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Structural changes of C o66 N i1 2 Si 9 B1 3 amor phous alloy , stimulated by
isochronal and isothermal annealin g, w ere observed by means of the meth-
ods: electrical resistivi ty , H all e˜ect and X -ray di˜raction . In the amorphous
matri x at the temp erature 673 K phases ˜ -C o and (C o,N i) 5 Si 2 B are cre-
ated, w hile at the temp erature 773 K the phase (C o,N i) 3 B is formed. T he
structural phase transitions are related to abrupt decrease in electrical and
H all resistivi ti es at the background of systematic decrease in these parame-
ters values during the alloy transition from the amorphous to the crystallin e
state.

PACS numb ers: 61.20.Lc, 64.70.Pf

1. I n t rod uct io n

Co nsidering som eappl icati ons of meta ll ic glasses, a very im porta nt pro blem
is t he m aintena nce of the amorpho us state. The am orpho us structure of the m etal -
l ic glasses is a meta stabl e state. Thei r com positi on and the m etho d of pro ducti on
inÛuencethei r structura l and energeti c ini ti al sta te and result in the typ e and rate
of the occurri ng structura l changes. The structura l changes proceed thro ugh the
changes in the chemical and topological short- range order (C SRO and TSR O),
later on thro ugh the changes in the interm ediate state wi th the medium range
order leadi ng Ùnal ly to the polycrysta l l ine state wi th the long-range order [1]. For
the appl icati on purp oses of the meta ll ic glasses, the inv estigati ons expl aining the
crysta l l izati on m echanism s are perf orm ed. The kno wl edge of these m echanisms
could be used to contro l the crysta ll izati on process and determ ine the interv als of
the e£ cient m etal l ic glass appl icati on, as well as to obta in som e special structures,
ei ther parti al ly or com pletel y crysta l l ine, whi ch cannot be obta ined from the l iqui d
state.

The crysta l l izati on ki neti cs depends on v arious factors, and parti cul arl y on
the way of crysta l l izati on, num ber of \ frozen" crysta l l izati on centres, di ˜usi on
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acti vati on energy, and hence the determ ined crysta l l izati on tem perature is not a
uni versa l param eter.

Thi s paper investigates therm ally sti mulated m odi Ùcati on of the structura l
order of Co66 Ni 12Si9B13 m etal l ic g lass by the m etho ds of electri cal resisti vi ty ,
Ha l l e˜ect and X- ray di ˜ra cti on. The anneal ing of the sam ples was perform ed
isochro nally (4 h) at di ˜erent temperatures to obta in the com plete crysta l l izati on,
and isotherm al ly (673 K) duri ng the Ùrst stage of the crysta l l izati on.

2. Ex p er im ent

The inv estigated m etal l ic glass Co66Ni 12Si9 B13 was pro duced by the ro l ler
quenchi ng metho d in the Insti tute of Ma teri a ls Engineering of W arsaw Techni cal
Uni versi ty (Poland). The am orpho us ri bbon of Co 66Ni 12 Si9B13 al loy was 13 m m
wi de and 2 7 Ë 2 8 ñ m thi ck.

For as-received sam ple of thi s al loy the inv estigatio n of the di ˜erenti al ther-
m al analysis (D T A) was carri ed out under an argon stream usi ng STA- 409
NET ZSCH appa rat. The D TA curve wa s obta ined for heati ng rate of 3 K / min.

The electri cal resisti vi ty , the Ha l l resistivi ty and the X-ray di ˜ra cti on mea-
surements were perf orm ed for the as-received as well as annealed al loys. The sam -
pl es were exp osed to the f ol lowing two typ es of therm al trea tm ent:

| isochronal anneal ing for 4 hours at the tem peratures: 573, 673, 723, 773, and
823 K;

| isotherm al annealing at the tem perature 673 K in the ti m e interv als: 1 0 3 ;

5 È 1 0 3 ; 1 0 4 ; 1 : 4 4 È 1 0 4 , and 2 È 1 0 4 s.

Each as-received sampl e has been annealed in an inert argon atm osphere.
The Hal l vol ta ge was m easured by a constant current m etho d at a constant

m agneti c Ùeld. Each sampl e had Ùve electro des. Two of them were used for sup-
pl yi ng the sam ple wi th a constant current along i ts length and three of them were
used f or the Ha l l vol ta gem easurem ents to eliminate any electro de asym metry . The
sam ples were prepared by selective etchi ng using photo l i tho graphy.

The electri cal resistivi ty was also m easured wi thi n a d. c. reg im e.
The X- ray studi es were perf orm ed usi ng a D RON- 2.0 di ˜ra ctom eter wi th a

hori zonta l goniom eter of GUR -5 typ e. The X- ray tub e used had a molyb denium
ta rget (Ñ K ˜

= 0 : 7 1 0 6 9 È 1 0 À 1 0 m ) and a graphi te m onochro mato r in the pri m ary
beam .

3. R esul t s an d d iscu ssio n

The obta ined DT A curve for the inv estigated meta ll ic glass Co66 Ni 12Si9B13

has two peaks at the tem peratures 665.6 K and 804.6 K. The occurrenc e of
the peaks pro ves tha t thi s al loy becom es com pletely crysta l l ized in two stages.
The determ ined tem peratures al lowed to preserve the same tem peratures of the
therm al trea tm ent as for the investigated earl ier meta l lic glassesf rom the famil y
(F e,Co )7 8 À x (Co ,Ni ) x Si 9 B 1 3 [2{ 4].
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Fig. 1. The relative electrical resistivity , Â £=£ 0 , as a function of anneali ng temp erature,

T , for Co66 N i12 Si 9 B13 alloy .

Fi gure 1 shows results of the resisti vi ty measurements, presented as a rel -
ati ve change of the electri cal resisti vi ty Â £ =£ 0 (i .e. referred to the resisti vi ty of
the as-received sampl e: £ 0 = 1 : 1 8 Ï 0 : 0 2 ñ ¨ m ), as a functi on of the anneal ing
tem perature. The obta ined results indi cate the decrease in the electri cal resisti vi ty
wi th the increase in the anneal ing temperature. Mo reover, these resul ts pro ve tha t
anneal ing above the tem perature 573 K leads to di stinct changes wi th a parti cul ar
decrease in the electri cal resistivi ty at temperatures 673 K and 773 K.

Fi gure 2 shows the results of inv estigati on of the Ha ll resistivi ty £ H as a func-
ti on of the externa l m agneti c Ùeld B 0 , for the sam plesunderg oing the same therm al

Fig. 2. T he Hall resistivi ty , £ H , as a function of the applied magnetic induction, B 0 ,

for C o66 N i 12 Si9 B13 alloy annealed at di˜erent temp eratures.
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trea tm ent. The m agneti c Ùeld B 0 (0 ; 0 ; B 0 ) and the electri cal Ùeld E ( E x ; 0 ; 0 )

create in the sam ple the tra nsverse Ùeld E y , cal led the Ha l l Ùeld. The quoti ent of
the Hal l Ùeld E y and the current density j x i s the Ha ll resisti vi ty

£ H = E y = j x : (1)

In case of the ferrom agneti c substa nces the so-cal led anom alous Hal l e˜ect occurs,
£ H i s then a non- l inear functi on of B 0 [5, 6]:

£ H = R 0 B 0 + R s M ( B 0 ) ; (2)

where R 0 and R s are ordi nary and sponta neous Ha l l coe£ cients, and M ( B 0 )

m agneti zati on of the sampl e.
The Ùrst component of the equati on is connected wi th the Lo rentz f orce act-

ing on the current carri ers and the slowl y growi ng part of £ H = f ( B 0 ) curve above
the m agneti zati on satura ti on is ref erred to i t. The second com ponent is the resul t
of the ferrom agneti c state of the sampl e and i t can be related to the ini ti al part of
£ H = f ( B 0 ) curve. Thi s com ponent is the e˜ect of di ˜erent m echanisms: skew scat-
teri ng, side jum p mechani sm, spin-dependent scatteri ng and the tra nsiti on f rom
the low-Ùeld regim e to hi gh-Ùeld regim e.

The slopes of £ H = f (B 0 ) curve below and above the magneti zati on satu-
rati on are determ ined by the sponta neous R s and ordi nary R 0 Hal l coe£ cients,
respect ively.

As can be observed, al l the curves from Fi g. 2 are typi cal of the ferrom agneti c
substa nces, and m oreover the curves related to hi gher anneal ing temperatures have
lower values of £ H . For each £ H = f ( B 0 ) curve from Fi g. 2 the sponta neous Hal l
coe£ cient R s was calculated

R s =

˚
@£ H

@B 0

Ç

B 0 ! 0

: (3)

Fi gure 3 shows a graph of dependence R s on the annealing tem perature T . The

Fig. 3. The spontaneous H all coe£cient, R , as a function of the annealing temp erature,

T , for Co N i Si B alloy .
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decreasing R s value is analogous to the changesof the electri cal resistivi ty (Fi g. 1)
and i t is the result of decreasing £ H values of parti cular curves rela ted to increasing
anneal ing tem peratures (Fi g. 2). The tem perature referred to the sharp drop of
R s values wi th the consta nt growth of the sampl e tem perature: Â T =Â § = const
is kno wn as the Curi e temperature [7]. The changes of the functi on R s = f ( T )

observed in Fi g. 3 should be expl ained by structura l changesleadi ng to the decrease
in the asym m etri cal scatteri ng of the carri ers on the substance magneti c ato m s.
The e˜ect of these changes are phasechangesof the Ùrst typ e, because Fi g. 2 shows
the preservati on of the ferrom agneti c state of the sam ple af ter each anneal ing.

Fig. 4. T he relative electrical resistivi ty , Â £ =£ 0 , as a function of anneali ng time at the

temp erature of 673 K .

Fig. 5. T he H all resistivi ty , £ H , as a function of the applied magnetic induction, B 0 , for

C o66 Ni 12 Si9 B13 alloy annealed at temp erature of 673 K during di˜erent time interv als.
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At the tem perature 673 K the isotherm al annealing of the sam ples wa s per-
form ed to determ ine whi ch extrem e changes of the Hal l and electri cal resisti vi ti es
are the result of the Ùrst stage of crysta l l izati on. The di stinct changes of the elec-
tri cal resisti vi ty (Fi g. 4) and the Ha ll resisti vi ty (Fi g. 5) can be observed af ter
anneal ing of the sam ples duri ng 1 0 3 s and 5 È 1 0 3 s. Annea ling duri ng 1 0 4 s leads
to stabi l izati on of these param eters.

For al l the sampl es undergoing isochro nal and isotherm al trea tm ent the
structura l r �ontg enographi c investi gatio ns were perf orm ed. The obta ined X- ray
di ˜ra cti on patterns are shown in Fi g. 6 and 7. The X- ray di ˜ra cti on patterns

Fig. 6. X -ray di˜ractio n patterns for samples of Co66 N i12 Si9 B13 alloy annealed at dif -
ferent temp eratures for 4 hours.
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Fig. 7. X -ray di˜raction patterns for samples of Co66 N i12 Si9 B13 alloy annealed during

di˜erent time interv als at the temp erature 673 K .

ref erred to the isochro nal anneal ing duri ng 4 h (Fi g. 6) prove the creati on of the
crysta l l ine phase in the am orpho us matri x after the annealing at tem peratures
673 K and 773 K. For the sam ples annealed at the tem perature 823 K duri ng
4 h and at the temperature 673 K duri ng 2 È 1 0 4 s the qual i t y phase analysis
wa s carri ed out. T o determ ine the structure of the form ed crysta l line phases the
fol lowi ng com puter program s were appl ied: TR EOR 90, LA TCON, LAZ Y PUL-
VER IX and the reference data related to the binary and terna ry compounds wi th
a big amount of cobal t [8{ 11]. It wa s stated tha t in the pro cess of crysta ll izati on
of Co66 Ni 12Si9B13 m etal l ic glass from the am orpho us m atri x at the tem perature
673 K crysta l l ine phases are created: ˜ -Co , (Co ,Ni ) 5Si2B, whi le at the tempera-
ture 773 K, (Co ,Ni ) 3 B crysta l l ine phase. T able presents parameters of elementa ry
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cells of the identi Ùed crysta l l ine phases and parameters of such pha ses from the
ref erence data . A good agreement between latti ce constants for the phasescreated
from the investi gated al loy com pared to m odel pure phases denotes the correct
identi Ùcati on of the form ed pha ses.

T ABLE

T he parameters of the elementary cells of the crystalli ne phases of
C o66 N i12 Si 9 B 13 alloy determined experimentall y and from the refer-
ence data.

a b c a b c

Phase [¡A] [¡A] [¡A] [¡A] [¡A] [¡A]

experim enta l from Refs. [8{ 11]

˜ -Co 2.498 { 4.060 2.505 { 4.070

(Ni ,Co) 5 Si 2 B 8.722 { 4.355 { { {

Co5 Si2 B { { { 8.6150 { 4.2500

(Co ,Ni )3 B 5.193 6.649 4.412 { { {

Co3 B { { { 5.229 6.631 4.432

Ni 3 B { { { 5.21573 6.61841 4.39159

4. Co n cl usion s

| The crysta l l izati on of the m etal l ic glass Co 66Ni 12Si9B13 pro ceeds in two
stages, whi ch | consideri ng perform ed investigati ons | may be related to tem per-
atures 673 K and 773 K. The result of the crysta l l izati on Ùrst stage is the creati on
of the crysta l l ine pha ses: ˜ -Co and (Co ,Ni ) 5 Si2B, whereas (Co ,Ni )3 B phase is
form ed in the second stage.

| The isotherm al anneal ing at the tem perature 673 K duri ng 1 0 4 s leads to
the com plete crysta l l izati on of the ˜ -Co and (Co ,Ni ) 5 Si2B phasesin the am orpho us
m atri x. Thus, i t Ùnishes the Ùrst stage of the crysta l l izati on.

| D uri ng the al loy tra nsiti on from the am orpho us to the crysta l l ine state a
system ati c decrease in the electri cal and Ha l l resistivi ti es can be observed, whi le
the creati on of the crysta l l ine phase is referred to the abrupt decrease in these
parameters.

| D uri ng the crysta l l izati on each al loy state m ainta ins macro scopic ferro-
m agneti c arrangement. The decrease in the sponta neous Ha ll coe£ cient denotes
the decrease in the amount of asym metri cal scatteri ng of current carri ers.
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