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Abstract. The crystallization behaviour of amorphous Fe,, Zr.B (x = 3, 6, 12 at.%) alloys and the
microstructures of the primary crystallization products have been studied using a combination of
differential scanning calorimetry, differential thermal analysis, x-ray diffraction and transmission
electron microscopy. For x = 3 and 6 at.% the sole product of primary crystallization is the bcc
a-Fe phase. The average grain size of the crystalline phase was 14 nm for the Fe, Zr B, alloy
heated to 875K at 20 K/min and 12 nm for the Fe_Zr B, alloy heated to 893K at 20 K/min.
However, when x = 12, primary crystallization results in a metastable phase with the cubic
“Fe,,Si,ZrB" structure and the a-Fe phase. The average grain size of this metastable phase was
35 nm for the alloy heated to 883K at 20 K/min. Transformation of this metastable phase to
predominantly bcc a-Fe can be induced by isothermal heat treatment at sufficiently high

temperatures.

1. INTRODUCTION

Nanocrystalline Fe-Zr-B alloys are of interest due
to their high saturation magnetization and high mag-
netic permeability. Studies of the effects of boron
on the formation of nanocrystalline structures and
magnetic properties [1,2] have shown that the addi-
tion of boron to Fe-Zr alloys improves the glass-
forming ability and refines the primary bcc a-Fe
grains during crystallization, with an increased per-
meability. At 8 at.% boron, the magnetic perme-
ability is decreased [2,3].

In this paper, we report studies of the crystalli-
zation behaviour of amorphous Fe,, Zr B (x=3,6,
12 at.%) alloys.

2. EXPERIMENTAL METHODS

Amorphous Fe,, ZrB (x = 3, 6, 12 at. %) alloy
ribbons, 20 pm thick and 1 to 2 mm wide, were
produced by melt-spinning (in a helium atmosphere)
ingots prepared initially by argon-arc melting. The
amorphous nature of the ribbons was confirmed by
x-ray diffraction (XRD) and transmission electron

microscopy (TEM). Differential thermal analysis
(DTA) and differential scanning calorimetry (DSC)
were used to investigate the crystallization of the
ribbons. The microstructures of the crystallized al-
loys were examined using XRD and TEM. Samples
for the latter were prepared by electropolishing in
an electrolyte of 5% perchloric acid and 95% metha-
nol at about -40 °C and at 14-18 V.

3. RESULTS AND DISCUSSION

DTA, DSC and XRD. Fig. 1 shows DTA curves mea-
sured at a heating rate 10 K/min. For each alloy
there are two exothermic peaks, corresponding to
two individual crystallization reactions, in agreement
with the result reported for low boron content [B]
alloys [1]. With increasing [B], the onset tempera-
ture of the first peak, T , (see Fig. 1), increased
from 786K (at x = 3) to 822K (at x = 12) suggesting
animprovementin the thermal stability of the amor-
phous phase with increasing [B]. However, the sec-
ond peak temperature, T ,, did not change signifi-
cantly.
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Fig. 1.

The microstructure following primary crystalliza-
tion is most significant for good soft magnetic prop-
erties [4]. Changes in microstructure were exam-
ined for the DSC samples, following rapid cooling
from temperatures immediately before and after the
crystallization peak and at the peak itself.

Fig. 2 shows the XRD results for the Fe, Zr B,
sample in the as-quenched state and after being

Differential thermal analysis data for amorphous Fe, Zr.B alloys.

heated to 753K (before the primary crystallization
peak), 825K (at the primary crystallization peak),
875K (after the primary crystallization peak) and
1003K (after the second peak) at 20 K/min in the
DSC sample holder. For the as-quenched sample,
there was only one broad peak, with a 26 width of
about 10 degrees. For the sample heated to 753K,
a small, sharp peak at 26 = 44.6° indicating partial
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Fig. 2. XRD patterns for the Fe, Zr.B, samples in the as-quenched state and after being heated to

temperatures as indicated, at 20 K/min.
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crystallization, is evident. For the samples heated
to 825K and 875K, there were three diffraction peaks,
evidence of the bcc a-Fe phase. With increasing
temperature, the intensities of the three a-Fe peaks
increased, corresponding to the increase in the vol-
ume fraction of this phase. Upon increasing the tem-
perature to 1003K, the (110) a-Fe peak became
slightly narrower, suggesting that the grain size of
the crystalline phase had increased, and two minor
peaks emerged at 206 = 30.3° and 43.7°. These two
peaks can be indexed as the fcc Fe Zr phase.

Using the Scherrer equation [5] and the full-
widths-at-half-maximum for the (110) peaks follow-
ing the 875K and 1003K heat treatments, the grain
sizes of the bcc a-Fe phase were estimated to be
18 nm and 33 nm, respectively.

A similar pattern of crystallization behaviour,
based on XRD observations, was found for the x =6
alloy so that for both Fe  Zr B, and Fe,,Zr B, amor-
phous alloys, the crystallization reaction is:

amorphous - a-Fe + residual amorphous, for

the primary crystallization;

residual amorphous - a-Fe + Fe_Zr, for the sec-

ondary crystallization;
in good agreement with previous reports for low [B]
alloys [3,6].

However, at x = 12 the crystallization reaction
was distinctively different, although this difference
was not readily evident from the DTA or DSC curves.
The general form of these curves was similar to those
for the alloys of lower [B]s, but with the exotherm
representing primary crystallization being sharper
in profile (Fig. 1). Primary crystallization was clearly
evident for a sample heated in the DSC to the pri-
mary crystallization peak temperature and
guenched. The diffraction pattern for this sample
could be indexed from the Powder Diffraction File
(PDF) to a cubic phase with the “Fe,,Si,ZrB” struc-
ture. For the samples heated to the higher tempera-
tures and quenched (i.e., temperatures above that
of the primary crystallization peak and below and
above that for the secondary peak (Fig. 1)) the addi-
tional crystalline phases, bcc a-Fe and fcc ZrFe,
also appeared.

This crystallization sequence was further studied
by isothermal heat treatments on samples rapidly
heated to temperatures just above the primary crys-
tallization peak temperature. Samples were heated
for0.5, 2.0, 10, 24 and 240 h at 873K and 24 and 240
h at 973K. XRD on these samples showed that, given
sufficient time, the primary crystallization product
which was the cubic, “Fe,,Si,ZrB” structure phase,
transformed to predominantly bce a-Fe and minority
crystalline phases, fcc ZrFe,, hcp Fe,Zrand hep ZrB,,.
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In summary, the phase transformation sequence
occurring at 973K in the x = 12 material can be
summarized as follows:

amorphous phase - “Fe ,Si,ZrB” + residual

amorphous phase, for primary crystallization;

“Fe,,Si,ZrB” + residual amorphous phase -

a-Fe + Fe,Zr + residual amorphous phase;

Fe,Zr + residual amorphous phase - a-Fe +

ZrB,.

These results are quite different from those re-
ported by Kopcewicz et al. [7], who studied the
microstructure and magnetic properties of the amor-
phous and nanocrystalline Fe, Zr B, , alloy and
claimed that when the alloy was heated to 823K
and 873K, the bcc a-Fe phase was formed, accom-
panied by Fe_(Zr,B) phase. However, in the present
study, the XRD patterns for the samples heated to
849K and 883K cannot be indexed for either the
a-Fe or Fe,(Zr,B) phases.

According to the equilibrium phase diagram of
the Fe-Zr-B alloy system [8,9], the bcc a-Fe and
fcc ZrFe, are equilibrium phases. However, there is
no indication of a phase with the “Fe_,Si,ZrB” struc-
ture. This phase must be metastable, even though
it has been observed to be stable at 1003K used in
the initial heat treatment studies conducted in the
DSC facility. Each of the isothermal heat treatments
has shown it to transform after sufficient time at
temperature, above its initial temperature of forma-
tion. To the best of our knowledge, this is the first
report of a metastable phase with the “Fe ,Si,ZrB”
structure to be observed in Fe-Zr-B alloys.

TEM Observations. TEM observations were car-
ried out on selected XRD samples.

For the as-quenched sample of the Fe, Zr B, al-
loy, a homogeneous 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. Us-
ing a portion of the first strong diffuse ring to form a
centered dark field (CDF) image, only speckled con-
trast was observed. No indication of the presence
of crystalline structure was evident. These observa-
tions are consistent with results in the literature [6].

However, for a specimen heated to a tempera-
ture above that of the primary crystallization peak
measured in the DSC, there was a dense distribu-
tion of crystalline grains, dispersed quite uniformly
throughout an amorphous matrix. Following the com-
plete primary crystallization reaction, as shown in
Fig. 3, the grain size of the crystalline phase was
typically in the range 10—-30 nm. By counting about
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Fig. 3. TEM bright field image and corresponding

SAD pattern for the nanocrystalline Fe,Zr B,
alloy heated to 875K at 20 K/min.

150 grains and using the normal distribution curve
to fit the grain size data, the average grain size was
determined to be 14 nm for the sample heated to
875K, which is in fairly good agreement with the
x-ray line width value of 18 nm.

Analysis of the SAD pattern (Fig. 3) confirmed
that the crystalline phase was bcc a-Fe, which is
consistent with the XRD result shown in Fig. 2.

Similar results were found from TEM on samples
of the Fe,,Zr_ B, alloy, with the average a-Fe grain
size following an 893K heat treatment being only
12 nm.

For the Fe, Zr_B,, alloy the as-quenched sample
showed quite similar BF and CDF images and SAD
pattern to those of the alloys with lower [B]s. For
the sample heated to 883K, i.e., immediately after
the first peak on the DSC curve, the BF image (Fig.
4 (upper micrograph)) showed a fairly uniform distri-
bution of crystalline grains. The average grain size
was 35 nm. The SAD pattern of the crystalline grains
of this alloy (Fig. 4) was clearly more complex than
those of the alloys with lower [B]s, which is consis-
tent with the results of the XRD analyses.

When the temperature was increased to 936K
(Fig. 4 (lower)), the distribution of the crystalline
grains remained unchanged, but the grain size was
increased to an average of 42 nm. On increasing
the temperature further to 953K, the average grain
size was roughly the same, although the SAD pat-
tern showed that the strongest ring became sharper,
i.e., the halo effect became weaker, suggesting that
the volume fraction of the amorphous matrix was
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Fig. 4. TEM bright field images and SAD patterns

for the nanocrystalline Fe, Zr B, alloy heated to

883K (upper) and 936K (lower) at 20 K/min.

reduced. Extensive studies of the changes to the
microstructure following isothermal heat treatments
have been undertaken and the results of these re-
ported elsewhere [10].

To substantiate the identity and the crystal struc-
ture of the metastable crystalline phase, electron
microdiffraction and associated computer simula-
tion have been employed. The results from these
are also presented elsewhere [10]. It suffices to re-
port that the metastable phase with the cubic
“Fe,,Si,ZrB” (I713m) structure has been confirmed.

4. CONCLUSIONS

For Fe,, Zr B _alloys with [B] in the range 3 to 6
at.%, the crystalline phase present after the primary
crystallization during continuous heating, was the

bcc a-Fe phase. The average grain size was 14 nm
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for the Fe, Zr B, alloy heated to 875K at 20 K/min
and 12 nm for the Fe, Zr B, alloy heated to 893K at
20 K/min. However, for higher [B] (12 at.%) the pri-
mary crystalline phase formed on continuous heat-
ing was a metastable phase with the cubic
“Fe,,Si,ZrB" structure. The average grain size of this
phase was 35 nm for the alloy heated to 883K at 20
K/min. When the temperature was increased to
1003K, the metastable phase and the residual amor-
phous phase started to transform into the equilib-
rium bee a-Fe and fcc ZrFe, phases.
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