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Nanocrystalline microstructures

in Fegs _ xZr;By alloys

X. Y. XIONG* T. R. FINLAYSONT, B. C. MUDDLE
School of Physics and Materials Engineering, Monash University, Clayton 3800, Australia
E-mail: trevor.finlayson@spme.monash.edu.au

The crystallization behaviour of amorphous Fegs_xZr;By (x =3, 6, 12 at.%) alloys, the
microstructures of the primary crystallization products of stable and metastable phases and
the subsequent transformations, have been studied using a combination of differential
scanning calorimetry, differential thermal analysis, X-ray diffraction and transmission
electron microscopy, including microdiffraction. It has been found that, for x =3 and 6 at.%,
the sole product of primary crystallization is the bcc «-Fe phase and the average grain sizes
of the crystalline phase were 14 nm and 12 nm for the two alloys, respectively. However,
when x =12 at.%, primary crystallization results in more than one crystalline phase, and a
metastable phase with the cubic “Fe,Si,ZrB” structure is the major crystallization product
after the primary crystallization reaction, accompanied by the «-Fe phase. The average
grain size of this metastable phase was 35 nm for the alloy heated to 883 K at 20 K/min.
Isothermal heat treatments at 873 K and 973 K confirm that after being heated for 240 h,
this metastable phase transforms into equilibrium phases: bcc a-Fe, hep ZrB, and probably
hcp Fe,Zr. The apparent activation energies for the primary crystallization reaction during
continuous heating for these three alloys are 4.4+0.2eV,3.5+0.2eV and 6.9+0.3 eV,
respectively. © 2003 Kluwer Academic Publishers

1. Introduction

Nanocrystalline Fe-Zr-B alloys have aroused extensive
research interest on account of their high saturation
magnetization and high magnetic permeability. Studies
of the effects of boron on the formation of nanocrys-
talline structures and magnetic properties [1, 2] have
shown that the addition of boron to Fe-Zr alloys im-
proves the glass-forming ability and refines the primary
bcce a-Fe grains during crystallization, leading to an in-
creased permeability. However, when the boron content
is increased to 8 at.%, the magnetic permeability is ob-
served to decrease [2, 3]. The change in magnetic prop-
erties is presumably related to the change in microstruc-
tures of these alloys. The microstructures of such alloys
during crystallization, and the effect of boron content,
especially higher boron content, on the crystallization
behaviour and magnetic properties, have yet to be stud-
ied in detail.

In this paper, we report studies of the crystalliza-
tion behaviour of amorphous Fegs_,Zr;B, (x =3, 6,
12 at.%) alloys and the changes in microstructures for
these alloys during crystallization with varying boron
content. The changes in magnetic properties have been
reported elsewhere [4].

2. Experimental methods

The raw materials, pure iron (99.98%), zirconium
(99.8%), and boron (99.9995%) were repeatedly melted
in an argon arc furnace. Amorphous Fegs;_,Zr;B,
(x =3, 6, 12 at.%) alloy ribbons, typically 20 pm thick
and 1 to 2 mm wide, were produced by melt-spinning in
a helium atmosphere. The amorphous nature of the rib-
bons was confirmed by X-ray diffractometry (XRD)
and transmission electron microscopy (TEM). Differ-
ential thermal analysis (DTA) was used to trace crystal-
lization of the amorphous alloy ribbons over a wide
temperature range, and differential scanning calorime-
try (DSC) was used to investigate the kinetics of crystal-
lization. The microstructures of the crystallized alloys
were examined using XRD and TEM. Samples for TEM
observation were prepared by electropolishing in an el-
ectrolyte of 5% perchloric acid, 95% methanol at about
—40°C, and an applied voltage in the range 14-18 V.

3. Results and discussion

3.1. Crystallization behaviour

InFig. 1 the resulting DTA curves measured at a heating
rate of 10 K/min for the three alloys are compared. It
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Figure 1 DTA curves for amorphous Feg3_,Zr7B; alloys.

can be seen that for each alloy there are two exothermic
peaks, which is in agreement with the result reported
for low-boron-content alloys [1]. These two peaks cor-
respond to two individual crystallization reactions, sug-
gesting that crystallization occurred in two stages. The
phase transformations involved in each stage will be
dealt with later. With increasing boron content, the on-
set temperature of the first peak, Tx; (as defined in
Fig. 1), was displaced towards higher temperatures. For
the range of the alloy compositions investigated, Tx; in-
creased by a total of 36 &= 2 K, suggesting that increas-
ing the boron content improved the thermal stability of
the amorphous phase. However, the second peak tem-
perature, Tp, did not change significantly. The values
of Tx1, Tp1, Txz and Ty are all listed in Table 1.

As good soft magnetic properties are only obtained
after primary crystallization [5], it is the microstruc-
ture following primary crystallization that is of most
significance. The effect of boron content on the kinet-
ics of primary crystallization has been examined using
Kissinger’s method [6]. DSC curves were recorded for
the three alloys at various heating rates (from 5 K/min to
60 K/min). The peak temperatures and the correspond-
ing heating rates were used to construct Kissinger plots
and the resulting activation energies for the primary
crystallization reactions are given in Table L.

3.2. Microstructural observations
To examine the changes in microstructure during the
crystallization reaction, DSC samples were rapidly

TABLE I The onset temperatures of the first and second DTA peaks,
Tx) and Txy, the first and second DTA peak temperatures, 7p,; and T},
and the apparent activation energies, E,, for primary crystallization of
amorphous Feg3_,Zr7B, alloys (x =3, 6 and 12 at.%)

Tii, Txa, Tp1, T, T2 — T,
Composition  (K) (K) (K) (K) (K) E,, (eV)
FeggZr7B3 786 989 803 999 196 44402
Feg77Zr7B¢ 796 975 832 992 160 3.54+0.2
Feg1ZrB12 822 981 830 992 162 6.94+0.3
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cooled from selected temperatures and then were stud-
ied using XRD and TEM.

3.2.1. X-ray diffraction

Fig. 2 shows the XRD patterns for the FegyZr;B3; sam-
ples in the as-quenched state and after being heated
to the temperatures 753 K (before the primary crys-
tallization peak), 825 K (at the primary crystallization
peak), 875 K (after the primary crystallization peak)
and 1003 K (after the second peak) at 20 K/min in
the DSC sample holder. It can be seen that for the as-
quenched sample, there is only one broad peak, with a
26 width of about 10 degrees. For the sample heated
to 753 K, a small sharp peak at 260 =44.6° is already
evident, indicating partial crystallization has occurred
in the alloy. For the samples heated to 825 K and 875 K,
there are three diffraction peaks which are evidence of
the bcc «-Fe phase. With increasing temperature, the
intensities of the three a-Fe peaks increase, indicat-
ing an increase in the volume fraction of a-Fe phase
present. When the temperature is increased to 1003 K,
the (110) peak becomes slightly narrower than those for
the samples heated to lower temperatures, suggesting
that the grain size of the crystalline phase is increased,
and there are two extra minor peaks emerging at the
angles 260 =30.3° and 43.7°. These two peaks can be
indexed for the fcc Fe;Zr phase. In addition, the peak
indexed as (110) has shifted from 26 =44.6° to 44.8°.
The reason for this shift is not clear.

Using the Scherrer equation [7] and the full-widths-
at-half-maximum for the (110) peaks following the
875 K and 1003 K heat treatments, the grain sizes of the
bce o-Fe phase were estimated to be 18 nm and 33 nm,
respectively.

Similar results were found for the Feg;Zr;B¢ al-
loy following heat treatments at relatively compara-
ble temperatures chosen on the basis of the DSC data,
indicating that similar phase evolution processes oc-
curred in both the FeqyZr;B3 and Feg;Zr;Bg¢ alloys, as
follows:



600 o (110)
v--Fe,Zr

3 0-a-Fe Fe,Zr,B,

500
= s &

400 § é 5

L v o 1003 K

mmmv_‘ . y el L. . ‘ makm y

300 |-

200

Counts
L 1« @40
g_,,

3

“ 875K

o 825K

S Ll 4 Ty
100 753K
il S baksivhadh bk ‘.lml N . G
e T L S e asquenched
) Mttt A Attt e ]
20 30 40 50 60 70 80 90

20, degree

Figure 2 XRD patterns for the FeggZr7B3 alloy samples in the as-quenched state and after being heated to temperatures of 753 K, 825 K, 875 K and

1003 K at 20 K/min.

e Amorphous — «-Fe + residual amorphous, for the
primary crystallization;

e Residual amorphous — «-Fe + FesZr, for the sec-
ondary crystallization.

These results are in good agreement with previous re-
ports of these low-boron-content alloys [3, 8].

For the Feg;Zr;B, alloy the crystallization reaction
was distinctively different, according to the XRD mea-
surements, although this difference was not readily evi-
dent from the DTA or DSC curves. The general form of
the DTA or DSC curves was similar, with the exotherm
representing primary crystallization sharper in profile
than those of the alloys of lower boron contents. One
as-quenched and five DSC samples for nanostructure

study were prepared, representing the amorphous al-
loy and key temperatures on the DSC curve, and the
XRD patterns of these samples are compared in Fig. 3.
The final temperatures were 849 K (at the primary
crystallization peak), 883 K (immediately after the pri-
mary crystallization peak), 936 K (immediately before
the second peak), 953 K (immediately after the sec-
ond peak) and 1003 K (far above the second peak).
It can be seen in Fig. 3 that when the temperature is
849 K, crystallization is evident but the crystalliza-
tion product is clearly very different from that in the
alloys of lower boron contents. With increasing tem-
perature to 883 K, additional crystalline peaks appear
and these continue to increase in intensity following
the 936 K heat treatment. Following heat treatment at
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Figure 3 XRD patterns for the Feg;Zr;Bj, alloy samples in the as-quenched state and after being heated to temperatures of 849 K, 883 K, 936 K,

953 K and 1003 K at 20 K/min.
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953 K, a noticeable change in the diffraction pattern
has occurred, namely, a reversal in the order of the in-
tensities of the two most intense peaks. The peak at
20 =44.6°, indexed as “Fe|»Si,ZrB” (006), changes
from the next-to-strongest to the strongest peak. At
this stage all peaks which one can associate with the
“Fe1,Si,ZrB” structure phase, are identified. In addi-
tion, the peaks at 260 =44.6° and 64.9° have become
wider than before, on account of the initial detection of
additional diffraction peaks. Following the heat treat-
ment at 1003 K and the observation of a distinctly new
peak at 20 =42.5°, indexed as ZrFe; (311), other peaks
index to this phase, as indicated in Fig. 3.

These results are quite different from those re-
ported by Kopcewicz et al. [9], who studied the mi-
crostructure and magnetic properties of the amorphous
and nanocrystalline Feg;Zr;B; alloy and claimed that
when the alloy was heated to 823 K and 873 K, the
bcce a-Fe phase was formed, accompanied by Fe; (Zr,B)
phase. However, in the present study, the XRD patterns
for the samples heated to 849 K and 883 K cannot be
indexed for either the «-Fe or Fe;(Zr,B) phases or a
combination of both.

As shown in Fig. 3, all diffraction peaks can be suc-
cessfully indexed. For the sample heated to 883 K,
all diffraction peaks observed fit the cubic phase with
the “Fe,Si,ZrB” structure, according to the Powder
Diffraction File (PDF) data available thus far [10].
When the temperature is increased to 953 K, all the
diffraction peaks can be indexed by assuming a combi-
nation of the bcc a-Fe and the “Fe;Si>ZrB” structure
phases. With increasing temperature to 1003 K, a new
set of peaks with the major peak at 20 =42.5° can be
indexed for the fcc ZrFe, phase.

According to the equilibrium phase diagram of
Fe-Zr-B alloy system [11, 12], the bcc a-Fe and fcc
ZrFe, are equilibrium phases. However, there is no
indication given for the presence of a phase with the
“Fe1,Si,ZrB” structure. This suggests that such a phase
must be metastable, even though it can be fairly stable at

600

temperatures as high as 1003 K. When the temperature
is increased, this phase transforms into the equilibrium
phases a-Fe and ZrFe;. To date, this is the first report
of a metastable phase with the “Fe>Si,ZrB” structure
to be observed in Fe-Zr-B alloys.

To understand better the crystallization kinetics and
the transformation sequence in the Feg; Zr;B; alloy, the
microstructural changes were examined during isother-
mal heat treatment. Alloy samples were heated rapidly
to 873 K and held for 0.5 h, 2 h, 10 h, 24 h and 240 h
and also to 973 K for 24 h and 240 h. The XRD pat-
terns for the 873 K samples are shown in Fig. 4. After
0.5 h, the amorphous alloy has already partially crys-
tallized and the observed diffraction peaks can be in-
dexed to the metastable phase with the “Fe,Si,ZrB”
structure. When the heating time is increased to 10 h,
the diffraction pattern is almost unchanged except for
the intensities of the peaks and, following a further
increase to 24 h, there is evidence for small amounts
of the equilibrium phases, a-Fe and cubic ZrFe,. All
diffraction peaks on this pattern can be indexed by em-
ploying a combination of these two minority phases
and the cubic metastable phase with the “Fe;,Si,ZrB”
structure. After the alloy is held at 873 K for 24 h,
the diffraction pattern most resembles one of the pat-
terns from the continuously heated and rapidly cooled
treatments, namely, the 883 K (Fig. 3). After 240 h at
873 K, the diffraction peaks of the metastable phase
with the “Fe;;Si,ZrB” structure disappear. Instead,
a few additional minor peaks, plus the three major
a-Fe phase peaks, are evident. All these minor peaks
can be well indexed for an hexagonal Fe,Zr phase.
However, this phase is relatively uncommon, as it is
the cubic Fe,Zr phase (mentioned as ZrFe, phase ear-
lier) that is normally formed, as shown in the equilib-
rium phase diagram [11, 12]. Owing to the fact that
there are only two small peaks on the XRD pattern
matching the hexagonal Fe,Zr phase, it cannot yet be
claimed that the additional phase is definitely the hcp
Fe,Zr.
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Figure 4 XRD patterns for the Feg;Zr;B, alloy samples heated to 873 K for 0.5 h, 2 h, 10 h, 24 h and 240 h.
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At973 K, the crystallization following 24 h is similar
to that of the sample heated to 873 K for 240 h, but
following 240 h at 973 K the diffraction peaks of the
hcp Fe,Zr phase disappeared. Instead, another set of
minor peaks emerged. All these new minor peaks could
be indexed for the hexagonal ZrB, phase. The phase
transformation sequence occurring in the Feg;Zr;B,
alloy at 973 K can be inferred to be as follows:

e Amorphous phase — “Fe,S1,ZrB” + residual
amorphous phase

e “Fe|»Si,ZrB” +residual amorphous phase —
a-Fe + Fe,Zr 4 residual amorphous phase

e Fe,Zr +residual amorphous phase — o-Fe +
71B,.

3.2.2. Transmission electron microscopy
TEM observations were carried out on selected XRD
samples. For the as-quenched alloy samples, a homo-
geneous structure was observed in the bright field (BF)
image. The intensity distribution was quite even and
no sharp contrast was observed in the field of view. A
selected area diffraction (SAD) pattern only had a few
concentric diffuse rings. Using a portion of the first
strong diffuse ring to form a centred dark field (CDF)
image, only speckled contrast was observed. No indi-
cation of the presence of crystalline structure was evi-
dent. These observations are consistent with the results
reported by Zhang et al. [8].

This microstructure can even be observed in the
FegyZr;B3; sample heated to 753 K. A TEM BF im-
age of this sample is shown in Fig. 5a. Within the ob-
servable area in the foil no obvious crystallization was
found. The thin-foil samples remained uniform in con-
trast, similar to the as-quenched microstructure. How-
ever, for the specimen heated to 825 K, there was a
dense distribution of crystalline grains, dispersed quite
uniformly throughout an amorphous matrix. Following
the complete primary crystallization reaction for the
sample heated to 875 K, as shown in Fig. 5b, the SAD
pattern (insert to Fig. 5b) can be fully indexed to the bce
«-Fe phase, consistent with the XRD result. The grain
size of the crystalline phase was typically in the range

Figure 6 TEM bright field images and the corresponding SAD patterns
for the Feg;Zr7B 2 nanocrystalline alloys heated to 883 K at 20 K/min.

10-30 nm. By counting about 150 grains and using the
normal distribution curve to fit the grain size data, the
most probable grain size was estimated to be 14 nm
for the sample heated to 875 K, which is in fairly good
agreement with the value of 18 nm calculated from the
X-ray line width.

TEM observations on the Feg;Zr;B¢ alloy showed
similar microstructure with an average grain size of
12 nm, although many small crystals were observed to
aggregate.

For the Feg,Zr;B;, alloy, heated to 883 K, i.e. im-
mediately after the first peak on the DSC curve, the
BF image in Fig. 6 shows a fairly uniform distribu-
tion of crystalline grains. The grain size is in the range
20-60 nm, having a statistical average grain size of
35 nm. The morphology of the individual crystalline
grains of this sample is similar to that of the alloys
with lower boron contents, showing equiaxed, granular
shape. The SAD pattern of the crystalline grains of this
alloy is clearly more complex than those of the alloys
with lower boron contents, which is consistent with the
X-ray results.

When the temperature was increased to 936 K,
the distribution of the crystalline grains remained

Figure 5 TEM bright field image and the corresponding SAD pattern for the FegpZr7B3 alloy heated to (a) 753 K and (b) 875 K at 20 K/min.

1165



Figure 7 TEM bright field images for the Feg; Zr;B; alloy specimens heated to 873 K for (a) 0.5 h, (b) 2 h, (c) 24 h and (d) 240 h.

unchanged, but the grain size was increased, with an
average grain size of 42 nm. On increasing temperature
further to 953 K, the average grain size was roughly
the same, although the SAD pattern showed that the
strongest ring became sharper, i.e. the halo effect be-
came weaker, suggesting that the volume fraction of the
amorphous matrix was reduced.

Detailed TEM observations were performed on the
specimens which were subjected to isothermal heating
for various times. Fig. 7 shows the TEM BF images
for the specimens used in Fig. 4. For the specimen
heated to 873 K for 0.5 h, the crystalline phase had
the form of equiaxed grains, uniformly distributed over
the entire field of view. The grain size was also fairly
uniform, with an average grain diameter of approxi-
mately 43 nm. With an increase in the heating time
to 2 h, the grain size was no longer as uniform, with
some of the grains growing at the expense of others.
When the heating time was increased to 24 h, many
more small grains appeared, but no distinctive feature
in the shape of the grains was observed. With a fur-
ther increase in the heating time to 240 h, some of the
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grains became very coarse, with diameters greater than
100 nm.

When the specimen was heated to 973 K, the mi-
crostructure evolved more rapidly. For the specimen
heated for 24 h, the features of the BF image were
similar to those of the specimen heated at 8§73 K for
240 h. When the heating time was increased to 240 h,
the grain size became much coarser with diameters of
up to 300 nm.

3.2.3. Electron microdiffraction

Since the grain size of the metastable phase was typi-
cally less than 60 nm for most of the specimens heated
at 873 K for times up to 24 h (Fig. 7), microdiffrac-
tion analysis with an electron beam diameter in the
range 7.5-20 nm, was adopted to confirm the identity
and crystal structure of the metastable phase. Individ-
ual diffraction patterns were recorded from a series of
grains. It proved very difficult to obtain multiple pat-
terns from a single grain due to the small grain size and
the overlap of neighbouring grains during tilting, and



due to sample contamination with extended exposure to
a finely-focussed probe. Therefore, a compromise was
made by examining the diffraction patterns statistically,
1.e. observing the diffraction patterns individually from
many grains (about two hundred grains were examined
for each specimen in this study), and then sorting the
recorded different diffraction patterns into consistent
groups. Each group of diffraction patterns was indexed
according to a single known crystal structure.

From all microdiffraction measurements on the spec-
imens heated at 873 K for 0.5 h, 2 h, 10 h and 24 h, the
observed diffraction patterns with high symmetry could
be reduced to basically four, distinguishable, low-index
patterns. These four diffraction patterns and the cor-
responding computer-simulated patterns are shown in
Fig. 8. The computer software used for this simulation
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was the commercial package Desktop Microscopist—
Diffraction Simulation and Analysis (Virtual Laborato-
ries, Albuquerque, NM, USA). Two typical BF images
of the particles marked with arrows, from which the
microdiffraction patterns were taken, are also shown
in Fig. 8a and b, for which the samples were the
Feg,Zr;B; alloy heated at 873 K for 2 h. From these BF
images, it can be seen that the features of these particles
are similar to those in Fig. 7b.

The computer-simulated patterns were obtained by
assuming the “Fe;»Si,ZrB” structure [13] and replac-
ing the silicon atoms with iron atoms, because the
atomic radius of iron (rge =0.126 nm) is closer to
that of silicon (rs;=0.117 nm) than the atomic ra-
dius of zirconium (rz, = 0.160 nm) [14]. It is reported
[13] that the “Fe;,Si,ZrB” structure is bcc, belonging
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Figure 8 TEM bright field images, microdiffraction patterns and corresponding computer-simulated patterns assuming the “Fe>Si,ZrB” structure
for the metastable phase formed in the Feg;Zr;B1; alloy after being heated at 873 K for 0.5 h, 2 h, 10 h and 24 h. Patterns were recorded parallel to

(a) [001], (b) [011], (c) [111] and (d) [012] zone axes.
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to the space group 143m, with a lattice constant a =
1.2165 nm. The unit cell of this crystal structure con-
tains 128 atoms.

It can be seen in Fig. 8 that the simulated patterns
match the measured diffraction patterns very well. The
calculated d-spacings and the angle between any two
planes within the simulated patterns are in a very good
agreement with those on the recorded diffraction pat-
terns. Therefore, all diffraction patterns can be well in-
dexed using the “Fe»Si,ZrB” structure. According to
these indexed diffraction patterns, the lattice constant
was estimated to be a =1.23 £ 0.01 nm.

It should be mentioned that the diffraction patterns
were also simulated without replacing the silicon atoms
with iron atoms and no differences in the intensity dis-
tribution and the geometric positions of the diffraction
spots were observed between the two sets of simulated
diffraction patterns, while with the silicon atoms re-
placed with zirconium atoms, slightly larger diffrac-
tion angles were observed in the simulated diffraction
pattern.

Fig. 9 shows a lattice image including several grains
of the metastable phase in the Feg; Zr;B, alloy heated
at 873 K for 2 h. By measuring the spacing of the lattice
fringes, it was found that the interplanar d-spacing was
0.87 nm, which is in a very good agreement with the
d-spacing value of the closest-packed plane (110) in
the bee “Fe2Si,ZrB” structure (dq19 = 0.870 nm).

The above electron diffraction measurements and the
lattice image are quite consistent with the XRD mea-
surements (Fig. 4), and confirm that the crystal structure
of the metastable phase formed in the Feg;Zr; B, alloy,
subjected to a heat treatment at 873 K for not longer
than 24 h, has the bcc “Fe,Si,ZrB” structure with a
lattice constant @ = 1.23 nm.

For the specimens of the Feg;Zr7B, alloy heated to
873 K for 240 h and 973 K for 24 h and 240 h, the ob-
served electron diffraction patterns with high symmetry
were distinctly different from those in Fig. 8, with much
larger diffraction angles. A majority of the diffraction
patterns could be indexed for the cubic «-Fe phase,
while other diffraction patterns could be indexed for
the hexagonal phases ZrB, and Fe,Zr. No diffraction
patterns consistent with the fcc ZrFe, phase identified

Figure 9 A lattice image of grains of the metastable phase in the
Feg1Zr7B1; alloy heated at 873 K for 2 h.
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Figure 10 TEM microdiffraction pattern and corresponding computer-
simulated pattern for the Feg;Zr;B1, alloy heated to 973 K for 24 h.
The simulated pattern was obtained by using the hcp Fe,Zr structure in
[3301] zone.

in the XRD patterns in Figs 3 and 4 were detected within
these electron diffraction patterns, and there was no ev-
idence for any other phases. A TEM microdiffraction
pattern taken from the sample heated at 973 K for 24 h
and indexed for the hcp Fe,Zr phase with the electron
beam parallel to [3301] zone axis, and a computer sim-
ulated pattern are shown in Fig. 10. From the indexed
diffraction pattern, the lattice constants were estimated
tobe a =0.494 nm and ¢ = 1.49 nm, which are close to
the reported values, a = 0.4962 nm and ¢ =1.615 nm
[10].

All the diffraction patterns can be matched very well
with the simulated patterns. The bec a-Fe, hep ZrB, and
hcp Fe,Zr phases detected by electron microdiffraction
are consistent with those observed in the XRD analyses.
This work also confirms that when the Feg; Zr;B; alloy
was heated to 873 K for 240 h or 973 K for 24 h and
240 h, the metastable phase transformed into the equi-
librium phases, bcc @-Fe and hep ZrB,, and probably
hcp Fe,Zr. Further work is needed to confirm the pres-
ence of hcp Fe,Zr phase, rather than fcc ZrFe, phase,
as given in the normal phase diagram [11].

4. Conclusions

For Feg;_,Zr;B, alloys, when the boron content is in-
creased from 3 to 6 at.%, the crystalline phase present
after the primary crystallization during continuous
heating is the bcc «-Fe phase. The average grain size
of the crystalline phase is 14 nm for the FeggZr;B;
alloy heated to 875 K at 20 K/min and 12 nm for the
Feg;Zr;B¢ alloy heated to 893 K at 20 K/min. However,
when the boron content is further increased to 12 at.%,
the crystalline phase formed during the primary crys-
tallization on continuous heating is a metastable phase
with the bee “Fe»Si>ZrB” structure, rather than the
equilibrium «-Fe phase. The average grain size of this
metastable phase, obtained from the TEM observations,
is 35 nm for the alloy heated to 883 K at 20 K/min.
When the temperature is increased to 1003 K, the
metastable phase and the residual amorphous phase
start to transform into the equilibrium bcc «-Fe and
fcc ZrFe; phases.

The isothermal heat treatments for the Feg;Zr;B,
alloy at 873 K and 973 K have proved that after be-
ing heated for 240 h, the metastable phase with the
bee “Fe;Si,ZrB” structure transforms into equilib-
rium phases: bce a-Fe, hcp ZrB, and probably hcp
FeZZr.
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