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In the work, a series of theoretical calculations were carried out to analyze the possibility of the process of
explosive crystallization during laser treatment of binary amorphous alloys of the Fe-Zr system. The calculations
were carried out within the framework of the modified theory of homogeneous crystallization for binary alloys,
which takes into account the work associated with the concentration fluctuation. Calculation of the characteris-
tics of the crystallization process was performed for two modes: slow heating at a speed of 0.16 K/s and an instant
laser pulse, while it was considered that the amorphous tape was heated by a laser beam to a certain tempera-
ture within 10-6 seconds. The integral curve of the temperature dependence of the volume part of the crystalline
phase during slow isothermal annealings is characterized by the presence of a «shelf», which indicates the two-
stage crystallization process. The temperature range of crystallization at slow heating (0.16 K/s) is 90 K. We ana-
lyze the peculiarities of the crystallization process of amorphous alloys under the influence of laser treatment.
The high heating rates, achieved by the laser treatment of amorphous alloys, create a number of differences in
the course of crystallization processes compared with crystallization during slow isothermal annealings. Accord-
ing to the calculations, impulse heating to temperatures below 550 K does not cause crystallization. After 551 K,
there are significant changes in the crystallization kinetics. At 552 K, the crystalline phase part has reached the
value of 8 %. In the interval from 552 K to 553 K, there is a sharp jump in the value of the crystal phase propor-
tion from 8 % to 99 %, that is a complete crystallization of the amorphous alloy occurs. The calculations carried
out have shown that explosive crystallization may occur during the pulsed laser annealing of binary amorphous
alloys of the Fe-Zr system. The temperature at which explosive crystallization is possible due to the laser pulse
was less than 60 K for the temperature of the beginning of intensive crystallization at slow heating.
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1. INTRODUCTION nology. Indeed, explosive crystallization, initiated by a
rather strong local energy momentum, can extend to
the entire volume of amorphous material at high veloc-
ity [2]. It is very important that the appearance of ex-
plosive crystallization can occur at temperatures sub-
stantially lower than the temperature of crystallization
during isothermal annealing. This fact must be taken
into account when choosing amorphous materials for
practical application. The problem of research is relat-
ed to the theoretical analysis of the possibilities of the
process of explosive crystallization during laser treat-
ment of binary amorphous alloys of the Fe-Zr system.

The amorphous metal alloys of the Fe-Zr system
are characterized by a wide range of unique physical
properties and are widely used as the latest functional
materials; so the study of the peculiarities of their
crystallization process has an important fundamental
and applied value. Since amorphous alloys are ther-
modynamically unstable systems, it is necessary to
investigate the regularities of the crystallization pro-
cess under the influence of various external factors.

One of these factors is impulse laser treatment.
The use of pulsed laser treatment can significantly
increase the rate of thermal impact on metals and al- 2.
loys: up to (104-10%) K/s using the most common pulsed
and continuous technological lasers, and in some cases
up to (109-1019) K/s. Under such influence, crystalliza-

EQUATION FOR THE DESCRIPTION
OF THE CRYSTALIZATION KINETICS
IN THE Fe-Zr SYSTEM

tion must occur instantaneously throughout the vol-
ume of the amorphous tape (explosive crystallization)
[1]. The phenomenon of explosive crystallization in
amorphous metallic alloys is characterized by the in-
tensive isolation of the latent heat of crystallization at
the boundary of the phase separation, which is accom-
panied by the self-heating of the crystallization front.
The phenomenon of explosive crystallization is in-
tensively studied both theoretically and experimental-
ly. In addition to the apparent physical interest in this
phenomenon, the study of the nature of explosive crys-
tallization is also important in connection with the in-
creasing use of amorphous materials in modern tech-
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A series of theoretical calculations were carried out
to analyze the possibility of the process of explosive
crystallization during laser treatment of binary amor-
phous alloys of the Fe-Zr system. The calculations
were carried out within the framework of the modified
theory of homogeneous crystallization for binary al-
loys, which takes into account the work associated
with the concentration fluctuation. An important
characteristic of the crystallization process of amor-
phous alloys is the volume part of the crystalline phase
X(t) at a given time, which for the binary systems is
described by the differential equation [3]:
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where % is the number of crystalline phases; U; is the
linear crystal growth rate of the i-th phase; Jy; is the
initial nucleation frequency, which corresponds to

k

> X, =0; to; is the start time of the crystallization of
iz
the i-th phase.

The nucleation rate for binary systems /; is de-

scribed by the distribution functions of the crystalline
nuclei that arise at certain concentrations, that is
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AG“™(C,) = AG*(C,) - AG*(Cyp),

Here, AG’(c2) and AG'(c2) are the concentration de-
pendences of the relative integral Gibbs free energy
of the amorphous (@) and crystalline (i) phases; c20 is
the initial concentration of the second component in
the a-phase; c2 is an arbitrary concentration of the
second component in the a- and i-phases; o is the
surface tension at the boundary of two phases, V is
the molar volume, N is the number of atoms per unit
volume; a is the atomic diameter; D is the diffusion
coefficient.

Taking into account that during crystallization in
the binary system several stable formations are
formed, as well as the possible occurrence of meta-
stable phases, equation (2) is generalized to

J; :.I[J;(Cz)dcm 3
0

where i = f3, 7, 6, ¢ are the crystalline phases.
The total nucleation frequency </ of different types
will be written in the form

J=2J, 4

where %k is the number of stable and metastable
phases occurring during crystallization. The linear
crystal growth rate in the case of binary alloys is de-
scribed by the equation

AG* -|AGe
U, =2 1-exp —7‘

T T ®)

Equation (1) is solved by methods of numerical in-
tegration, from which all values X;({) are determined

k
for the system; X(¢) =Y X, .
iz
The main parameter that determines the crystalli-
zation kinetics of binary alloys is the concentration
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dependences of the Gibbs free energies of the amor-
phous and crystalline phases that arise in the process
of phase formation. The relative integral Gibbs free
energy of the amorphous phase is described by the
following expression [4]:

AG“(¢z,T) = fuy + RT (g Incy, +(1- ¢y, )

3.5x10°
7,2] wavoJ + (6)
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In equation (), the functions AH™, AH(?r s TOFe s
TOZr are the enthalpy and melting temperature of iron

and zirconium. Functions f,z and f AVIV give an oppor-

tunity to take into account the experimental depend-

ences AH(c,,, T) and AV—V(ch,T) for different temper-
0

atures and concentrations and are analytically de-
scribed by the following relationships:
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’ 1+bAH,AV/Vﬂch O
P, AV/Vy 1-2apzy, AV,
Arl, AVV, = g, OAH AV, =T
QAH, AV)V, QAH, AV)V,

where a,y is the position of the concentration depend-
ence of enthalpy extremum AH(cy,, 1), B,u is the modu-
lus of this value at the extremum point, Qv is the

position of the concentration dependence of extremum
%(Czr,T), Baviv, is the modulus of this value at the
extremum point. These parameters are determined
from experimental and calculated data [4-6].

Fig. 1 shows the concentration dependences of the
relative integral Gibbs free energies AG(cy,, T) for the
a-phase and, respectively, for the two crystalline phas-
es (S and y).

Parameters of the concentration dependences of the
relative integral Gibbs free energy of the amorphous
phase in the Fe-Zr system were obtained based on the
analysis of the state diagram and experimental data
[4-6] and were chosen as: a5 = 0.35, S,y =—28.8-103,
A H = — 235.1 '103, bAH = 2448, (XAV/VO = 015, ﬂAV/V() =
— 03, aAV/VO =— 133, bAV/V() =31.11.

The relative integral Gibbs free energy of the crys-
talline § and y phases, which are formed in the Fe-Zr
system, is described by the following expression:

AGA7 (¢, T)=AS (T)Cx —Cp” R+AGE (M), (8)

where cmﬁ " is the concentration of zirconium, which
corresponds to the minimum value of the function
AGP (R AGOﬂ (g, T) is the minimum value of this

function.
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Fig. 1 - Concentration dependence of the integral relative
Gibbs free energy of the initial amorphous a-phase (1), crys-
talline £ (2) and y(3) of the Fe-Zr system

Parameters for calculating the relative integral
Gibbs free energy for two crystalline phases observed
in the process of phase formation in alloys of the Fe-Zr
system are the following:

p 7
Cl =0,02, C} =0,25, 47 =2 D) (Tz) A7 =—7AG"(T£ ;
(0,03) (0,26)

AG/(T) =-30-10° +0,1RT (J/mole),
AG}(T) =—44-10% +0,1RT (J/mole) .

According to equations (1)-(8), the concentration
dependences of the relative integral Gibbs free ener-
gies of the Fe-Zr system a-phase (amorphous phase)
and, respectively, the crystalline S- and y-phases were
calculated and constructed. The obtained equations
allow us to calculate the characteristics of the crystal-
lization process of alloys of the Fe-Zr system.

3. RESULTS OF CALCULATING THE
CRYSTALIZATION PROCESS PARAMETERS
OF THE AMORPHOUS ALLOYS OF THE
Fe-Zr SYSTEM

Calculation of the characteristics of the crystalliza-
tion process was performed for two modes: slow heat-
ing at a speed of 0.16 K/s and an instant laser pulse,
while it was considered that the amorphous tape was
heated by a laser beam to a certain temperature with-
in 10-6 seconds.

Fig. 2 shows the results of calculating the tempera-
ture dependences of the total volume part of the crys-
talline phase X(¢) and the volumetric parts of the crys-
talline phases X;(f) formed during the heating of the
amorphous FegoZrio alloy carried out according to the
equations (1)-(8).

Calculations have shown that the crystallization
process of the FegoZrio alloy takes place in two stages
in accordance with the state diagram of the binary Fe-
Zr system [6]. At a temperature of 600 K, solid solution
of zirconium in the a-Fe crystallizes, while the concen-

J. NANO- ELECTRON. PHYS. 11, 02005 (2019)

tration of zirconium in the amorphous matrix increas-
es. With further heating at 650 K, crystallization of a
solid solution of zirconium and iron begins in the
chemical compound FesZr.

The integral curve of the temperature dependence
of the volumetric part of the crystalline phase is char-
acterized by the presence of a «shelf», which indicates
the two-stage crystallization process. The temperature
range of crystallization at slow heating (0.16 K/s) is
90 K. We analyze the peculiarities of the crystalliza-
tion process of amorphous alloys under the influence of
laser treatment. Fig. 3 shows the calculated tempera-
ture dependence of the volume fraction of the crystal-
line phase under pulsed laser heating.

The high heating rates, achieved by laser treat-
ment of amorphous alloys, create a number of differ-
ences in the course of crystallization process compared
with crystallization during slow isothermal annealing.
According to the calculations, impulse heating to tem-
peratures below 550 K does not cause crystallization.

After 551 K, there are significant changes in the
crystallization kinetics. At 552 K, the crystalline phase
part has reached the value of 8 %. In the interval from
552 K to 553 K, there is a sharp jump in the value of
the crystal phase proportion from 8 % to 99 %, that is a
complete crystallization of the amorphous alloy occurs.
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Fig. 2 — Temperature dependence of the volume part of phas-
es that appear in the process of continuous heating of the
amorphous FegoZrio alloy: curve 1 is the part of the crystalline
S-phase, curve 2 is the part of the crystalline y-phase, curve 3
is the total volume part of the crystalline phase X(7)
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Fig. 3 —- Temperature dependence of the volume part of the
crystalline phase under pulsed laser heating of the amor-
phous FegoZrio alloy
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The calculations carried out have shown that ex-
plosive crystallization may occur in the pulsed laser
annealing in binary amorphous alloys of the Fe-Zr
system. The temperature at which explosive crystalli-
zation is possible due to the laser pulse was less by
60 K than the temperature of the beginning of inten-
sive crystallization at slow heating.
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binary systems have shown that the crystallization
process of alloys of the Fe-Zr system with slow heating
is two-stage: initially the solid solution of Zr in the a-
Fe crystallizes, then crystallization starts in the chem-
ical compound FesZr. Complete crystallization occurs
in the temperature range of 90 K. It is shown that dur-
ing pulsed laser annealing in binary amorphous alloy

FegoZrio there can be a phenomenon of explosive crys-
tallization at a temperature lower by 60 K than the
temperature of the beginning of intensive crystalliza-
tion at slow heating.

4. CONCLUSIONS

The calculations carried out within the framework
of the modified theory of homogeneous nucleation for
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IniniroBanHs npoiecy BHOyX0BOI KpucTasidalii B aMop(gHUX cIuiaBax
cucremu Fe-Zr iMity1bCHOIO J1a3€ PHOIO 00POOKOI0

T.JI. Haperpancera, F0.A. Kyaunerwnit, 0.0. Kaxenur, 1.B. ITmomaii, O.B. Typkos
Kuiscoruti Hauionanvruil ynieepcumem im. T. Illesuenka, 8yn. Bonodumupcevra 64/ 13, 01601, Kuis, Vikpaina

Jlia aHamidy MOYKJIMBOCTI IPOTIKAHHS IPOIlecy BUOYX0OBOI KPHMCTAI3AIlll IIpY JIa3epHiN 00pobIri 0i-
HApHUX aMOPQHUX CILIABIB cucreMu Fe-Zr B po6oTi 0yJI0 IPOBEIEHO PA TEOPETUUHUX PO3paxyHKiB. Po-
3paxyHKHU IIPOBOIMJINCH B PAMKAX MOIHU(IKOBAHOI Teopii TOMOTeHHOI KPUCTAII3AII] JJIa OIHAPHUX CILIa-
BIiB, B fKI# BpaxoBaHa po00Ta, IMOB’sA3aHa 13 QUIyKTyallien KoHIleHTpalll. PospaxyHKu XapaKTepUCTUK
mpollecy KPHUCTAII3allil po3paxoBYBAJIMCH JJIS OBOX PEKUMIB: IOBLIbHE HArPiBAHHS 31 IIBUIKICTIO
0.16 K/c Ta murreBMit s1a3epHUN IMILyJIbC, IIPH I[EOMY BBAMKAJIOCH, 110 aMOpdHA CTpiuka HarpiBajach
JIa3epHUM IIpOMEHEeM J0 IIeBHOI Temieparypu 3a yac 10 -6 c. [nrerpanbHa kpuBa TeMIEpPaTypPHOI 3aJI€IK-
HOCT1 00’€MHOI YaCTKM KPHUCTAJIIYHOI (Pa3y ITiJ Yac MOBLIBHUX 130TE€PMIYHUX BiAIAJIB XapaKTePU3yeThCs
HASBHICTIO “IIOJIMYKHK, IKA CBIIYUTH IIPO JBOCTAMIMHICTD mpollecy Kpucrasisarii. TeMeparypHumii iHTe-
pBaJ KpucTaiisalii mpu mosisbHOMY HarpiBauHi cknamas 90 K. Bucoki mBuakocTi HarpiBauHs, 10 10-
CATAIOTHCA IIPU JIA3ePHIN 00po06Ili aMopdHUX CIIJIABIB, CTBOPIOITH Psif BIAMIHHOCTEH B MPOTIKAHHI IIPO-
IeciB KpucTasIisallil y MopiBHAHHI 3 KPUCTAJI3AINIEI0 i Yac IOBIIBHUX 130TepMIYHHUX BigmaJIis. 3rigHo
IIPOBEJIEHUX PO3PAXyHKIB, IMIIyJIbCHE HArpiBaHHS 10 Temmepatyp MeHmux 3a 550 K kpucramizamio ne
sursukae. [licia 551 K BinbysaroThes icToTHI 3MiHnM B KiHeTwill kpucrasidarii. [Ipu 552 K gactrka xpu-
cramiunoi dasu ckiaagae 8 %. B imrepradni Big 5562 K mo 553 K cmocrepiraerses piskuit cTprOOK 3HAYEH-
HA YaCTKU KpHuCTaiuHol dasu Big 8 % mo 99 %, T06TO BimOyBaeThCs MOBHA KPUCTAII3AIa aMOPQHOTO
crutaBy. [IpoBemeHi TeopeTHyHI po3paxyHKU MTOKA3AJIH, 110 MIPX IMIIYJILCHOMY JIa3epHOMY Bimmauii B 0i-
HApHUX aMOpP(HUX CIJIaBax cucreMu Fe-Zr Moske BimOyBaTHCs SBUINE BHOYX0BOl KpucTastiaarii. Temme-
partypa, Opu AKIf MOKJIMBA BHOYX0Ba KPUCTAJII3AIlIA 38 PAXyHOK JIA3€PHOTO IMIIYJIbCY BUSBHJIACH MEH-
mowo Ha 60 K 3a TeMmmeparypy mouaTky IHTeHCHBHOI KpHCTAJII3aIlil IPHU IIOBLJIBHOMY HArpiBaHHI.

Knouosi ciosa: Bubyxosa kpucrasmisamisa, IMmoynbcanii tazepauil Bigmas, AmMopduuit cmias, IIpomec
Kpucrasisaiii, BigHocHa inTerpanbHa BiibHA eHepris [160ca, 06’ eMHa YacTKa KpuCTaIHOL das3m.
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