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Experimental investigations structure formation processes of CejgoxAgy aloys (x = 10 - 35) in quenching from a
liquid state conditions and the subsequent annealing of rapidly quenched amorphous foils has been realized. It is
shown, that both at rapid cooling of melts, and a heating of preliminarily amorphized samples the metastable bec-
phase of an initial composition is formed in an explored concentration interval. It has micro- and nanocrystalline
structure in fresh quenched and annealed foils, respectively. Features of the bce-phase polymorphic crystallization
revealed experimentally are explained by kinetic diagram ,,temperature - time - transformation”.
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I ntr oduction

Quenching from aliquid state (QLS) is accompanied
by a wide spectrum of metastable structura date
formation, including amorphous phases without distant
order in atom disposition [1-3]. Rapidly quenched
amorphous aloys or metallic glasses (MG) possess
valuable combinations of properties [4] which can be
additionally refined at the expense of nanocrystalline
structure forming at an early stage of MG crystallization
[5-7]. Invedtigations of crystalline phase nature,
appearing at heating of metal glasses and also phases
which arefixed in a structure at subcritical rates of QLS
and deviation of alloy composition from concentration
ranges of a noncrystalline solidification, promotes deeper
understanding of the overall picture of vitrescent alloy
gtructure formation [8] and, besides that, they are
important for development of new amorphous and
nanocrystalline materia production technol ogies.

In the given work the experimental investigations of
metastable bcc-phase crystallization processes in aloys
of CE-Ag system which, according to data [9], shows
higher competitiveness in comparison with equilibrium
crystalline phases both at quenching out of aliquid state
and a heating of rapidly quenched amorphous ribbons
have been carried out.

|. Experimental Technique

Alloys of Ce-Ag system with concentration from 10
to 35at. % Ag were melted of cerium with the total
impurity content no more than 1% and spectral-pure
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silver in the vacuum eectric furnace RV SE-12.5/25-43 at
the residual pressure ~ 6 Pa. Quenching out of a liquid
state was realized by a melt drop percussion with the
rotating bronze cylinder interior surface. Cooling rate
u_ of obtaining foils was estimated on their thickness |
by empirical relation u_ (1) from work [10].

X-ray explorations were carried out by means of
diffractometer DRGA-3 in monochromatized CuKo -
emission. Amorphous alloy structural transformations at
heating were studied by combination of X-ray-phase,
resistor metric and differential thermal analyses. Specific
electrical resistance (SER) was measured by a four-probe
potentiometric method. The therma graphic analysis was
carried out with usng of combined chromel-cope
thermocouple. Samples by mass ~100mg were
composed from rapidly quenched foil fragments
(=~ 7<7 mm) with close thickness. Aluminum foil was
applied as a comparison standard. Samples hesting for
SER measurement and thermal analysis were carried out
in the universal vacuum post UVP-5M work chamber.

Bcc-phase for ming at rapid cooling of melts.

According to data [11], phase composition of alloys
Ce-Ag with Ag content up to 50 at. % in equilibrium
conditions is described by a constitutiona diagram
fragment of eutectic type fragment. The eutectic reaction
occurs a temperature 783 K and it is accompanied by
mixture formation of cerium y-modification with fcc-
lattice (a= 0.5161 nm) and equiatomic compound CeAg
of CsCl type lattice (a= 0.375 nm).

The analysis of X-ray diffraction spectrums of
rapidly quenched foils of Cel-xAgx (x =10 - 35) alloys
indicates, that at solidification out of liquid state in the
explored sample structure the metastable bec-phase is
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Fig. 1. Diffraction patterns of Ce-Ag alloys rapidly quenched foils with the thickness | ~ 45 nm (v_=~ 5-10° K-S
h: a — CegsAgus; b— CeroAgso; € — CessAgss. ® —metastable bee-phase; A —y-Ce; A — CeAg.
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Fig. 2. Concentration dependences of specific atomic volumes of system Ce-Ag equilibrium
phases (straight line) and the metastable bce-phase (points) obtained by solidification from
liquid state (o) and amorphous foils annealing (o).

fixed which subject to composition and cooling rate of
melt can be obtained either in a pure state (fig. 1,a) or in
a mixture with amorphous component (fig. 1,b) or with
equilibrium eutectic phases (fig. 1,c). In silver-base
aloys (16 - 22) a.% the bce-phase is formed at minimum
cooling rates u. =~ (2-5) - 10" K-s* which are achieved
in the foils by thickness | = (80 - 100) nm. By cooling
rate increasing the detection range of the bce-phase is
extended and a QLS extreme conditions
(u. >3-10'K-¢c*, 1 <5mm) are stretched from 10 to
35at. % Ag.

The specific atomic volume values, calculated on the
bece-phase lattice spacing, for al aloys explored with
satisfactory accuracy are conformed with linear
concentration dependence, built on crystallographic
parameters of components and intermediate equilibrium
Ce-Ag system phases (fig. 2). Hereof, the metastable
bce-phase has a wide range of homogeneity and at
solidification out of a liquid state is crystallized with
preservation  of  initial  aloys  concentration.
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Metallographic estimations of effective grain sizes of
bece-phase give values from 50 to 100 mm which are
typical for metal materials obtained by melt solidification
with cooling rates~ 10* — 10° K-s* [12].

Within the detection range, bce-phase is fixed only
in the certain cooling rate span limited by lower (u. ),

and upper (u. )’ critica values. At cooling rates, smaller

(u. ), rapidly quenched foils save the phase
composition (y-Ce+ CeAg) corresponding to an
equilibrium diagram (fig. 3,a). Therefore, the value
(u. )« is meaningful as cooling rate at which the

processes of diffusive separation component, necessary
for mixture formation of eutectic phases are suppressed.
At these conditions alloy crystallization is carried out on
more kinetically profitable way, notably, it is
accompanied by a metastable bce-phase formation of
initial composition (fig. 3,b). The further acceleration of
QLS process firstly causes the partial bcc-phase
crystallization suppression (fig. 3,c), and then (at
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Fig. 3. Ces,Aqys aloy diffraction pattern changes depending on the melt coolingrate U (K-s?): a- < 10% b-
~10*; c-10"-10°; d- >10°. A —y-Ce; A —CeAg; ® —metastable bee-phase.
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Fig. 4. Diffraction patterns of rapidly quenched (U_ =~ 7-10° K-s?) foils of CewAgy aloy heated to
temperatures (K): a — 353; b —423; ¢ —533; d — 673. o —metastable bce-phase.; A —y-Ce; A —CeAg.

u. >(u.)") - thefull one (fig. 3d). Therefore, the upper
threshold value (u. )'c corresponds to a critical cooling

rate a which physical premises for realization of
polymorphic crystallization*) process disappear and an
amorphous state of aloysisfixed.

The values of critical quenching rates (u. ), and

(u. )'x are resulted in table 1. It is shown that in the

alloys disposed according to composition in the
neighborhood of eutectic point (18 at. % Ag), forming of
equilibrium and metastable crystalline phases becomes
impossible at cooling rates ~5-10" K-s* (I = 100 nm)
and 4-10° K-s* (I ~ 50 mm), respectively. However, on
the boundaries of concentration range under study the
metastable states (bcc and amorphous phase) are fixed
only at cooling rates ~ 10’K-s*, close to maximum

") According to the classification suggested by Koster [13], polymorphic crystallization means the process of

crystal formation which save the maternal phase composition.
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Table1

Conditions of a metastable bce-phase obtaining in rapidly quenched Ce-Ag alloys

Alloy composition, at.% Ag

Critical cooling rate, K-s*

(U )« (U_ )
10-12 10’ >3.10
15-21 5.10* 4.10°
25-28 2:10° 10’
30-35 8-10° > 3.10’

Table?2

Results of resistometric, thermal and X-ray diffraction analyses of structural transfomations at amorphous foils
CeAgy aloy heating

r 1% | Ma T, T,, L Phase composition after DT, , a -10%,
H -1
Qm re | T, K i=z1 | i=2 heating K K
358 Amorphous phase 298 — 358 -0.52
398 bee (a = 0.396 nm) 318 —398 1.4
191 | 09 | 045 | <o | 398 | 493 - Ce+ Ceng t13 . o13 89
653 _— — 318 - 433 9.4

r

a

, Me . accordingly, SER of rapidly quenched foils in an amorphous state and after annealing on equilibrium

phase composition. T, - heating temperature; DT, - range of magnitude a .

for QLS method used in process.

Bcc-phase crystallization  at
amor phousfoails.

Asis shown above, in rapid solidification conditions
with the cooling rates > 10" K-s* aloys Cel00-xAgx
(x =10-35) solidify with formation of amorphous
structure. At postheating rapidly quenched amorphous
samples experience decay which end result is equilibrium
phase composition obtaining. Taking into account the
andogy of structura transformations in the foils with
various content of silver, we will consider the
peculiarities of equilibrium transition by example of one
of the explored aloys - CergAQy:.

The analysis of the experimental data obtained
(fig. 4, tab. 2) argues that in the course of the starting-
amorphous sample continuous heating with the rate
uy =810%K-s® two stages of  structural
transformations which are accompanied by generd SER
decreasing in 1.9times and exothermal effects with
maximum hest release at temperatures Ti, equal 398 K (i
=1) and 493K (i = 2), are successively devel oped.

At the first stage amorphous foils (fig. 4,a) are
crystallized with formation of a metastable bcc-phase
(fig. 4b) with lattice spacing a= 0.396 nm. The specific
atomic volume of this phase practically coincides with
corresponding linear concentration dependence for
equilibrium phases of CE-Ag system (fig. 2), it indicates
that crystallized bcc-phase conserves an alloy initia
composition. The polymorphic crystallization begins at

the heating of

the temperature TK*) which forms 0.45 from alloy
equilibrium liquidus temperature TL, and cdls an
absolute value increasing and sign change (from negative
to positive) of eectrical resistance temperature
coefficient o (tab.2). At the find sage of
transformations the metagtable bce-phase undergoes the
single-phase decay to a mixture y-Ce and compound
CeAg (fig. 4c).

Asfollows from fig. 46, the diffraction pattern of the
bce-phase generated in the conditions of amorphous alloy
CegAgxn hedting, differs from analogous patterns of
fresh-quenched foils (fig. 1,a, 3,b) by higher degree of
diffusivity. Particularly, theintegral breadth § of maxima
(110) only approximately in 3 times yields to the breadth
of the firgt diffuse halo of amorphous alloy. Calculated
on magnitude B effective crystallite sizes of the bcc-
phase amounts 4.5nm, indicating the nanocrystalline
nature. Similar single-phase structures with nanoscale
grain sizes are aso formed at heating of amorphous foils
with silver content from 15 to 25 at. % (light symbols on
thefig. 2).

II. Theexperimental data discussion

The results of explorations performed argues that at
solidification out of a liquid state with cooling rates

(U )k <u_ <(u. ) in CexAgy (x=10- 35) aloys

") Themagnitude of Ty was taken equal to temperature of the first stage start of SER irreversible decrease.
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L—>y-Ce + CeAg

Temperature

Fig. 5. The hypothetical TTT-diagram for Ce-Ag
alloys which amorphized at quenching from a liquid
state conditions. 1 - the "C-curve" corresponding to
en equilibrium eutectic phases mixture forming; 2 -
the "C-curve" corresponding to metastable bec-phase
polymorphic crystallization.

the metastable bece-phase of initial composition is fixed.
The same phase can be obtained at an early stage of
structural  transformations  stimulated by rapidly
guenching heating of amorphous fails and, in the latter
case the bce-phase gains the nanocrystalline structure. To
explain the correlation and differences of the structures
obtained at the QLS conditions and at warm of rapidly
guenched amorphous alloys, the hypothetical diagram
»temperature — time - transformation” (TTT) is
represented on fig.5 which reflects the most possible
relation of mixture rate forming of equilibrium eutectic
phases (curve 1) and metastable bce-phase (curve 2).

Here are the schemes of cooling curves with rates (u._ ),

and (u.)x a which the crystallization processes of

equilibrium and metastable phases become impossible,
respectively.

As follows from figure, at relatively small cooling rates
u. < (u. ), themedt crystallization (L) courses according

to an equilibrium diagram of Ce-Ag system and it is
accompanied by mixture of y-Ce crystals and CeAg
compound forming. The melt cooling rate increasing to

values (u. ), <u. <(u. ) results in the fact that the
heterophase  crydtalization  requiring — essentid
redistribution of components, appears less competitive
process in comparison with polymorphic crystallization
of a metastable bce-phase. If QLS rateexceeds the critical
magnitude (u. )% , in these conditions crystallization

processes are completely suppressed, melt is supercool ed
lower than the temperature of glass transition Ty and
solidifies in anoncrystalline structure.

Let's note, that bce-phase forming in the conditions
of QLS occurs at deep melt supercoolings comparatively
melting temperature T, (fig. 5) which provide high
values of nucleation frequency. On the other hand,
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transformation temperature L ® bcc considerably
exceeds point Ty that creates premises for the growth of
nucle forming and of microcrystaline structure
formation typical for products of rapidly quenching.
Kinetic diagram presented on fig. 5 can be used for
analysis of transformations occurring at heating of
preliminarily amorphized alloys with some given rate

U, . We can see, that in this case the first transformation

which is developed right after devitrification of
amorphous structure a temperature Ty, is the
crystallization  of  metastable  bcc-phase. As
transformation occurs near to vitrification point in a
high-viscosity environment, it is most probably that the
processes of diffusive-controlled crystal growth will be
significantly suppressed whereupon incipient bcc-phase
crystals are "frozen" in the dtructure, conserving
nanosi zes.

Hence, according to the results of analysis realized
the bce-phase crystallizing in Ce-Ag aloys in conditions
of amorphous foil heating, should differ from the same
phase fixed by solidification out of liquid state by
essentially smaller crystallites sizes that is proved by
experimental data.

Conclusions

1. By means of gtructural investigations of Ceygox
Agyaloys (x = 10 - 35), obtained by solidification from a

liquid state, the values of critical cooling speeds (u._ )

and (u.)x a which mixture forming processes of

equilibrium eutectic phases (y-Se + CeAg) and also a
metastable microcrystalline  bce-phase of  initial
composition forming are suppressed, respectively, have
been defined.

2. By combining of X-ray diffraction, therma and
resistor metric methods of analyses it was shown that
rapidly quenched amorphous aloy transfer  into
structurally stable state is carried out by sequential
development of polymorphic crystallization processes of
bee-phase with nanoscale crystallite sizes and its further
single-phase decay on a y-Ce mixture and CeAg
compound.

3. Using the kinetic TTT-diagram the features of
polymorphic crystallization of metastable bcc-phase at
QLS conditions and warm of rapidly quenched
amorphous foils which gipulate grain size differences of
an explored phase observed experimentaly, have been
explained.

Jucenko O.b. — noxtop (i3MKO-MAaTEMAaTUYHHUX HAYK,
noueHt, npodecop Kadenpu (Gi3UKH KOHIEHCOBAHOTO
CTaHy,

Kaninina T.B. — crapumii Buknagad kadenpu ¢Gizuku
KOHJICHCOBAHOI'O CTaHY,

Kocuncoka OJI. — xanmunmat (¢i3UKO-MaTeMaTHYHUX
HayK, JIOIIEHT, TOUEHT Kadenpy (i3uKy KOHIECHCOBAHOIO
CTaHy;

3azopyneko I.B. — acnmipant kadenpu Gi3uku

KOHACHCOBAHOI'O CTaHy.
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BHKOHAHO eKCIIEPHMEHTANIBHI JOCIIKEHHS MIPOLECiB CTPYKTYypOyTBOpeHHs cIuiaBiB Cegox AQy (x =10—35) B
YMOBAX 3arapTyBaHHS 3 PIJIKOro CTaHy Ta MOJAJBIIOrO BifMay MBUIKo3arapToBaHux ¢oiusr. [lokasaHo, Mo K npu
IIBUJIKOMY OXOJO/DKEHHI pO3IUIaBiB, TaKk 1 IpM HarpiBaHHi monepeaHbo aMop(i3oBaHUX 3pasKiB y
KOHLICHTpaLiliHOMY iHTepBali, 110 10CiiuKyBaBcs, hopmyerbest MeracTabinpHa OLIK-¢a3a BuxigHoOro ckiany, Korpa
y CBDKO3arapToBaHHUX Ta BiJnajleHUX (onbrax Mae MIiKpo- Ta HAHOKpUCTaliuHy OynoBy, BianoinHo. Busieni
EKCIIepUMEHTAIBEHO ocobnmBocTi noniMopgHoi kpucramizamii OLIK-¢pasu moscHeHi 3a JOMOMOroOr KiHETHYHOI
niarpam "TemrepaTypa — 4ac — HepeTBOPEHHS "

Kurouosi caoBa: crutaBu Ce-Ag, 3arapryBaHHs 3 po3IuiaBy, Bianan amopduux Qomsr, meracrabinsHa OLK-
¢a3a, MiKpo- Ta HAHOCTPYKTYpH.
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