 4. n(R function in lhe initial (i) and final 
(0 states of the kinetic measurement at 201 "C. 

(figure 4) are - shown for C = const. The qualitative features of these functions are 
unaltered for C ( E .  A) = A. Preannealing the material produces the curve labelled (p)  
on figure 3. An equilibrium value of n(E) a TP(=279"C) isset f o r  E s 1.8eV. Above 
1.8 eV the highn(E) value reflecting T&e. theas-quenchedstate) remainsunchanged. 
It isobvious from curve (i) offigure3 that eve ryns  withenergy rangingfrom 0 to 1.3 eV 
has been equilibrated (providedp(E) f 0 in this energy interval) bcfore the sample is 
cooled down to T,. Thus these processes disappear for the kinetic experiment as they 
merge into the base line. If we increased the cooling rate significantly, e.g. to 
160 "C min-', the highest energy of the equilibrated TLSS would not be less than 1 eV, 
meaning that the low-energy TLSS cannot be practically frozen in. The isothermal 
annealing at TI sweeps out only a relatively small portion of the spectrum, which makes 
more plausible thep(E) = const assumption. The area ny: - t ~ y /  (=er )  is proportional 
to the relaxation providedp(E) = const (see ( 2 ) ) .  

During isothermal annealing at T, the area nr ,  - nr2 1s lost, as it merges into the 
baseline, and only the dotted area (figure 4) contributes to the decrease of the YM. The 
value of the dotted area depends strongly on the means of reaching the annealing 
temperature. Approaching this temperature slowly, a significant area (i.e. YM change) 
is lost for the measurement. Figure 4 shows that for longer times the TLSS with higher 
energies are also equilibrated, giving rise to an increase of the YM (shaded area, nY2 - 
.vi). The resultingcurve willshow aminimumwith respect to time. Note that thecurves 
in figures 3 and 4 are non-trivial, calculated ones having no free parameters. They are 
determined by the annealing process as is actually performed in the experiment. It is 
obvious from the figures that the box spectrum approximation used up until now in the 
literature in order to account for the annealingprocedure [8] is very rough. 

U) (i) . 

2.3. Kinetic curues 

The kinetic curves derived from the model by tracing the time evolution of the area 
between the (i) and (f) states are compared with the measured ones in figure 5. At TI 
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i 

Figure 5. Relative Youngmodulus change plotted against the logarithm of time. Measure- 
ments (U) and theory (full curve) according to the T U  model for yo  = 10" Hz, (a) at 159 'C 
and (b) at 201 "C. The irreversible contribution (irr) at 201 "Cis shown separately. 

- 
the agreement is rather good, but at Tz this is not the case. Assuming C(E,  A) = A, the 
fitting will be even worse (not shown). 

Here we note that annealing at Tz, actually gives a very small contribution to the 
irreversible relaxation, which modifiesslightly the kinetic curves. However, an arbitrary 
high preannealing temperature, which could eliminate this contribution completely, 
cannot be used because crystallization would intervene. The irreversible effect can be 
easilyestimated [12], this beingtaken into account in the kineticcurves. Theirreversible 
contribution is shown separately in the figure. 

3. Compositional (or chemical) ordering model 

The reversible relaxation processes observed in metallic glasses with more than two 
components are often attributed to compositional (or chemical) short-range ordering 
(CSRO). A typical example is the (FeNi)ME system (where ME is metalloid). 

For pair ordering in the high temperature limit the equilibrium short-range order is 
described [13] by: 

ae = const/T. 

The kinetic equation for the CSRO is given by 

&= -(a - a.). 

where Y = U,, exp(-yu*/uJ exp(-E/kT) [5 ] :  y ,  $ < y < 1, isageometricalfactor; U* is 
the critical (specific) volume and uf is the average free volume of an atom. 

Solving this equation we get 

= (ao - ae)e,+ me 

which has the form of (1). Assuming a spectrum for the activation energy, E ,  and that 
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2 4 6 8 1 0  2 4 6 8 1 0  
In(t/sec) In(t/sec) 
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Figure6. The relative Youngmoduluschange plotted against the logarithm oftime. Measure. 
men& (0) and theory (fdl curve) amrding to the compositional ordering modcl for 
"6 = 1O'O Hz, ( a )  at 159 "C and (b)  at 201 'C.  The irreversible contribution (irr) at 201 T is 
shown separately. 

a,(T) is independent of the atomic process, a calculation similar to that for the case of 
the TLSS leads, for an arbitrary annealingprocedure. to 

R i  = ~ o = p , ( E ) O ~ ( E )  dE 

where 
,gJi = - ( L y ( i ) ( ~ )  - & ) ( E ) )  

@")(E)  = const[{. . . [A(l/Tl)6'C) + A(l/Tz)]f3$) + . . .}e:) + l /T i l  

AI/Tk = 1,fTk-I - I/Tk 6:) = exp(-v;Ik exp(-E,/kT)) 

v i  = vo e-Yo*i.t 

The frequency factor is decreased in this model by e-Y"'/"f. 
The negative sign in the equation for eg. means that in contrast to the TLS picture, in 

which a large n value corresponds to a low state of ordering (high temperature), in this 
model a large a value indicates a high state of ordering (low temperature). 

The kinetic curves calculated with v i  = 10'" Hz on the base of this model are 
compared with the experimental ones in figure 6 .  Here the irreversible effect at T, was 
also taken into account (see section 2). The agreement with the kinetic curve at T I  is 
acceptable, and for the curve at Tz is excellent. 

Here we note that a similar excellent fitting can be obtained in the n s  picture using 
v o  = lo' Hz, but such a small frequency factor in this picture has no physical reality. 

The low-frequency factor of vh = 10" Hz suggests a diffusion-like process. A dif- 
fusion mechanism for the reversible relaxation is also suggested in [14]. However, the 
question remains as to what is the driving force of the process. We supposed CSRO as a 
first approximation, which is physically plausible and supported by several papers [4, 
15-17]. Briining and Stom-Olsen [18] suggested that diffusion in Pd&i4,Pm might be 
controlled solely byTSRO. Thisis basedon the monotonousconcentrationdependenceof 
the reversible relaxation [ 141 in metal-metal-metalloid systems, which is not convincing 
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becauseofthesmallconcentration rangeavailable. Thero leof thecs~oin  metal-metal- 
metalloid glasses surely cannot be neglected, which is suggested by the fact that the 
relaxation in metal-metal-metalloid glasses is at least five times larger than in metal- 
metalloid glasses. 

4. Conclusion 

Two structural relaxation modelswere examined quantitatively by comparingthe exper- 
imental and theoretical curves of two subsequent kinetics. For the amorphous matesal 
and temperature range investigated the diffusion picture seemstodescribe the reversible 
relaxation more successfully. 

The investigations showed that a quantitative comparison of the experiments with 
the models is possible only if the whole real annealing procedure performed in the 
experiment is taken into account. 

Though in the present investigation the diffusion picture seems to be valid, the 
conditions for a TLS picture, i.e. separation (E'  - E 3 5 kT) and rigidity of the TLSS, 
could be satisfied at low temperatures. Consequently, the two reversible relaxation 
mechanisms could switch, which could be checked experimentally. 
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