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Abstract

The paper summarizes briefly the current status of research in the field of nanocrystallization of metallic glasses
especially highlighting the influence of glass composition and conditions of devitrification process on size, morphology
and composition of crystallization products. Conventional crystallization creates a nanocrystalline structure only in
glasses with particular compositions. Any metallic glass, decomposing in a primary crystallization process, can be
converted into partially nanocrystalline material using non-conventional methods of heat treatment, e.g. high-tem-
perature or low-temperature nanocrystallization. Temperature of devitrification process influences sizes and compo-
sitions of crystallization products for any volume fraction of crystalline phase. The change of crystallites sizes can
change their morphologies. The change of a crystallite composition usually affects the lattice parameter but also can
result in a change of crystallographic structure of the same phase or in formation of another phase. Composition of
primary crystallites is dependent on temperature as well as on time of devitrification process. The lower the annealing
temperature and the shorter the annealing time (smaller crystallites) the more the crystallites composition differs from

the equilibrium state. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 81.05.Kf; 81.07.Bc; 81.40.Ef; 64.70.Kb

1. Introduction

Polycrystalline solids with grain size less than
100 nm are called nanocrystalline materials and
can be produced using various methods and dif-
ferent starting phase: vapour (inert gas condensa-
tion, sputtering, plasma processing, vapour
deposition), liquid (electrodeposition, rapid solid-
ification) or solid (mechanical alloying, severe
plastic deformation, spark erosion) [1-3]. Most of
the methods offer two possibilities for creation of
nanocrystalline structure: directly in one process
or indirectly through an amorphous precursor.
Nanocrystallization of metallic glasses is an ex-
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ample of the second procedure. In this case,
nanocrystalline material is produced in two steps:
(1) formation of amorphous state by quenching of
liquid alloy, and (2) partial or complete crystalli-
zation of the amorphous alloy by annealing. Three
important groups of nanocrystalline materials
produced from metallic glasses can be distin-
guished: constructional Al-based alloys [4-11],
magnetically soft [12-17] and magnetically hard
[18-25] Fe-based alloys. Examples of the alloys
compositions and main aspects of their structure
are presented in Table 1. There are two basic pa-
rameters characterizing structure of these materi-
als: crystallite diameter, D, and volume fraction,
V.r, of nanocrystals. The optimum amount of
nanocrystalline phase differs for each group. In the
case of magnetically hard nanocrystalline materi-
als, full [20,25] or almost full [22,23] crystallization
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Table 1

General characteristics of the three main groups of nanocrystalline materials produced by devitrification of metallic glasses (V —
volume fraction of crystalline phase, D — diameter of nanocrystals, A, — saturation magnetostriction constant, (K) — averaged mag-

netocrystalline anisotropy, ¢ — fracture strength)

Nanocrystalline Magnetically soft Constructional Magnetically hard
materials (Fe-based) (Al-based) (Fe-based)
Alloys Finemet® AI-RE-TM (RE=Y, Ce, Nd, Sm; Fe-RE-B
(Fe73A5Cu] Nb3si|3_5B9) ™ = Nl, CO, Fe, Cu)
Nanoperm® e.g. Feg3Ndj15Bsy
(FegyZrs sNbs sBgCuy ) FegsNb, Prs Bs
Hitperm GIGAS®
(FeqyCoysZr7B4Cuy)
Structure Nanocrystals (bce-Fe) Amorphous matrix Nanocrystals Fe;4Nd,B
+ Amorphous matrix + Nanocrystals (fcc-Al) (+Fe;B, bee-Fe, Am)
Sructural
parameters
Ver 70-75% = As =0 <40% = ductility <100%
D <15 nm= (K) =0 Vo 1,D = ar 1 <25 nm
Properties High permeability, low High specific strength at high High coercivity, high remanence

magnetic losses

temperatures

is required. For constructional and magnetically
soft nanocrystalline materials the optimum me-
chanical and magnetic properties, respectively, are
obtained after partial crystallization of their
amorphous precursors [4,12], which means that
they are two-phase materials composed of nano-
crystals and an amorphous matrix. To preserve
ductility in Al-based nanocrystalline alloys, 7V,
should not exceed 20% in ternary (Al-Y-Ni) [4]
and 40% in quaternary (Al-Y-Ni-Cu) [9] alloys.
Mechanical properties of these materials can be
explained and predicted using mixture model
based on the volume fractions of amorphous ma-
trix and nanocrystals, proposed by Kim et al. [11].
GIGAS is a commercial name of Al-based nano-
crystalline alloys with strength up to 1 GPa [26].
The most structure sensitive are properties of
magnetically soft Fe-based nanocrystalline alloys.
The volume fraction of nanocrystals should be the
fraction which compensates their negative mag-
netostriction contribution by positive magneto-
striction contribution of the amorphous matrix. A
non-magnetostrictive Fe-based nanocrystalline
material can be obtained for V, = 70-75%, de-
pending on an alloy composition [27]. On the other
hand, the diameter of nanocrystals, D, should be
smaller than the magnetic exchange length in the
crystalline phase to substantially reduce the con-
tribution of magnetocrystalline anisotropy of this

phase to the total magnetic anisotropy of a mate-
rial [28]. According to random anisotropy model,
developed by Herzer [28], the D should not exceed
about 15 nm in the case of o-Fe(Si) and o-Fe
nanocrystals, present in Finemet [12] and Nano-
perm [13] alloys, respectively.

Metallic glasses can be considered as materials
which are kinetically metastable and thermody-
namically unstable. Most of them are stable at
temperatures close to room temperature and can
be transformed to crystalline state at temperatures
greater than room temperature. The onset tem-
perature of the crystallization process, Ty, is called
crystallization temperature and is usually deter-
mined during continuous heating with typical
heating rates (10 to 20 K/min). The crystallization
temperature as well as the mode of crystallization
(primary, eutectic or polymorphous) are mainly
dependent on an alloy composition [29]. The
transformation from amorphous to fully crystal-
line state can proceed in one step (polymorphous
and eutectic crystallization) or in several steps
(primary crystallization). Crystallization of metal-
lic glasses usually involves nucleation and growth
processes [30]. To obtain nanoscale structure the
crystallization process should proceed with the
largest nucleation rate and the slowest crystal
growth. Such conditions can be obtained for alloys
with some compositions or by applying particular
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methods of heat treatment. It was shown theoret-
ically by Crespo et al. [31] and experimentally by
Koster et al. [32] that metallic glasses with primary
crystallization and with time-dependent long-
range diffusion controlled growth rates are the
most suitable candidates for nanocrystallization.
Nevertheless, nanocrystalline structure was ob-
served also for eutectically (PdgoTiySiy [33,34]
and CusTigpAly [35]) and polymorphously
(CuspTigNiyg [35] and ZrsoCos [36]) crystallizing
glasses.

The subject of nanocrystallization of amor-
phous solids was summarized in 1996 by Lu [37].
More recently McHenry et al. [38] extensively re-
viewed the recent developments in the synthesis,
structural characterization, properties and appli-
cations in the fields of amorphous and nanocrys-
talline magnetically soft materials.

The aim of this paper is to summarize briefly
the current status of research in the field of
nanocrystallization of metallic glasses, especially
emphasizing the influence of glass composition
and conditions of devitrification process on size,
morphology and composition of crystallization
products.

2. The role of glass composition in nanocrystalliza-
tion process

Magnetically soft alloy with composition
Fes;;sCu NbsSi;35By  and  commercial name
Finemet® [12] was the first nanocrystalline mate-
rial obtained by crystallization of a metallic glass,
with magnetic properties better than those found
for the amorphous counterpart and therefore in-
teresting from an applications point of view.
Similar alloy with composition Fe;; sCu;Nb;Si;s s-
B; is known as Vitroperm®. Nanoperm® is the
next commercially available magnetically soft
nanocrystalline alloy obtained using the same
method. It was developed by Suzuki et al. [13],
initially as Fe-Zr-B alloy. Finally, the best soft
magnetic properties were found for the composi-
tion FegZr;sNbssBgCu; [16]. More recently
(Fe,Co)-M-B-Cu (M =Zr, Nb or Hf) nanocrys-
talline alloys, called Hitperm, have been shown to
have saturation magnetizations >1.6 T and Curie

temperatures >1240 K [17,38,39]. Hitperm alloys
are candidates for high-temperature soft-magnetic
applications [17,39]. All these alloys can be trans-
formed from amorphous to partially nanocrystal-
line state applying conventional annealing at
temperatures close to crystallization temperatures.
These alloys have a primary crystallization and are
multicomponent. Each element has a particular
effect. Silicon and boron are so called glass-form-
ing elements, which facilitate forming the amor-
phous state of the alloys and increase thermal
stability of amorphous phase. Iron and cobalt are
the elements with magnetic moments and are the
basic constituents of magnetic alloys. It is desirable
to keep their content as large as possible to max-
imize magnetization of an alloy. Cobalt replacing
iron increases magnetizations and Curie tempera-
tures of both amorphous matrix and nanocrystals
in Nanoperm-like (Fe-Zr—B—Cu) alloys [17,40,41].
In Finemet-like (Fe-Cu-Nb-Si-B) alloys only
Curie temperature of nanocrystals increases
whereas magnetizations of both phases decrease
with the increase of cobalt content [41]. Copper,
niobium and zirconium, despite their smaller
concentrations in these alloys, affect the crystalli-
zation process and are responsible for nanocrys-
talline structure. Structures of Finemet® and
Finemet-like alloys with missing copper and/or
niobium, after conventional annealing for 1 h [42],
are shown in Fig. 1. Nanocrystalline structure,
with average grain diameter ~11 nm, is detected
only in the alloys containing pairs of alloying ele-
ments (copper and niobium or copper and tanta-
lum). The remaining alloys have larger crystallites.
In the ternary Fe-Si-B alloy the crystals form
dendrites with arm spans up to 300 nm. These
results illustrate that under conventional condi-
tions of annealing only metallic glasses with some
compositions can be transformed into nanocrys-
talline material.

Copper, due to its very limited solubility in iron,
forms small clusters, which can serve as sites for
heterogeneous nucleation of Fe-based crystallites
and increase their number by orders of magnitude.
Hono et al. [43,44] have shown, using atom probe
field ion microscopy (APFIM), that copper en-
riched clusters are formed prior to the onset of the
crystallization process of Finemet. Ayers et al. [45]
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Fe75Si135By
T.=733 K
Teproxmmy = T90 K

Fes6.5CuySitssBo
T,=733K
Tiroxming = 741 K

Fez4sNb3Sij35By
T,=893 K
Teptokiming = 869 K

Fe735Cu;Nbs3Siy3 5By
T,=813K
T, *[10K/min] = 803 K

Fe35Cu;Ta3Sig35Be
7,=793 K

Teiogmng = 810 K

Fig. 1. Transmission electron micrographs and electron diffraction patterns of initially amorphous alloys after the first stage of
crystallization obtained by conventional annealing at 7, for 1 h [42]. (T — crystallization onset temperature determined during con-
tinuous heating.)
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reporting results of extended X-ray absorption fine
structure (EXAFS) measurements also have
shown that copper rich clusters with a near fcc
structure form early in the precipitation process in
F€73.5CU1Nb3Si13'5B9 and F€76'5CU1Si13<5B9 glasses.
Small angle neutron scattering (SANS) experi-
ments allowed Ohnuma et al. [46] to estimate the
average diameter and interparticle distance of
copper enriched clusters in Finemet to be 1.8 and 6
nm, respectively. Copper clustering prior to the
crystallization process was also observed (APFIM)
by Zhang et al. [47] in Nanoperm alloys. Kataoka
et al. [48] reported improvement of magnetic
properties by addition of gold to Fe-Si-B-Nb al-
loy and concluded that grain refinement might
have occurred. Duhaj et al. [49] have confirmed,
using transmission electron microscopy (TEM),
that gold has similar effect as copper on structure
of Finemet-like alloys. Therefore, it can be stated
that elements insoluble in iron, such as copper and
gold, alter rate of heterogeneous nucleation and
thus facilitate nanocrystallization of metallic glas-
ses. However, recent report of Zhang and Zhu [50]
shows that gold addition has no effect on nano-
crystallization of Fe-Zr-B glasses. Different be-
haviour of gold in Fe-Si-B-Nb [48,49] and Fe-
Zr-B [50] glasses can be attributed to much
stronger attractive interactions between gold and
zirconium then gold and niobium atoms. Predicted
by Bakker [51] values of the interfacial enthalpy
for gold solved in zirconium and niobium are
—294 and —134 J/mol, respectively. Conse-
quently, gold atoms do not cluster before the pri-
mary crystallization but co-segregation of gold
and zirconium occurs during the growth of a-Fe
crystallites without any influence on their nucle-
ation and growth process [50].

On the other hand, elements such as niobium,
tantalum and zirconium, which are rejected from a
crystallization front to the amorphous matrix,
decrease crystal growth because of relatively
smaller diffusivity of big atoms of these elements in
an amorphous phase [52]. According to Yavari
and Drbohlav [53], the rejected atoms generate
diffusion double-layers with larger concentration
gradients. The layers also explain measured dif-
ferences in Curie temperatures of the amorphous
matrix in partially nanocrystalline alloy and fully

amorphous alloy of the same composition as the
matrix [53]. Results of EXAFS studies of nano-
crystalline FegsZr;B¢Cu, alloy (Nanoperm®)
indicate that the boundaries between o-Fe nano-
crystallites and amorphous matrix are in the form
of Fe-free interfaces with thickness of about 0.3
nm [54]. Recently reported results of SANS mea-
surements of nanocrystalline Fe;; sCu;Nb;SijssB;
alloy (Vitroperm®) give experimental evidence for
the accumulation of niobium atoms at the surface
of a-Fe(Si) nanocrystallites [55]. These observa-
tions support the inhibitor concept of nanocrys-
tallization of metallic glasses. Concentration of the
elements controlling the growth rate of primary
crystallites (e.g. Zr, Nb, Ta) in Nanoperm-type
alloys is much larger (~7 at.%) than in Finemet-
type alloys (~3 at.%). Probably, this difference is
the reason that nanocrystalline structure can be
obtained, using simple conventional annealing, in
Cu-free Nanoperm-type alloys and cannot in Cu-
free Finemet-type alloys. However, even in
Nanoperm-type alloys the size of nanocrystallites
can be reduced by copper addition and its influ-
ence increases with boron concentration, as was
shown by Kopcewicz et al. [56]. Average diameter
of a-Fe(Si) nanocrystallites in Finemet-type alloys
does not exceed 15 nm after annealing (for 1 h) at
temperatures up to ~900 K and then increases
[57,58] independently of boron and silicon con-
centrations in an alloy [57]. Evidently, the niobium
addition in these alloys is responsible for the ob-
served thermal stability of size of the nanocrys-
tallites.

In Al-based alloys slowly diffusing elements
with larger atomic radii in the amorphous matrix,
that are insoluble in primary nanocrystals (a-Al),
are rare earth elements [59-64] such as yttrium [8—
11,62-64], cerium [59,62], neodymium [7,59,62],
samarium [61] or ytterbium [65]. Nevertheless,
their effectiveness in blocking growth of primary
nanocrystals differs, e.g. Calin and Koster [63]
have reported that partially nanocrystallized Nd-
containing alloy (AlypyNigNd,) is more stable
against crystal coarsening than Y-containing alloy
(AlgsNisY ). The largest heterogeneous nucle-
ation rates and number densities of nuclei ob-
served during crystallization of AI-Ni—(Y, Ce, Nd)
glasses [61] can be attributed to preferred
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associations formed during melt spinning between
component atoms (clusters) which serve as nucle-
ants [59,62,64].

Hono and Ping recently reported results of
APFIM studies of magnetically hard nanocrys-
talline Fe73Nd4.5B18_5C03Ga1 alloy and showed
that cobalt and gallium atoms are rejected from
Fe;B primary crystallites and control their growth
by reducing the mobility at the crystal/amorphous
interface [66].

Multicomponent alloys rich in zirconium have
better glass-forming ability and can be produced in
the amorphous state in a bulk form directly from
the liquid, e.g. in Zr—Al-Cu—Ni [67], Zr-Ni—Cu-Ti
[68] and Zr-Ni—Cu-Ti-Be [69] metallic systems.
Greater strength bulk nanocrystalline materials
can be produced by partial devitrification of bulk
Zr-based glasses [70-72]. As was reported by
Koster et al. [73] and Murty et al. [74], oxygen
influences the crystallization process of Zr-based
glasses. Presence of oxygen in (ZrsoCosg)eO4 glass
incereases the formation of nanocrystalline struc-
ture by reduction of crystal growth rate and in-
crease of nucleation rate by several orders of
magnitude [73]. Results of APFIM studies of bulk
amorphous ZrsCrisAljgPdyy alloy conducted by
Chen et al. [75] showed that oxygen is uniformly
distributed in the amorphous phase and its redis-
tribution occurs during annealing. Impurity oxy-
gen promotes crystallization and changes the
crystallization mode by forming metastable phases
containing oxygen. Increase of oxygen content
above 0.4 at.% in Zrgs_,Cuyy5Al; 50, glass results
in formation of primary nano-quasicrystals in-
stead of big polymorphic crystals of Zr,(Cu,Al)
[74]. Chen et al. [76] recently showed that an i-
cosahedral quasicrystalline phase with size ~20 nm
can be obtained during primary crystallization of
bulk ZrgsAl; sNijgCussAg,, glass. Loffler et al. [77]
proposed model for nanocrystallization of under-
cooled bulk Zr4145Ti13'8Ni10CU12‘5B622<5 glass. Ac-
cording to the model the glass first decomposes on
the nanometer scale into two amorphous phases,
increasing the nucleation probability, and later
nanocrystallization occurs in one of the amor-
phous phases. A thermodynamic model for
nanocrystallization in bulk metallic glasses was
recently published by Desre [78].

3. The effects of annealing conditions on crystalli-
zation products

Fe-based Finemet® Nanoperm® and their
modifications, e.g. Vitroperm® and Hitperm as
well as Al-based Gigas®, are nanocrystallizing
metallic glasses and do not require any special heat
treatment to be converted into nanocrystalline
material [12,16,17,79]. They used to be trans-
formed from amorphous to partially nanocrystal-
line state during simple isothermal annealing at
temperature close to crystallization temperature in
a time of, usually, 1 h. This kind of treatment can
be called conventional nanocrystallization and is
widely used by many researchers [80-90]. To de-
termine susceptibility to nanocrystallization, es-
pecially of new alloys, it is useful to correlate
microstructure and physical properties (magnetic
or mechanical) with thermal properties of the
glass. For this reason, heat treatment in a calo-
rimeter applying continuous heating with a con-
stant heating rate to a determined temperature,
Tmax, followed by cooling at a constant cooling rate
is convenient. In this case T, is usually higher
than the temperature of the end of the first crys-
tallization step and less than the onset temperature
of the second step of crystallization of the glass
[79].

Both techniques of conventional nanocrystalli-
zation are effective only for those glasses which
nanocrystallize more easily. It was found [91-94]
that application of particular heat treatments
makes possible nanocrystallization of any pri-
marily crystallizing metallic glasses. Two different
temperature regimes have been found to be useful
for nanocrystallization of these metallic glasses:
high-temperature [91,92] and low-temperature
[93]. As already reported, by applying high tem-
perature and very short time of annealing it is
possible to create nanocrystalline structure even in
ternary (Fe-Si-B [91] and Co-Si-B [92]) and bi-
nary (Fe-B [94,95]) glasses. Koster et al. [36]
obtained nanocrystalline structure using high-
temperature annealing also in polymorphously
crystallizing ZrsyCosy glass. High-temperature
nanocrystallization can be realized by flash an-
nealing of amorphous ribbons using Joule heating
[92,94]. Figs. 2 and 3 show the structures of par-
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j =280 MAm?2
t =30 ms

T,ax=815K
dT/dt = 10K/min

Fig. 2. Transmission electron micrographs and electron diffraction patterns of initially amorphous Fe;;5Sij35By alloy after the first
stage of crystallization obtained by: conventional annealing during continuous heating from room temperature up to 815 K [79] and
high-temperature flash annealing with current density j = 280 MA/m? and pulse time =30 ms [91].
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Fig. 3. Transmission electron micrographs and electron diffraction patterns of initially amorphous Cos5Si;; By, alloy after the first
stage of crystallization obtained by: conventional isothermal annealing at 815 K for 30 min or high-temperature flash annealing with
current density j = 120 MA/m? and pulse time ¢ =90 ms [92].
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tially crystallized Fess5Si135By and Co5Si;1 By
glasses, respectively, after conventional and flash
annealing. It is evident from these figures that
application of high-temperature annealing resulted
in nanocrystalline structure for both alloys,
whereas large crystals were observed after con-
ventional annealing.

On the other hand, it was found [93,96-98] that
application of relatively low temperature and
longer annealing times also makes possible cre-
ation of nanocrystalline structure in ternary or
even binary alloys. The influence of annealing
temperature on size and morphology of a-Fe
crystals in Feg;B; glass after partial crystallization
is presented in Fig. 4. The decrease of annealing
temperature by 100 K resulted in much smaller
crystals and a change in morphology of the crys-
tals. Instead of dendrites with arms span ~100 nm,
spherical crystals with average diameter ~35 nm
are observed after annealing at the lower temper-
ature.

Studies of metallic glasses after crystallization
in a temperature range from 550 to 900 K revealed
that size, morphology and composition of crys-
tallization products depend on the annealing
temperature [96]. Fig. 5 shows a wide spectrum of
structures obtained in the same glass after an-
nealing at different temperatures. The diffraction
patterns confirm that in all the cases shown in Fig.
5, Feq65Cu,Sij3 5By alloy is composed of bec iron-
based crystals and an amorphous matrix. Never-
theless, morphology and size of the crystals
depend on the annealing temperature as shown in
Fig. 5. The structure obtained after annealing at
T, = 743 K is typical for conventional crystalliza-
tion of this alloy. Crystallization at higher 7, re-
sults in smaller crystals. The top micrograph in
Fig. 5 shows nanocrystalline structure obtained by
high-temperature flash annealing. On the other
hand, crystallization at lower 7, results in larger
crystals. When the annealing temperature is low
enough the crystals become of such big size that
they develop dendrites [93]. It was found that this
change of morphology from spherulites to den-
drites appears when the crystals exceed a critical
size. The critical size depends on alloy composition
and was observed to be ~130 and ~50 nm for
Fes65Cu;SijssBy and Feg3By7, respectively.

As seen in the bottom micrograph in Fig. 5,
when the annealing temperature is below a critical
temperature (~600 K for Fess5Cu;Sij3sBy glass)
again nanocrystalline structure can be obtained.
The first results of prolonged (~300 h) annealing
of metallic glasses at low temperatures (500-650
K) were published by Masumoto et al. [97], who
obtained ultrafine structure for  Pdg(Siy,
FegoP13C7, FesSiigBi2, CorsSiisBio and NiysSigBis
alloys. Similar results were obtained by Thorpe
et al. [98] for FegyNigoP14B¢ alloy after annealing at
400 K for 1400 h and by Kulik et al. [93] for
Fe75Sij35By after annealing at 573 K for 300 h.
This effect can be explained assuming the existence
in metallic glasses of small quenched-in clusters
with short-range order close to a crystalline phase,
which can serve as nuclei or sites for heteroge-
neous nucleation of crystals. It can be assumed
that the clusters have a distribution in size in the
range from Dy, up to Dy, As shown schemati-
cally in Fig. 6, if the annealing temperature T, is
higher than 7,; then all clusters are smaller than
the critical cluster and, hence, all clusters are un-
stable and dissolve in an amorphous phase. When
temperatures of conventional annealing exceed Ty
quenched-in clusters do not participate in the
crystallization process of metallic glasses. On the
other hand, for T, < T, all clusters are bigger than
the critical size and are stable and can serve as
nuclei or nucleation sites. Therefore, the low-
temperature nanocrystallization can be a result of
existence of such clusters, which are nuclei and
start to grow or are heterogeneous nucleation sites
of new crystals.

Special method of low-temperature nanocrys-
tallization of Fe—Si-B glasses, using high-current—
density electropulsing, was proposed by Teng et al.
[100] and Lai et al. [101]. Electropulsing of
Fes5SigB;; glass for 30 min at average temperature
~673 K, which is substantially below the crys-
tallization  temperature (7 (20 k/min) =~ 800 K
[102]), resulted in formation of primary o-Fe(Si)
crystallites with average diameter of 23 nm [100].
However, the physical mechanism of electro-
nanocrystallization is not yet understood [101]. On
the other hand, by application of high pressure
during crystallization of Zr4 Tij4NigCui, sBey sC;
bulk glass Wang et al. [103] obtained very fine
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T,=680 K
t=60s
Ve~ 15%

| 7, =580 K
t=1.44x10"s
V., ~60%

Fig. 4. Transmission electron micrographs and electron diffraction patterns of initially amorphous Feg;B,; alloy after conventional
isothermal annealing at 680 K for 1 min or low-temperature annealing at 580 K for 4 h [99].
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T, 900 K
t=~3s
Ve 25%

T,=783 K
=18s
Ve = 48%

T,=743 K
t=300s
V=~ 46%

T,=693 K
t=1.44x10*s
V., ~47%

T,=663 K
t=3.6x10"s
V., ~25%

T,=598 K
t=18x10%s
V., =22 %

Fig. 5. Transmission electron micrographs and electron diffraction patterns of initially amorphous FesssCu;Sij3sBy alloy after
annealing at different temperatures 7, for time 7 [96].
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T4

Dmin~ Dmax Diameter of clusters, D

[ Unstable clusters (D < Deiticar)

Conventional annealing

| Stable clusters (D > Desica) = Nuclei |

Low-temperature
nanocrystallization

Quenched-in
clusters

Fig. 6. Schematic diagram of temperature dependence of nu-
cleus critical diameter D.ica (0-glass/crystal interfacial energy,
Tg-equilibrium (melting) temperature, T,-annealing tempera-
ture, AH-crystallization enthalpy, AT = T — T,-undercooling).

structure with primary crystallites less than 5 nm
in diameter. The origin of the nanocrystallization
phenomenon was attributed to the copious nucle-
ation and slow crystal growth rate induced by
high-pressure annealing. Moreover, it was ob-
served [103] that the pressure reduced the crystal-
lization temperature (by ~16 K/GPa) and
determined the phase during the crystallization of
the glass.

A possible explanation of the effect of high-
temperature annealing on size of crystals appear-
ing during crystallization of metallic glasses is
presented in Fig. 7. As is known [104,105], the
temperature of maximum growth rate, Ty pmay, 1S
less than the melting temperature, 7,,, and the
temperature of maximum nucleation rate, 7jyax, 1S
much less than T,. Solidification of liquid alloys
usually takes place at T > Tjn. (temperature
range named A in Fig. 7) and crystallization of
metallic glasses proceeds at T, < Tjn., (the range
B). According to Fig. 7, an increase of annealing
temperature, T,, should be associated with much
greater increase of nucleation rate, 7, than growth
rate, U. As a result of this difference, much finer
structure will be present after high-temperature
crystallization (flash-annealing) than after con-
ventional crystallization.

Substantial reduction of crystal sizes, due to
application of high-temperature annealing instead
of conventional treatment, was observed also by

A
T
I (nucleation rate), U (growth rate)
T >
TUmax
Tlmax
Tx
Ty — crystallization temperature
T — melting temperature

Fig. 7. Schematic diagram of temperature dependence of
nucleation rate / and growth rate U.

Zatuska et al. [94] in FegyB,y and by Abrosimova
et al. [95] in FegsB;s and [106] Feg,sBi75 glasses.
On the other hand, in the case of nanocrystallizing
Finemet-type alloys [107,108] and Nanoperm-type
alloys [109] both high-temperature annealing as
well as conventional annealing led to similar
nanocrystalline structure. Nevertheless, the mean
size of nanocrystallites was slightly smaller after
high-temperature crystallization [107-109].
High-temperature crystallization is most often
realized using Joule heating and is called flash or
current annealing. A model of Joule heating in
amorphous metallic ribbons was developed by
Allia et al. [110]. High-temperature nanocrystalli-
zation of metallic glasses using Joule heating was
applied by many researchers to modify structure
and improve properties of nanocrystalline materi-
als. Allia et al. [111] have found that Fe;; sCu;Nb;
Sij3.5By after high-temperature nanocrystallization
had a smaller brittleness (by ~30%) and larger
initial permeability (by ~50%) than after conven-
tional nanocrystallization. Larger initial perme-
ability was also observed for Feg;Nb;ByCu; by
Park et al. [112], who ascribed this effect to finer
structure of the alloy after high-temperature
nanocrystallization. Gorria et al. [113] reported
much less brittleness of Fes; sCu;Nb; Sijz5Bg and
FegsCu, Zr;Bg alloys, supporting ten times greater
tensile stress after flash annealing than after con-
ventional annealing. Gupta et al. [108] attributed
this effect to lower concentration of boron at the
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amorphous/crystal interphase because a part of
boron is retained inside the nanocrystals if they are
formed during current annealing. Altoé et al. [114]
reported that magnetically hard Fe;sNd,B,g alloy
after high-temperature nanocrystallization had
larger remanence (by 12%) and coercivity (by 20%)
than the same alloy crystallized conventionally.
Kojima et al. [115] performed high-temperature
crystallization of amorphous Fe-Co-Nb—(Nd,
Pr)-B alloys using rapid heating (with rates up to 3
K/s) in an infrared furnace. Such treatment caused
refinement of both primary o-Fe phase and also
Nd,Fe 4B phase which precipitates subsequently
around the former phase. Consequently the im-
provement of hard magnetic properties of these
Fe-rich nanocomposite materials was achieved
[115].

The size, morphology of crystallites and the
mechanism of crystallization and crystallization
products themselves can depend on the tempera-
ture of devitrification of a metallic glass. Recently,
Illekova and Duhaj [116] reported for Fes; sNiyg-
Cu;Nb;Sij35By glass a change of crystallization
mode from primary to eutectic, when the heating
rate was increasing above 20 K/min, which was a
consequence of the shift of crystallization process
to higher temperatures. Zatuska and Matyja [117]
have found that applying high-temperature (flash)
annealing a change of crystallization mode from
polymorphous (y phase) to eutectic (o + vy phases)
can be obtained in FessNissSijoBjyp and FeyoNigg-
SijoBjo glasses. Abrosimova et al. [106] have ob-
served a change of space-group of Fe;B tetragonal
lattice from J4 to P4,/n with the increase of an-
nealing temperature using Joule heating.

The annealing temperature also influences the
composition of crystallization products. This effect
is indirectly dectected by changing lattice param-
eter, a, of the crystalline phase with change of
annealing temperature, as shown in Fig. 8. An-
nealing of Fess5Cu,;Sij3sBy glass at temperatures
higher than 650 K results in formation of a-Fe(Si)
(bce solid solution of silicon in iron) with lattice
parameter considerably less than that (0.2866 nm)
[118] for pure a-Fe. This effect is commonly known
of smaller size of silicon atoms (than iron atoms)
forming with iron a substitutional solid solution.
From the experimentally determined relation be-

i
R TR

Lattice parameter of bee phase,a[nm]

| a-Fe(Si,B) —» o-Fe(Si)

e
550 600 650 700 750 800 850 900
Annealing temperature, 7, [K]

0,283

Fig. 8. Influence of devitrification temperature 7, on lattice
parameter a of primary crystals in initially amorphous
Fe76_5CuISi13_5B9 alloy [96]

tween a and silicon concentration in o-Fe(Si) [118]
I estimate that crystals formed in Fes55Cu;Si;35B9
glass at 7, > 650 K contain 14-17 at.% of silicon,
depending on their volume fraction. Thus the
concentration of silicon in primary crystals is close
to its relative (in relation to iron) concentration in
the alloy, for which Cg;/(Cgsi + Cg.) = 0.15. As
seen in Fig. 8, a decrease of 7, results in an increase
of a indicating that a-Fe(Si) crystallites become
progressively depleted in silicon, which is corre-
lated to decreasing solubility of silicon in iron.
Similar effect was observed for Fe-Si—B glasses by
Mattern et al. [119] and Ueda et al. [120] and for
Finemet-type Fe-Cu-Nb-Si-B alloys by Battezz-
ati and Baricco [121] and Borrego et al. [122].

As seen in Fig. 8, for 7, <650 K the lattice
parameter of the bec phase exceeds that for pure o-
Fe. This effect is explained by assuming that the
crystalline phase is not only a substitutional solid
solution of silicon in iron but also an interstitial
solid solution of boron in iron. Formation of su-
persaturated solid solution of boron in a-Fe was
observed by Duhaj and Hanic [123] during crys-
tallization of FegsBi4 and FegyBjs glasses. There-
fore, the observed increase of a with the decrease
of T, can be explained by a decrease of silicon
content or/and an increase of boron content in a-
Fe(Si,B) phase. In the case of Finemet-type alloys
the dependence of a on 7, can be additionally re-
lated to niobium atoms entrapped in o-Fe(Si,B)
nanocrystals. Similar effect of entrapping atoms of
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insoluble element in a basic constituent (solvent) of
an alloy, related to crystallization of a metallic
glass at relatively low temperatures, was observed
also in AlgYyo and AlgYsNiys alloys [124]. For
example, in AlgY o glass heated continuously to
the temperature of the maximum of the first cal-
orimetric peak, the lattice parameter a of fcc a-
AI(Y) phase increased from 0.4065 to 0.4078 nm
with the decrease of maximum annealing temper-
ature from 540 to 440 K (when heating rate was
decreased from 200 to 2 K/min). Both as for a-
AI(Y) are greater than that (0.4049 nm) [125] for
pure a-Al. This effect is associated with the bigger
size of yttrium atoms (0.181 nm in diameter) than
aluminium atoms (0.142 nm). Larger a indicates
greater content of yttrium in o-Al(Y) after crys-
tallization at lower temperature. I conclude that
composition of primary crystals is dependent on
temperature of devitrification process and the
lower the annealing temperature the more the
crystals composition differs from the equilibrium
state.

0,289

0,286

Lattice parameter of bce phase, a [nm]
@
5
(4]
1 ;'

ST

0,284 ——————————— T ————

Volume fraction of bee phase, V, [%]

Fig. 9. Dependence of lattice parameter a of primary crystals
on their volume fraction ¥, (annealing time) in initially amor-
phous Fess5Cu;Sijs 5By alloy after isothermal annealing at dif-
ferent temperatures 7, [99].

The composition of primary crystals changes
also with annealing time. Fig. 9 shows the depen-
dence of a on volume fraction, V;;, of bcc phase in
Fes6.5Cu;Sij3 5By alloy after isothermal annealing
at different temperatures. These results can be ex-
plained assuming that concentrations of the solute
elements (silicon and boron) decrease with increase
of V. or in other words with increase of annealing
time. At high temperatures (693 K) mainly silicon
is dissolved in iron and a decrease of its concen-
tration in o-Fe(Si) with annealing time should re-
sult in the observed increase of a. On the other
hand, at low temperatures (573 and 623 K) boron
in o-Fe(Si,B) can be expected by me and the de-
crease of its content with annealing time should
result in the observed decrease of a of this phase.
Remarkable decrease of a of primary phase with
the annealing time was observed also for Finemet-
type Fe-Cu-Nb-Si-B alloys [36,121,122,126]. On
the other hand, Curie temperature 7. of the
nanocrystalline phase in Finemet® increases with
the annealing time [127]. These changes of ¢ and T,
indicate a significant change in the composition
with increasing size of primary nanocrystals. It is
very probable that small Fe-based nanocrystallites
are supersaturated by all alloying elements and
tend to the equilibrium state during crystallization
process. Barquin et al. [126] observed that com-
position stabilization of Fe(Si) nanocrystals during
crystallization process of Feq;5Cu;NbsSijssByg
glass was achieved after 1 h annealing at 773 K.
Therefore, it can be concluded that the increase of
annealing time of a metallic glass results not only
in a larger volume fraction of crystalline phase and
size of crystallites but also in a composition of the
phase closer to the equilibrium state.

4. Conclusions

The possibility of nanocrystalline phase creation
by crystallization of metallic glasses depends
mainly on the alloy composition and temperature
of the process. Conventional crystallization enables
the creation of nanocrystalline structure only in
glasses with a specific composition. Two non-con-
ventional methods of nanocrystallization of me-
tallic glasses can be applied: (1) high-temperature
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nanocrystallization using flash annealing followed
by fast cooling, and (2) low-temperature nano-
crystallization, by prolonged annealing at temper-
atures below the critical temperature. With these
methods it is possible to form nanocrystalline
structure in any metallic glass having a primary
crystallization process.

Temperature of devitrification process influ-
ences sizes and compositions of crystallization
products for any volume fraction of crystalline
phase. The change of crystallites sizes can lead to
a change in their morphology, e.g. from spheru-
lites to dendrites, when the crystallites exceed a
critical size (~50 and ~130 nm for Feg;By; and
Fes65Cu; Sij3 5By alloys, respectively). The change
of a crystallite composition usually affects the
lattice parameter but also can result in a change
of crystallographic structure of the same phase or
in formation of another phase. Annealing tem-
perature sometimes determines the type of crys-
tallization  process (primary, eutectic or
polymorphous).

Composition of primary crystallites is depen-
dent on temperature as well as on time of devitri-
fication process. The lower the annealing
temperature and the shorter the annealing time
(smaller crystallites) the more the crystallites
composition differs from the equilibrium state.
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