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STKJCTURAL RELAxATION F!AT[S

IN ANoRr’tiOuS !1ETGLA5 ALLOYS t_e40Ni40P,4115 AND Fe80t18fl*

~. R. Cost and ~. T. Stanley**

Los Alamos Hationdl Laboratory

Los Alamos, N!t 87545

INTRODUCTION—.

It 1s well known that

amorphous materials change

quenched structure evolves

disordered state towards a

the properties of

with time as the as-

from a relatively

more ordered state, In

the case of metal!ic glasses these structural and

property changes often occur at appreciable rates

below the crystallization temperature, and thus,

the studj of the kinetics of these changes is of

Fractical significance and also provides infor-

mation about the fundamental natur@ of atomic

mobility in these mat~rials.

There it much evidence that the amorphous

$latt La!! be characterized by two different types

of short rang~ order, topological and chemical

(1), Indirect ●violence for chemical short r*nqe

order in ferromagnetic alloys such as Fe40Ni40P14B6

Comet from studies of the effects of annealing

on tileCurie temptreture (1) and ino,’cerlmagnetic

anibotropy (2-4), It is argued th~t t,? ●xistence

Of these @ff@Ct$ depends on chanqes in t,~e number

of f@.FQ nearest neighbors {n the alloy 6nd thus

is primerily du@ to changes in chemical short

range orslsrl CaldnZat (5) showed that the electri-

cal re$istsn~e of amorphous Fe40Ni40P)4B6 (Metqlas

2826) changed with time in a timilar way as the

mtgnetlc tnisotrop,y, lhese changes were fuund to

ba rever$iblp in cycling tht temperature betwcm

high and low valu~s, Thfs implies that there ii a

Characteristic state of order for each temperctur~

thtt con be achieved fn a reasonable annealing

time bt th? gfvcII ternpereture, We shall refer to

th~t at the equilihriur’ sttte of order, although

ft i$ not @ true equilibrium ttcte,

In J recent article (6) ue reported results

of electrical res~sttnce measurements on a MOtwle$
. -.—
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2826 specimen which demonstrated reversible time-

dependent resistance cn~nges induced by changing

temperature, a type of behavior associated with

cnanges in short range ordtir, The resistance

change measured at ?OO°C after equilibrating and

rapidly cooling from 25CIoC followed a curv~ that

could be decomposed into four simple first order

processes. Th:s and other evidence suggested

that each separate proce~s might be associated

with movement of a particular chemical species.

In this article we report additional measurements

made on the Metglas 2826 alloy at an anneal

temperature of 250°C which again strongly !n-

dicate that the temperature-change induc@d

reaction lnvOlveS four simple first order

processes. In addition, we report results of an

unsuccessful attempt to find a similar effect in

the b!nary metallic glass Fe80L120,

ExPERIMINTAL PROCEDLR[—-. —.—

The Experimental technique for monitoring

sample resistance has be@n previously described

(6), but the fractional error of a measurement

has been dQcreased to roughly 1 ppm, During

metsurcmtnts the sample was maintained at a con-

stant temperature to f O,l°C. The temperature

changet referred to as quenches in this report

were carried out at a rat~ of approximately 0.5°C/

sec.

Tho Fe40Ni40P,4B6 sample used in this study

was dffferrnt from the on~ on which results were

previously reported (6); it was, however, taken

from the same production spool, Microprobe scans

showed the chemical composition of this alloy to

Lr@ homogeneous within t 1 at % acrosk the width

@nd thtchnwss of the ribbon, The average com-

position wat at follows; FQ-40,\ at %, Ni-38,1

at %, P“18,4 at $ and B(by diffcrcnre)-3,2 at %,
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Fig, 1

Equilibrium and isostructural resistance vs

temperature for a Fe40Ni40p14B6 metallic 91ass

up-quencncd and down-quenched to 25C°C.

RESULTS AND-DISCUSSION

The experiments we report for the Fe40

Ni40P,4B6 alloy all involve measurement of tirne-

dependent resistance chanqes at a measuring tem-

perature of ?50°C after the sample was previously

equilibrated at a quench temperature in the range

from 230°C to 270”C an~ then quenched to 250°C.

Equilibratiorl was achievpd by holding at the

quench temperature until there was no further

resistance change. Examples of these experi-

ments are shown In the rf+$.istance vs temperature

plot of Fig, 1, Here the e~uilibrium curve for

resistance Is showrl for the temperature range

from 230°C to 270°C Also shown are the resis-

tance values for a downquench from 260°C to 250”C.

As determined by our results, this quen-h takes

place rapidly relative to the time for the re-

actfon which we measure in th? sample, Thus this

upper lfnr between 260°C and 250°C, Rtsostructural

(260°C), shows how the resistance i. {es with tem-

perature at the constant structure which is

quenched fn at 260°C, The values Rt(2500C) and

Pf(2500C) show the Initial and final values of

the rd$istance at 250°C following the quench,

Mo/lftor{ng and th~n analyzlng the ttme dependence

of the resistance as it varied between these two

valu~s provided the kinetic param?ter$ for the

temperature-change tncluced structural modification

rwsctfon ir~this alloy.

R@sist#nce bpha~ior for an upquench from 230°C

to ?50°C is 81s0 reprQsentcd fn fio 1 for this

qutnch the valuef hake been corrected to fit the

R
equllfbrlum

curvo for the 260°C to 250°C quench,

,o+~ ,& .5 ,G6

AN NEALINO TIME(S)

Fig. 2

Time dependence of the normalized change in

resistance, ~’, and experimental and calculated

derivative curves, d W/d (log t), for a Fe40Ni40-

P14B6 alloy quenched to 250°C from 260”C.

This correction was for a small
,.-10

per sec at 250°C) linear

resistance which appeared to be

slower process than the one of

correction was mlldO for al) the

for this alloy. It Is @mphas,z

(1/R dR/dt? 5X

ncrease in the

due to a much

hfs study. This

results we report

d that after

correction for this relatively small linear resis-

tance increase, the temperature-change induced

resistance behavior was fully reversible, e.g. ,

the same equilibrium resistance value was obta}ned

at 250°L for all quenches, Also the total resis-

tance change AR = Rf-Ri was fo~nd to be propor-

tional to AT = la - T
q’

where la and To are the

anneal{ng temperature and quenching temperature,

respectively. This revers{bilfty and propor-

tfonaltty between JR and AT are important because

they Indicate that, fgnurtng the small linear

change referr~d to above, the sam? equilibrium

ttate is raached at a given temperature indepen-

dent of previous spec{mQn history, These con-

ditions were also found for a slmllar quenching

study involving structural orderfng klnet~cs of

stainless steel (7),

Experimental re$ults for & downquench from

260°C to 2EC10Care shown In Ffg, 2, H@re data

for the normal{zod tim?-dependent resistance

chanqe, $, arv plotted vs time on a logarithmic

scalal Also shown in Fio, 2 are two derfvattve

curves, d W/d (log t), one enper{mental and one

calculatt?d, ThQ ●xperimental (’l@r{V4t\v@ curvQ was



Obtained from n(al,k(. .?0) dil .,r(,nt over lapl,inq

polyr)onial f)tt to the I.IV5 time ti3ta. The cal -

CUlat&d curie, which agrees very well with the

experimental , was predicted from the analysis.

It has been shown that use of the ryeriv~tive

curve provides a particularly sensit!ve method

for analyzing data and dist.incjuishing Detween

various models (8). In this st~dy the experi-

mental derivative curve exhibits several well

defined peaks and inflection points. The presence

of multiple peaks in th~ experimental derivative

curve provides strong evidence that more than a

single relaxation is occurring in the quench-in-

duced reaction.

The previous temperature-change induced

structural relaxation results for this alloy (6)

showed quite emphatica~ly that the kinetic process

was best fit by a set of discrete relaxations

described by

n

Ill(t)=l-z Ai exp (-t/?i) (Eqn, 1)
i=l

where Ai are the relaxation strengths, Ti are the

relaxation times and n is the number of relaxa-

tions invn!vcd, Furthermore, it was demonstrated

quite clearly tnat the best fit for the result was

n =4, i.e., that tnere are four separate nearly

first order p~ocesses takios pl~ce, In addition,

thi$ previous study also showed that the results

were best fit when the four discrete relaxations

had nearly a single time constant as opposed to d

relaxation spectrum of appreciable breadth,

The results of this present study further

confirm the pre~lous finding that this reaction

fnvolves four separate vrry nearly sing)e re-

laxations as given in EQn, 1 with n= 4. The

Calculated derivative curve fII F’g, 2 was obtained

using a non-

the A, and t

rcsfduals us

txp~rimental

in Fig, 2 is

inear regr@ssioil arwsly$is to determfne

for the minimun, sum of souared

ngn*4, The agreem~nt between the

and th@ calculated derivative curves

quite satisfactory, especially for the

location and magnitudes of the ~~sts, Again, as in

the previous study, (6) attempts to f!t Eo I with

n < 4 did not show the proper numb~r, Iocat{oll

and magnitude of the peaks and were clearly

less appropriate, The ?i values w{th f m 1 to 4

obtained for the quench f’rom 260°C to 250*C are

shown in th? ‘Jpper portion of Fig, 2 and also in

Table 1 with the appropriate Al va~uet It may

be observ~ ! th.t the peaks in ‘?e derivative

1;’[-7 —- .~ ....——T._._... -1
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Fig. 3

VdlueS of If obtained from analysis of the v

vs time curves using Fqn. 1 and n = 4 for a

Fe40Ni40P14B6 alloy quenched to 250°C from

the temperatures indicated.

curve at short and long annealing times corre-

spond to 1, and 14 respectively, and that the

large central peak near 8000 sec is a super-

position of the kinetic response from T. and 13.

In Fig,
<

? are shown the four different bdlIJl!>

of Ti measured at all annealing temperature of 250CC

for different quench temperatures. The time-de-

pendent rc~i$tance behavior for each of these

quenches was analyzed using various values of n

and far eacn, the resu)ts of the analysis in-

dicat~d that n = 4 was the proper fi,. The con-

Si5LSnCy of this ffnciing, both for the different

quenches in this study and for the different sam-

P]?S of thfs and the previous study, (o) provides

further evidence that the analysis usinrj Eqn, ) with

n * 4 is correct and thtt four discret@ first order

reactions arp intrinsic ts,the reaction,

Least squares strafght lines have been fit to

the data iP ~i~. 3 for each of the four Ti, With-

in exper{melltal e~ror these lines all hav~ A slope

of zero, The rel~tive magnitudes of the resistance

changes, as WSIII as the A{ and Ti for the results of

Fig, 3, a!e presel ted fn Table 1. Here it m~y he

observed that there fs good agreement between the

various valu?s for these parameters, The sl~ndard

devlat{oni for the re}akation tfmes and tho re-

laxation strengths are roughly 20% of the av~rage

v Iutt$, The slope of z@ro for the data fo’ ●ach

!i in Fig, 3 is d sfvnificant finding since the

absence of an effect due to varying the quench

temperature fndtcates that, at least for this
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small temperature range, the diff~rent structural

order which is frozen-in from the quench temper-

ature does not affect the rate constants for the

reaction. This suggests that atomic mobility

is nut sensitive to the temperature dependent

structural char,~es which account for the rela-

tively large resistance changes (JR/R per ‘C of

quench is 32 ppm/°C). However, this point is

still controversial since Chambron and Chamberoa

(9) found for the same alloy that the reaction

rate at 160°C was enhanced hy a factor of about

four’ I.vhentm quench temperature was cPan3ed

from 200”C to 340”C.

Studies of ttw temperature dependence of Ti

are still illproqress

r~sults on a different

I’S!SUltS on the present

relaxations apoears to

activisted process with

range 1 eV to 2 tIV

}{owe~er,bascd upon previous

sample (6) and preliminary

sample each of the four

be governed by a thermally

activation en(’rgies in the

It was predicted that if the four discrete

relaxations ubserv@d for the Fe401tf40p14B6 alloY

w@re fndccd due to some typ~ of long range atomic

regrouping of the four kinds of atoms, e,g, ,

changrs (n specific atomfc volume (5), then It

would br desirable to test th{s by fnvestfgatfng

tstmperatu! e-chdnge induced reactions fn a binary

or ternary alloy, Accordingly, we attempted

measurements in the metall!c glass Fe80B20
(M@tgla$ 2605) Unfortunately, no reversible

reactfon$ wcr? observed in thfs alloy, Inst@ad,

lt was found that th~ resistance docre,ised

monotonica’lywfth tfme; thi!. {s f? aqreement with

r~ctnt r~sults by Hlllairet, et al (10) Thlt

behavior Is shown {n fig, 4 where resititance fs

plotteo v% medsurfrrg temperature and th~ th~rrnal

history is fndfcated for the tsothormal mc.9sure-

ments at points A throuflh J, At each UI these

point$ (and others not conv?nf@ntly shown whfch

cycl?d srveral tlm~$ between some of thcss! points)
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Fig. 4

Effect of thermal history upon the resistance of a

‘e80B20
metallic glass, Isothermal anneals are

indicated by the letters,

the resistance was found to decrease, Fi,\ally, at

point J the resistance dropped in a way whfch sug-

gested the onset of crystallization,

‘ecause ‘he ‘efNB20 alloy has not been foun~

to exhibit I reversible te,nperature-changfi induced

structural modification reqctfon analog~cc to that

fn the fe40Ni40p14B6 alloy, the proposal that the

reaction }nvolves dfqcrete relaxation, due to lonq

range atomic mot{on of each of the componeot ele-

ments has still not b@en tested. It 1s planned to

check this predfc?fon in other binary or ternary

metall{c glasses, Wen t:IIS ~:’ocess Is be?.ter

Characterized, ft can b! expectkd to provide

useful under$tandfng of atomic mooilfty {n the

amorphous state,
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