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Influence of structural relaxation on the
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M..Zakharenko, M.P.Semen’ko, G.V.Yeremenko

Department of Physics, T.Shevchenko Kyiv National University,
64 Volodymyrska St., 01033 Kyiv, Ukraine

The influence of structural relaxation on the electric resistivity p and structure pa-
rameters of low-alloyed Co—Cr—Si—B amorphous metallic alloys has been studied. These
materials show a minimum in p(T) dependences. It has been shown that the structural
relaxation of the studied alloys does not change the general shape of p(T) curves, but
affects essentially the position of minimum T, =~ The high values of T, are due most
likely not only to the presence of alloying component but also by a special composition of
the metalloid group. The variation of T,;, during structural relaxation is caused by
variation of the short-range ordering character.

WccnemoBaHo BIMAHNE CTPYKTYPHOI pesjlakcaliuy Ha 3JE€KTPOCOIIPOTUBJIEHUE p WM Iapa-
MeTPhLI CTPYKTYPHI HU3KOJErMPOBAHHLIX aMOP(HEIX MeTajpandeckux cmiaasos (AMC) Co—Cr—
Si-B, nnsa KoTopeix Habaiomaercs MuHUMYM Ha saBucumoctax p(7T). YceraHOBJIEHO, YTO
CTPYKTypHasa penakcanus uccaemoBaHHblx AMC He mamenmsier obmiero Buma Kpuswix p(T),
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OJHAKO CYIeCTBEHHO BJIMAET HA IOJOKeHHe MuHuMmyma 1

BbICOKMe 3HaueHus T, ;.

min+ Hambojiee BEPOATHO, YTO

00yCJIOBJICHBI HE TOJBbKO HAJWUYKEM JIETHPYIOIIUX KOMIIOHEHTOB, HO
U OCOOLIM COCTABOM METAJIJIOMITHOU TPyNIEbl, a usmenenue T, .

, P CTPYKTYPHOU DeJaKca-

UMY BBISBAHO M3MEHEHHEM Xapakrepa OJMIKHEro IopsakKa.

Amorphous metallic alloys (AMAs) ob-
tained by rapid solidification are known to
be metastable systems [1, 2]. Their non-
equilibrium extent depends on the quench-
ing conditions, in particular, on the cooling
rate. Since the as-quenched materials are
characterized by a rather high free volume
and relatively low values of short-range or-
dering parameter, the high-temperature an-
nealing results in a reduction of AMA in-
trinsic energy due to relaxation towards a
more stable state within the range of amor-
phous structure. According to the modern
conceptions, the structural relaxation oc-
curs due to decrease of the free volume,
changes of the topological and chemical
short-range ordering and residual stress re-
duction [3, 4]. The result of structural re-
laxation consists in the evolution of some
AMAs functional properties sensitive to the
atomic structure (e.g., mechanical, electri-
cal, magnetic, etc.). Very often, the optimal
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combination of the AMA functional proper-
ties is achieved just in result of structural
relaxation. Therefore, AMAs should be pre-
liminary annealed to improve the stability
of their performance properties.

The Co-based AMAs are known to be ma-
terials of good prospects for industrial ap-
plications in magnetic elements and mod-
ules of the electronic engineering. Besides,
a specific feature of the AMAs based on the
Co—Cr-Si—B system is the anomalous behav-
ior of electric resistance vs. temperature
p(T), in particular, the presence of a mini-
mum which may be located even above room
temperature. The nature of such behavior
have been analyzed in detail in [5]. So, the
aim of this work is to study the transport
properties of Co-Cr—Si—-B AMAs during the
structural relaxation.

The investigated samples of Co-Cr-Si-B
AMA (10 mm wide and 30-40 um thick)
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Fig. 1. p(T") dependences for CoggFes gCry ,Sis7B,
AMA after heat treatment; 1 — init, 2 — 491 K,
3-541K,4-590 K, 5 - 686 K, 6 — 780 K.

were prepared by single-roll quenching tech-
nique using high purity initial materials
(better than 99 %). The CoggCr3SijgB4y and
CoggFe; gCry 5Siy7Bo AMAs were studied in
most detail. Generally, the structural re-
laxation of AMAs is realized either by iso-
thermal or isochronal annealing. However,
in our work, the relaxation was performed
by an alternative procedure, namely by the
heating up to a certain temperature at
15 K/min rate and subsequent rapid cooling
down to room temperature. To that end, the
about 1.2 mm wide and 20 mm long sam-
ples were cut out of the ribbons. The sam-
ples were placed into high temperature
block for p(T) measuring with automatic
control of the heating rate. The sample of
5x7 mm? size for the diffraction experi-
ments was also located in the same block
close to the sample for resistive studies.
After the heat treatment, the standard
four-probe method has been used to measure
the p(T) dependences in 77-400 K tempera-
ture range. The X-ray diffraction investiga-
tion was performed using a DRON-4 dif-
fractometer in C, radiation.

According to the diffraction data, all the
samples have the X-ray amorphous struc-
ture even after heat treatment up to 780 K.
This indicates that the revealed changes in
resistivity are conditioned just by the struc-
tural relaxation rather than by the alloy
crystallization.

We have stated before [5] that a specific
feature in p(T) dependences for AMAs of
the Co-Si—B system is the appearance of a
minimum when AMA of the basic composi-
tion is doped with chromium. The position
of this minimum depends essentially on the
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Fig. 2. The dependences of T, on the an-

nealing temperature T, for CoggCrsSisgB g (1)
and CoggFe, gCry ,Siy;By, (2) AMASs.

Cr content and sometime may exceed the
room temperature [5]. Fig. 1 illustrates the
influence of the relaxation annealing on the
p(T) dependence of the C066F638CI’1ZSI17B12
(with the lowest chromium content among
the investigated AMASs). It is seen that the
structural relaxation of the investigated
AMASs does not change the general character
of p(T) curves, while affecting strongly the
position of minimum T,,;,. The dependences
of T,;, on the annealing temperature T}, for
CoggCr3SitgB1g  and  Coggles gCry 5Siy7Byp
AMAs are presented in Fig. 2. The heat
treatment even at a temperature lower than
400 K is seen to cause a lowering of T,,;,
for C066F638CI’1ZSI17B12 AMA. It decreases
first from 220 to 120 K and then increases
up to 260 K reaching the saturation at T
near 700 K. At the same time, the electric
resistivity at room temperature is found to
be less sensitive to the low-temperature
treatment. The values of p remain almost
invariable up to T, ~ 650 K and begin to
rise only at the treatment temperatures
higher than 690 K (Fig. 3).

The higher T,,;, values have been found
to be inherent in AMAs with higher chro-
mium content. In particular, T,;, for as-
quenched C069Cr3SI1SB10 alloy is 340 K. In
this case, in contrast to AMA considered
before, the T,;, value is almost constant
(340 K) up to T, = 540 K. Only at the fur-
ther elevation of the annealing temperature
it gradually increases up to 375 K at T, =
745 K. The pggo(T;) dependency for this
AMA is presented in Fig. 8. It should be
noted that this dependence is similar in gen-
eral to that for C066Fe3gcr12(S|B)29 AMA.
However, the difference consists in a weak
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Fig. 3. Normalized resistivity at room tem-
perature as a function of the heat treatment
temperature for CoggCrySijgByy (1) and

CoggFe; gCry »Sii7B4, (2) AMAs.

reducing of pggg at heat treatment of
C069cr38|18810 in the range 590-690 K. Be-
sides, the increasing of pggy at Ty, > 700 K
in this case is less pronounced.

Along with the changes of transport
properties at relaxation annealing, an evo-
lution of the parameter characterizing the
AMA atomic structure was observed. As an
example, Fig. 4 presents the variation of
the first maximum position of halo 26 and
its half-width w as a function of T} for
C066Fe3_8CF1_28i17B12 (Flg. 48.) and
CoggCr3SiygByg (Fig. 4b) AMAs. The charac-
ter of these dependences is seen to be some-
what different. The COGGFe3scr128|17B12
AMA is characterized by increase of 26
value at T, up to 490 K and by subsequent
reduction at higher temperatures. In con-
trast, for CoggCrySijgBg AMA, 26 changes
non-monotonously exhibiting a minimum at
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T, = 590K. High-temperature treatment at
T, exceeding 700 K promotes a considerable
decrease of 20. Certain differences between
these two alloys are also observed in the
w(T,;) dependences. Moreover, it may be
noted that the heat treatment near 750 K
causes the structure formation in both
AMASs, which is characterized by almost the
same values of 26 and w.

It is well known that the first diffraction
halo position for amorphous materials is di-
rectly related with most probable value of
interatomic distance (the higher is the
angle, the smaller is the interatomic dis-
tance). The half-width reflects the disorder-
ing extent and the level of the quench
stress (the higher is w, the higher is the
disordering and/or quench stress) [6]. The
20 and w values are 53.35° and 8.15° for
as-quenched C066F638CF1ZSI17B12 and
53.52° and 7.22° for as-quenched
CoggCr3SisgB1g, respectively. So, the first
AMA can be supposed to be characterized by
higher wvalues of either free volume or
quench stress. Just this is thought to define
some difference in the evolution of the
studied characteristics upon structural re-
laxation. It is known that the doping of Fe
based AMAs with chromium results in an
increase of structural disordering [7]. Natu-
rally, this should be also expected for the
studied AMAs. However, judging from the
structural data for (Co,Fe,Cr)-Si-B AMAs
with different content of the doping compo-
nents, it may be supposed that the observed
regularities are conditioned not only by dif-
ference in AMA composition, but also by a
certain difference in the quenching condi-
tions.

The intensity of relaxation, in particular
of low-temperature one, is known to be di-
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Fig. 4. Variation of the 20 halo first maximum position and its half-width w with T, for
CoggFe; gCry »Sii7B4, (a) and CoggCrsSiygB4 (b) AMAs.
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rectly defined by the free volume presence
in the AMAs [8]. The metalloid atoms essen-
tially govern this process. Their displace-
ment during structural relaxation causes a
modification in the short-range ordering
and, respectively, formation of a more com-
pact structure (due to free volume exhaust-
ing). Since the bonds of chromium with
metalloid atoms are stronger in comparison
with those for cobalt atoms, the mobility of
metalloid atoms turns out to be inhibited at
Cr doping. This, respectively, improves the
thermal stability of the amorphous struc-
ture [9]. An increase of 26 value (i.e., a
decrease of mean interatomic distance) has
been observed upon annealing of
COSGFe3scr128|17B12 AMA up to Th ~
500 K. In other words, a more compact
amorphous structure is formed. At the same
time, the half-width of the diffraction halo
decreases. This implies that free volume re-
duces and could reflect the variation of the
short-range ordering. In contrast, the re-
laxation annealing of CoggCrsSijgBg AMA
(characterized by a higher structural order-
ing in the as-cast state) at a temperature
lower than T, ~600 K slightly decreases
the value of 26. This cannot be ascribed
unambiguously to the free volume exhaust-
ing, however, may be conditioned by the
micro-stress reduction. The latter is con-
firmed by a slight decrease of the diffrac-
tion halo half-width. However, the struc-
tural relaxation process at higher T, (600—
700 K) is controlled mainly by the structure
densification that results in a reduction of
the mean interatomic distance (the increas-
ing 20). The revealed difference in the tem-
perature behavior of structural parameters
at low annealing temperatures for these two
AMAs is caused most likely not only by the
difference in structural state of the as-cast
samples, but also by the different chromium
content [9]. The rising of T, above 650 K
for COGGFe3scr128|17B12 AMA and above
700 K for C069Cr3SI1SB10 AMA results in a
sharp decrease of 26 and w. Moreover, the
values of these structural parameters for
both compositions were found to became al-
most the same at T, ~ 750 K. In this case,
the occurring changes of the structural pa-
rameters are considered to be due to vari-
ation of the chemical short-range ordering
in the nearest neighbor of metal atoms.

A peculiar feature of the studied AMAs
is the anomalous behavior of p(T) curves, in
particular, the presence of a minimum,
which position may exceed the room tem-
perature. The nature of such anomalous be-
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havior has been analyzed in more detail in
[56]. The nature of this anomaly is thought
to be related with the presence of Cr and its
position were shown to be determined by the
chromium contents or, more precisely, by
the presence of atomic inhomogeneities with
antiferromagnetic interaction of Cr atoms
and neighboring Co atoms. The analysis
performed in [5] has shown that the most
probable additional mechanism of the scat-
tering is the electron-electron interaction
causing the presence of a term in total re-
sistivity decreasing with temperature. Other
mechanisms of carrier scattering (the Faber-
Ziman, magnon etc.) increase with tempera-
ture. So, the common action of these contri-
butions promotes the onset of resistivity
minimum.

However, the nature of high T,,;, values
remains currently still unclear. The most
probable reason is related with the composi-
tion of metalloid group in the studied al-
loys. For example, the character of p(T)
curves for Co,gCr,SigB14 AMAs is close to
linear that is typical of AMAs on the base
of transition metals. So, even insignificant
changes in the nearest atomic neighboring
of chromium atom may modify strongly the
scattering parameters and, respectively, the
T, position. According to the structural
data, the changes occurring in
CoggFe; gCry oSiy7B1o AMA after the low-
temperature relaxation annealing are condi-
tioned by the free volume exhausting. This,
in turn, results in a substantial change of
the short-range ordering degree and, respec-
tively, in a considerable variation of T,,;, as
compared to those for the other studied
AMA. This is seen to be the most probable
reason for T,,;, enhancement, since the evo-
lution of the chemical short range ordering
takes place for both compositions at suffi-
ciently high annealing temperatures. This
confirms an essential role of the atomic
neighboring, in particular, of the cluster
structure, in the scattering mechanisms.
However, the presented experimental data
and the lack of the detailed theories of the
carrier scattering in such systems does not
permit to propose the ultimate explanation
of the physical microscopic mechanisms of
the revealed regularities.

Thus, the structural relaxation of Co-—
Cr—Si-B AMAs has been shown to be accom-
panied by variations in the topological and
chemical short-range ordering. This is con-
firmed by the X-ray diffraction data. The
observed regularities may be considered
within the routine models of the relaxation
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process in amorphous systems. It has been
shown that the structural relaxation of the
studied AMAs does not change the general
shape of the p(T) curves, but affects essen-
tially the position of resistivity minimum.
The most probable reason of high T, ;, values
is thought to be caused not only by the pres-
ence of alloying component, but also by a
specific composition of the metalloid group.
The changes of T,,;, are conditioned by vari-
ations of the short-range ordering upon heat
treatment.
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BnauB cTpykTypHOI penakcamii Ha PyHKIiOHAJBHI
BJIACTHBOCTI aMOpP(pHUX MeTaJIeBHX CILJIaBiB HA OCHOBi
K00aJabTy

M.I.3axapenko, M.Il1.Cemenvko, I''B.€Cpvomenko

Hocaim:xeHo BOJIUB CTPYKTYPHOI pejakcallil Ha eJeKTPOOIlip p Ta IIapaMeTPU CTPYKTYPU

HUBbKOJIEroBaHUX amMopduHux wMeranesux cmuaasis (AMC) Co—Cr-Si-B,

AKi BUABIAIOTH

mimimym Ha sanemuoctsx p(T). Beramosaewo, mo crpykrypHa pexaakcamis AMC, mgo
JOCJHiKyBamucsa, He 3MiHIOE 3arajibHoro BUrIARy Kpusux p(7'), ajle CyTTEBO BIJIMBAE Ha

noJioeHHA Minimymy T, .

Haii6inpir fimoBipHO, 110 BUCOKi 3HaueHHsa T

'min OOYMOBIIeHI He

TiIBKY HAABHICTIO Jerymoumnux ROMHOHEHTiB, a 1 0cobIUBUM CKJIagoM MeTaHOiHHOi rpynou, a

3MiHa Tmin
KyBaHHA.
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IIpU CTPYKTYPHIi# pesakcallii BUKJIUKaHA 3MiHOIO XapaKTepy OJIMIKHBOTO BIIOPAJ-
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