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Resistance measurements during direct heating of Feg,B,, amorphous alloys indicate

phase changes occur at 395, 500, 720 and 840° C. Samples heated to these temperatures,
and maintained for five minutes in a neutral atmosphere, show that a hardness maximum
occurs at the crystallization temperature of 395° C and that annealing at 500° C produces
a material with the same hardness. Above 500° C the microhardness is seen to drop below

that of the amorphous alloy. Saturation magnetization measurements show a steady
increase following each anneal, up to a temperature of 720° C, and the rate of increase

is seen to drop in the range of 720 to 840° C. X-ray diffraction studies show that only

a small fraction of the matrix is crystallized following the anneal at 395° C and the
transformed phases are o-Fe and Fe;B. Following annealing at 500° C, an increased
proportion of a-Fe and Fe;B are observed with complete crystallinity while samples heat-
treated at 720° C are seen to consist of a three-phase mixture of o-Fe, Fe,3B4 and Fe,B.
Annealing at 840° C is seen to produce an equilibrium phase mixture of a-Fe and Fe,B
phases. Only in the sample annealed at 395° C is a fraction of the amorphous phase

seen to persist, indicating that a 5 min anneal is not sufficient, at this temperature, to
induce complete crystallization. These structural features are corroborated by field ion
microscope analyses, made at liquid nitrogen temperature in a medium of pure neon,

and scanning electron microscopy, and are also consistent with our earlier study involving
the isothermal annealing, for various times, of FegyB,, alloy at 780° C.

1. Introduction
Interest in amorphous alloys stems from the
unique combination of properties they possess,
including high strength [1], superior corrosion
resistance and soft magnetic behaviour [2]. How-
ever, proper utilization of these properties has to
be based on an understanding of the thermal
durability of these alloys and the alterations
induced in the aforementioned physical properties
with such exposure to elevated temperatures as
may occur in their intended applications. Our
initial study on the isothermal annealing behaviour
of FeggByg alloy at 780° C reveals that [3]:

(a) this heat treatment leads to a three-stage
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phase transformation with distinct phase mixtures
constituting the microstructure;

(b) the equilibrium phase mixture that is finally
achieved, following annealing for 2.25h, consists
of the a-Fe(b ¢ ¢} and Fe,B(b ¢ t) phases; and

(c) no discernible incubation period is observed
in the phase transformations induced at 780° C and
even an anneal of duration 1 sec yields a metastable
but totally crystalline phase mixture of Fe;B and
a-Fe. Such extensive changes in microstructure,
with heat treatment, should lead to considerable
changes in the physical properties mentioned
earlier. This study, therefore, attempts to delineate
alterations introduced in such physical properties
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as microhardness and saturation magnetization,
and to correlate these changes to microstructural
features. attained through direct heating of Feg,B,g
alloy between ambient temperature and 840°C.
For this purpose both sheet and wire samples were
annealed at.temperatures (obtained from a per
cent resistance change against temperature curve)
where structural changes were observed and
analysed through microhardness testing, saturation
magnetization measurements, X-ray ' diffraction
pattern analysis and field ion and scanning electron
microscopy.

2. Experimental procedure
The annealing temperatures were selected to corre-
spond to microstructural changes observed on the
per cent change in resistance against temperature
curve, shown in Fig. 1. Point 1 in this curve is the
crystallization temperature, 395° C [4], and Points
2 to 4 correspond to possible phase changes occur-
ring at 500° C, 720° C and 840° C, respectively.
Resistance measurements were made using a
four-terminal reversing polarity apparatus with a
constant current of 0.1 A being passed through the
samples. Platinum current and voltage leads were
welded at each end of the sample followed by
encapsulation in a quartz tube at a pressure of
100 Torr helium. The per cent change in resistance,
R, was determined for each point by normalizing
to the dimensionless form [5]:
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Figure 1 Per cent change in resistance plotted against tem-
perature for Fe,,B,, metallic glass. The points of inflec-
tion used for the various heat treatments in this study are
indicated on the curve, Points 1 to 4.
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: R;—R
Per cent change in R = ———= x 100, (1)
o~ Rr

where R; is the instantaneous resistance of any
temperature, R is the resistance of the amorphous
state and Ry is the resistance at 840° C. Heating
was stopped at 840° C since no further points of
inflection, indicating a phase change, had been
observed above this temperature. Absolute resis-
tivity values were not determined.

Wire samples of diameter 0.075 mm and ribbons
of dimensions 25.4 mm x 0.0508 mm were heated
in an argon atmosphere, following a purge of 24 h;
each sample was held at the chosen experimental
temperature for 5 min followed by furnace cooling
before evaluation of the structural and physical
properties was undertaken.

2.1. Structural analysis

2.1.1. X-ray diffraction

The amorphous and heat-treated wire samples
were investigated by the X-ray powder diffraction
method using a GE Debye—Scherrer camera with
filtered CrKa radiation (at 35kV and 25mA).
Analyses of the amorphous and heat-treated ribbon
samples, on the other hand, were made with the
use of the diffractometer technique employing
filtered CrKa radiation (at 40kV and 20mA) in
a Phillips Norelco wide-range diffractometer with
a PW 1720 X-ray generator. The data obtained is
summarized in Table IA. Table IB lists, for com-
parison, the results of previous structural studies
[3, 6—-10] made on the FegyB,, alloy.

2.1.2. Field ion microscopy

The field-emission end forms imaged in this investi-
gation were produced by electro-etching the wire
samples in a solution containing 20vol% HNO;,
20vol% HCl and 60vol% CH3OH using an alter-
nating current of 1 to 3V. These samples were
imaged at 78 K in a pure neon gas, with continuous
titanium gettering, at a background pressure of
about 5 x 107® Torr. The details of the field ion
microscope used in these analyses are given else-
where [11].

Results of this study are summarized in Table
IA and are shown in Figs 2 to 6. Fig. 2 shows the
atomic details of a surface in the as-received wire,
exhibiting a completely random atomic arrange-
ment of the iron species (since boron atoms do not
contribute to the image) [3] with no indication of
long-range order, as expected from an amorphous



TABLE IA Structural analysis of Fe, B,

Heat treatment X-ray diffraction Unit-cell Field ion microscope observations

(5 min at temperature) pattern result structure

Amorphous Amorphous halo Random atomic distribution,

{as-received) no long-range order

395°C a-Fe bcece a-Fe precipitates and Fe,B ina
Fe,B Tetragonal matrix with a different BIV
Amorphous

500°C a-Fe bee a-Fe precipitates within Fe,B
Fe,B Tetragonal phase

720°C o-Fe bee o-Fe in a twin slice with two
Fe,B Tetragonal other phases, one with a higher
Fe,,B, fce symmetry

840°C o-Fe bece Zones of a-Fe and in a matrix
Fe,B Tetragonal of Fe,B with indications of

symimetry

TABLE IB Structural analyses of Fe, B, : previous work

H~at treatment Phase structure Unit-cell Lattice constants Reference
observed structure (nm) number

780° C for 1 sec to 15 min a-Fe bec - [3]
Fe,B pt a, = 0.8623,¢c,=0.4294

780° C for 22.5minto 1 h a-Fe bce - (31
Fe,B pt -
Fe,B bet —

780° C for 2.25h to 8h a-Fe bce - [3}
Fe,B bet -

300 to 450° C a-Fe bece - [6—-8]

~Fe,B bet a=0.864,c=0.428

700 to 800° C o-Fe bcce - [6-8]
Fe,B orthorhombic a=0.543, b = 0.666, c = 0.445

> 1000° C a-Fe bce - [6-8]
Fe,B - -

380° Cfor2h o-Fe bce - [9]
Fe.B bet a=10.863,¢c=0.429

300° C for 100 h oFe bee - [10]
Fe,B bet —

600° C for 2h a-Fe bce - [10]

700° C for 2h Fe,B betand -
Fe,B orthorhombic -

900° Cfor 2h a-Fe - - [10}
Fe,B - —

alloy. Fig. 3, on the other hand, shows that an
anneal of five minutes at 395° C has produced two
precipitate phases, a-Fe and Fe;B, in a matrix that
obviously possesses a different best-image voltage
{hence, it is seen as a dark area) consisting possibly
of the still amorphous material. Fig. 4 shows the
image for the alloy annealed at 500° C and is seen

to consist of a-Fe clusters, showing a ring structure
and thus higher symmetry of the bcc metal, in a
matrix of Fe3B phase. The structure obtained
following heat-treatment at 720° C is shown in
Fig. 5. The twin slice, at an angle of approximately
120° to the horizontal, is seen to consist mainly of
a-Fe atoms. It is seen to possess more symmetry (in

3185



Figure 2 Field ion micrograph of the amorphous (as-
received) Fe,B,, alloy showing completely random
distribution of Fe atoms.

the form of partial ring structure) than the phases
to either its right or its left. The distinction made
here, between Fe,B and a-Fe, is based on the higher
symmetry possessed by a«-Fe and is seen- in this
micrograph in the form of partial ring formation.
The micrograph seen in Fig. 6 is that of a sample
annealed at 840° C. The bright spots indicating the
clustering of o-Fe atoms, at an angle of approxi-

Figure 3 Field ion micrograph of Fe,,B,, sampic 7 wing
annealing for 5 min at 395° C. a-Fe phase clusters and the
Fe,B phase are shown in a matrix of the uncrystallized
matrix with a different best-image voltage (thus seen as
the dark zone).
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Figure 4 Field ion micrograph of sample annealed for
5 min at 500° C. a-Fe phase clusters (larger spots arranged
in the more obvious partial-ring structures) distributed in
a matrix of the totally crystallized Fe,B phase.

mately 45° to the horizontal and running through
the micrographs, are seen to separate domains of
the Fe,B phase. The partial ring structure observed
in the domains of the Fe,B phase and the suggestion
of higher symmetry in this structure indicate the
total disappearance of the Fe;B phase with this
heat treatment of the amorphous wire.

Figure 5 Field ion micrograph of the sample annealed for
5min at 720° C. A twin slice, at an angle of about 120°
to the horizontal, consisting of a-Fe phase atoms, is shown
with the phase to the right and to the left exhibiting
sparser population of iron atoms and lower symmetry.



Figure 6 Field ion micrograph of the sample annealed at
840° C for 5§ min. Clusters of a-Fe phase atoms are shown
separating domains of the Fe,B phase.

2.1.3. Scanning electron microscopy

Ribbon samples, both before and after annealing
treatments, were mounted in a Buehler Epo-Kwick
resin (with maximum curing temperature of 80° C)
and polished to a finish of 0.06 um with alumina
on a Buehler Rayvel cloth. The polished surfaces
were then etched in a solution of 1vol% HNO;
in methanol for 10 to 20sec to delineate the
associated structural features. The scanning electron
microscope used in this study was a Hitachi—Perkin
Elmer, model HHS-2R, instrument operated in the
secondary electron emission mode at an accelerating
voltage of 25 kV.

Fig. 7a to d shows the microstructure of the
heat-treated samples at the lower magnification of
the scanning electron microscope for a comparison
with the atomistic expose of Figs 2 to 6. Fig. 7a
shows the sample annealed to 395° C exhibiting
domains of transformed material (Points A and B)
in a matrix that is otherwise uniform. A higher
magnification was utilized in this micrograph to
delineate the difference of colour contrast between
the three species present. Fig. 7b shows the micro-
structure of the sample following anneal to 500° C
and although this magnification is not sufficient to
delineate the phases present, it can be seen that
the surface is quite uniform. Fig. 7c¢ shows the
sample surface following heating to 720° C where
two product phases (Regions A and B) are seen to
be imbedded in the matrix phase. The contrast
afforded by the etch used on these surfaces

distinguishes the two product phases from the
matrix. Finally, Fig. 7d shows the equiaxed grains
of the matrix phase to be separated by a transfor-
mation product in the sample annealed at 840° C.

2.2. Physical property evaluations
2.2.1. Microhardness testing
The hardnesses of finely-polished ribbon samples
were measured both before and after heat treat-
ments, in a Vickers microhardness tester (Vickers
model M12a) using a load of 50g, for 20sec, on
the as-received samples and the samples heated
to 395 and 500° C. A load of 20 g, for 20sec, was
used on the samples annealed at 720 and 840° C.
An average of twenty indentations were made for
each sample analysed. For all the measurements
the standard deviation of the values was less than
6% of the mean value.

Microhardness results are listed in Table IT and
are shown graphically in Fig. 8.

2.2.2. Saturation magnetization
measurements

Saturation magnetization, 4mMg, measurements
were made on both the as-received and heat-treated
foils using a vibrating sample magnetometer. This
magnetometer was calibrated using a cylinder of
Ni, and the error in the measurement of the
magnetic moment should be no greater than 1%.
The volume of each sample was estimated by the
ratio m/p, where m is the sample mass and p is the
published density of amorphous FegoBo equal to
74gem™. During crystallization of amorphous
alloys the density is expected to increase by, at
most, 1% and therefore the 4nMg error estimate
was taken to be {122},

Variation in saturation magnetization values are
plotted in Fig. 9 and are summarized in Table IIL.
Table II also shows that the published value for
the amorphous FegyB,, sheets (1.56 T) agrees quite
well with our measurements on the as-received
material (1.546T). The completely crystallized
matrix, consisting of two-phase, a-Fe phase and
Fe,B phase, mixtures, exhibit a considerably
higher (1.7316 T) saturation magnetization value,
as shown.

3. Discussion

3.1. Structurai analyses

A few compositional variables are seen to occur in
both the production and. the heat treatment of
FegoByo alloy, depending on the rate of cooling
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Figure 7 Scanning electron micrographs of FeyB,, alloys annealed for 5 min in an inert atmosphere at (2) 395°C,
(b) 500°C, (c) 720° C and (d) 840° C. (0.06 um finish followed by etching in 1vol% HNO, in methanol for 10 to

20sec.)

and rate of heating to temperature, respectively.
For example, only cooling rates from the melt
greater than 10°° Csec™ are seen to produce the
glassy structure while slow rates of cooling are
seenn to produce either a eutectic mixture of a-Fe
and Fe3B (orthorhombic) phases or platelets of
FesB phase imbedded in an amorphous matrix.
Heat treatment, to induce crystallization, on the
other hand, is seen to lead to the dissolution of
the metastable matrix (Fe~ 3 sB) into Fe;B phase
plus a-Fe phase mixture, through a discontinuous
reaction with a heating rate of 1°Csec™ to
760° C while this structure is seen to dissolve into
an equilibrium a-Fe phase plus Fe,B phase mixture
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above 900° C. A much faster heating rate (reaching
900° C after 2sec), in contrast, is seen to lead to
the transformation of the metastable matrix
Fe~; (B directly into the o-Fe pius Fe,B equili-
brium structure at 900° C [6—8]. In the study
presented here, the initial wire and sheet samples
were characterized to be fully amorphous, as indi-
cated in Table I and the field ion micrograph shown
in Fig. 2. The heating rates utilized in the anneal-
ing treatment were a constani 3 to 5°Cmin™
throughout the study and the initial resistance
survey was made at similar heating rates to avoid
such discrepancies.



TABLE II Physical property alterations

Heat-treatment Saturation Microhardness”
temperature magnetization (kgmm™?)

(° C for 5 min) T

Amorphous 1.5467 1044
(as-received)

395 1.6206 1264

500 1.6650 1260

720 1.7242 838

840 1.7316 679

*In all cases, the standard deviation of the measured
values was less than 6% of the mean value.

tValue advertised by Allied Chemicals is 1.56 T for the
amorphous, as-received, sheet.

3.1.1. Sample annealed at 395° C

X-ray diffraction data indicate a partial crystal-
lization following heating at 395°C for five
minutes with the resulting microstructure con-
sisting of the product o-Fe and Fe3B phases
imbedded in the amorphous matrix. The diffrac-
tion patterns obtained clearly indicate the presence
of crystallinity in this sample and when the back-
ground scattering levels of the patterns for samples
annealed at 395 and 500° C are compared, the only
difference observed is the extremely broadened
lines of the sample annealed at 395°C. Line-
broadening analysis [12] indicates that the particle
size of the «-Fe crystals are about 10nm and
exhibit excessive deformation (strain) or faulting
[13] (possibly twin faults). This is seen when the
(110) reflection is compared with the (200)
reflection in Fig. 10a, showing the diffraction
pattern of the sample annealed at 395°C. (For
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Figure 8 Variation in microhardness plotted against tem-
perature of heat treatment (5 min at temperature).
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Figure 9 Variation of saturation magnetization (4nMg)
with heat treatment for Feg,B,, Metglas alloy. (Metglas
is a registered trade name of the Allied Chemical Corp.)

comparison Fig. 10b shows the diffraction pattern
of the amorphous sheet.) This plot shows the
broad (1 10) peak and the relatively sharp (200)
peak in the pattern of the sample annealed at
395°C that is quite unique and was not observed
in our previous work [3, 14]. The fully crystallized
sample obtained following annealing at 500° C, on
the other hand, exhibits no line broadening.

In contrast to this observation, the first indi-
cation of twinning is observed in the field ion
microscrope analyses following heat treatment at
720° C, as shown in Fig. 5. The crystallite dimen-
sion of the a-Fe, of about 10nm, is consistent
with the relative size given for these particles in
earlier work [15]. This study [15] also mentions
the lack of a sharp interface between the product
phases and the amorphous matrix at this early
stage of crystallization. This is seen to be the case
with the structure shown in the scanning electron
micrograph of the sample annealed at 395°C
shown in Fig. 7a. This partial transformation is
consistent with differential scanning calorimetry
that indicates one-half transformation of FeggBayg
to the crystallized state after heat treatment for
approximately 50min at 390° C [4]. This three-
phase mixture has also been observed after
annealing FegoB,o at 370° C [3] while a 2 h anneal
at 370° C is reported to result in the complete
crystallization of this alloy [8].

Imaging characteristics of the amorphous
FegoByo, as well as those of the product phases of
transformation such as «-Fe, Fe;B and Fe,B, were
elaborated upon in our original paper [3] and will
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Figure 10 X-ray diffraction (diffractometer) patterns of Fe, B, sheets: (a) sample annealed at 395° C for 5 min and

(b) amorphous sample.

not be repeated here. There are, however, a few
new features seen in the study now presented. One
such feature is the eutectoid decomposition of the
amorphous matrix into product phases of a-Fe
and FesB observed following heat-treatment at
395° C. Fig. 2 shows crystalline islands, consisting
of iron clumps exhibiting the o-Fe phase and the
more disperse atomic spots suggesting the low-
symmetry Fe3B phase, present in a dark back-
ground matrix phase. This is indicative of the
different best-image voltages that expose the
product and the matrix phase structures. However,
at the best-image voltage at which the back-ground
could be imaged, the product phases were lost in
these micrographs. This phenomenon was also
observed in our earlier study following exposure
for 5sec of the amorphous material to 780°C,
where the large clusters of a-Fe domains were lost
in the atomic detail defining these surfaces because
of the different imaging voltages.

3.1.2. Sample annealed at 500° C

X-ray diffraction analyses indicate that the
amorphous alloy is fully crystallized following
exposure for 5min to 500°C with a resulting
phase mixture of a-Fe and Fe3B constituting the
microstructure. To demonstrate that complete
crystallinity has already taken place in a micro-
structure, the following simple computation,
based on X-ray diffraction data, was made. Since
the overall chemical composition, expressed in
atomic per cent of the alloy, is known and is
expected to remain constant during the heat
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treatment, one can represent the total structure
as being composed of volume fractions C; and
C, for the a-Fe and Fe3B phase, respectively, and
in terms of numbers of atoms: C;(Feye)+
Cy(FessBgs). Assuming a ratio Cy/C, =0.25
gives:

02(Fe100) + 0.8(Fe75325)

= Feyo + FegoByo = FegoByo,

which is the initial composition of the amorphous
alloy. Using the direct comparison method [16],
the existence of such a ratio was calculated from
X-ray diffraction (diffractometer) data. For this
calculation the unit-cell dimension and the crystal
structure of the phases present in the microstruc-
ture must be known [17, 18]. Since C; and C, are
the volume fractions (and in our case also the
concentrations, the densities of a-Fe and Fe;B
phases being similar), the following relationships
can be used to evaluate C; and Cy:

C,/Cy = 2

/€ = 12 @
and

Ci+C, =1, (3

where [ is the integrated intensity of a diffraction
profile (kk [} and R = v 2| F|?pPy,, where v is the
unit-cell volume, F is the structure factor, p is
the multiplicity factor and Py, is the Lorentz
polarization factor. Our computation, with the
experimental data, shows that the structure is fully
crystallized after annealing at 500° C.

Although no direct heat treatment of the



amorphous FegoB,o alloy at 500° C is referenced
in the literature, it is indicated that heat treatment
above 500° C results in coarsening of the a-Fe
phase and a cessation of ordering in the metastable
Fe..; 5B phase [8].

The field ion micrograph in Fig. 4 shows the
clusters of a-Fe phase in a matrix of Fe3B phase
comprising the microstructure. The partial ring
structure observed throughout the micrograph
suggests complete crystallinity of this structure.
The relative ratio of the a-Fe clusters and the
arrangement of the two phases in these micrographs
is quite reminiscent of the structure obtained
following exposure of the amorphous alloy to a
temperature of 780° C for one second, and the
heating rate in the latter case was instantaneous
achievement of 780° C through resistive heating.
This similarity could, of course, be coincidental
but it is also indicative of the fact that the product
phases are similar in these two transitions at differ-
ent temperatures, rates of heating and isothermal
treatments, thus suggesting the multi-faceted
nature of the amorphous-to-crystalline transition
in this alloy.

3.1.3. Sample annealed at 720° C

X-ray diffraction data indicates that the FesB
phase of the lower-temperature anneals is lost
following the heat-treatment at 720°C and is
replaced by a two-phase mixture of Fey3Bg and
the Fe,B phases while a-Fe seems to be unaltered.
The appearance of the equilibrium phase Fe,B
following a heat treatment of 5min at 720°C
seems, initially, to be inconsistent with our first
study where heat treatment for longer than 15 min
was required at 780° C for the appearance of this
phase through the reaction:

FeggB,o(amorphous) ~> o-Fe + Fe3B(pt)

-~ Fe,B(bct). (45

The transformation at 720° C can thus be con-
sidered different in nature, since the reaction
seen is:

FegoBag(amorphous) = a-Fe + Fe,3Bg (fcc)

- Fe,B(bct). &)

This reaction proceeded during a much slower
heating rate (3 to 5° Csec™) and yielded the phase
Fe,3B¢ rather than Fe3B. Much faster heating rates
(1°Csec™) are seen to produce an a-Fe phase
plus Fe;B phase mixture [8] at 700°C. Fe,B

phase was also observed in previous work [10]
following heat treatments of 2h at temperatures
between 600 and 700° C.

The metastable Fe,3Bg phase has been observed
following splat-cooling of FegsBs (together with
a-Fe phase) [10] and following a 1h anneal at
800° C (together with o-Fe and Fe,B phases) and
is considered isomorphous with fcc CrysCy
structure [8, 10].

The field ion micrograph given in Fig. 6 shows a
twin slice at an angle of 120° to the horizontal
composed of o-Fe atoms of approximately 5 to
10nm in width dividing the phase or phases to its
right and left, possessing lower symmetry. If the
Fe,3B4 phase, indicated by the X-ray diffraction
data, is present .in this micrograph, the high
symmetry (fcc) it.should exhibit is not apparent
either in this structure or in others that were
analysed in this study. However, if the approxi-
mate amount of the Fe,3B¢ phase that could be
expected is considered, its presence in this image,
since it is a distinct phase separating Fe,B and
a-Fe domains [8], is unlikely or difficult to
ascertain.

Twinning accompanying crystallization has
been observed in FegyB,e following a 2h anneal
at 380° C (on {211} planes of Fe;B, dividing the
crystal into quadrants) [19] but is obviously
different in nature and consistency. The twin
slices observed in our earlier study (following
annealing at 780° C for 45sec and 1min) were
also comprised of a-Fe atoms, made evident by
their imaging characteristics [3].

3.1.4. Sample annealed at 840° C

X-ray diffraction analyses indicate the presence
of the equilibrium phase mixture of o-Fe and
Fe,B phases in the microstructure following heat
treatment for 5min at 840°C. The structure
obtained in the field ion microscope analyses
(shown in Fig. 6) indicates some phase separation
between the two phases, shown by the very bright
clustering of a-Fe atoms separating domains of the
Fe,B phase. This is quite reminiscent of the struc-
ture obtained following the 1h anneal at 780° C
of our previous work. The same two crystalline
product phases were seen in other work [8]
following a fast heating (450° Csec™) to 900°C
although other research shows that this mixture
of phases is obtained only after an isothermal
anneal of 2h at 900° C [10]. We contend that the
latter study reports a later stage of the transfor-
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mation reaction (phase growth) rather than the
formation of the initial crystalline products pro-
duced at this temperature. Another study reveals
the product phases to be a eutectoid mixture of
o-Fe and Fe;B phases following an anneal of 1h
at 800° C [6] while the same phases are obtained
in yet another study [7] following a heat treat-
ment at 800° C for 5 min. It is generally concluded
in this latter work [7] that heat treatment between
700 and 800° C produces a phase mixture of Fe;B
and o-Fe phases with the Fe;B phase assuming
an orthorhrombic structure and that only anneals
at temperatures above 1000°C produce the
equilibrium structure of Fe,B and a-Fe phases.

3.1.5. Discussion of structural analyses
Isothermal annealing at 780° C has indicated an
amorphous-to-crystalline transition yielding an
a-Fe plus FeyB phase mixture in the early stages
of anneal (1 to 60sec) followed by the gradual
appearance and growth of the Fe,B phase at the
expense of the metastable Fe3B phase, and the
growth of the equilibrium a-Fe plus Fe,B phase
mixture (0.375 to 8 h) [3], indicating a transition of
amorphous — Fe;B - Fe,B with no intermediary
FeB compound formation. The present study
shows a transformation of the amorphous alloy
into an a-Fe phase and Fe;B phase mixture at the
lower temperatures of anneal (395 to 500°C)
followed by a subsequent transformation of the
metastable Fe3B phase into a phase mixture of
Fe,3Bg and Fe,B phases (at 720° C) which, in
turn, transforms into the equilibrium phase
mixture of a-Fe and Fe,B (at 840° C). Hence, the
reactions among the various metal-metalloid
compounds proceeds as:

Fe3B -> F323B6 -> Fe2B. (6)

This reaction sequence is quite unique and differ-
ent from that observed in our parallel study on
FeqoNizgMogBg (Metglas™ 2826 MB of Allied
Chemical Corp.) [14]. In this study isothermal
heating for 2h at various temperatures (420, 500,
550, 670 and 800° C), isothermal transformation
at 780° C for various durations and heating for
300h at various temperatures (400, 600, 700 and
850° C) always indicated a transformation of the
form:

(7

i.e., the metastable face-centred cubic phase

Fe,Ni,; B ~ (Fe, Ni);B;

proceeds the appearance of the metalz—metalloid
compound. This could be explained as a feature of
the one-metal—one-metalloid composition of the
Fe—B alloy of the present study and is consistent
with previous work [8].

3.2. Physical property evaluations

3.2.1. Microhardness

The initial increase in the microhardness value
following heating at 395° C is another indication
of the initiation of crystallization in the amorphous
alloy, and is consistent with previous work [10].
The maintenance of the same value at 500°C,
where crystallization was abserved to be complete,
suggests that the microhardness measurement is
not sensitive enough to delineate the structural
differences observed between the two product
microstructures indicated earlier.

The decrease in hardness following heating at
720° C supports earlier work that suggests that the
Fe,B and Fe,3Bg phases are not as hard as the
Fe;B phase [8]. The further hardness decrease
following the 720°C anneal can be attributed
to the coarsening of the a-Fe and Fe,B phases
rather than to the disappearance of the Fey3Bg
phase; it is quite obvious that the amount of the
Fey3Bg, seen following annealing at 720°C, is
not sufficient to cause such a drop in the micro-
hardness value with its disappearance. Coarsening-
induced hardness reductions have also been
observed in previous work on this alloy [8] and
other crystallized metallic glass structures {14].

3.2.2. Saturation magnetization

The absence of long-range atomic order and the
consequent lack of magneto-crystalline anisotropy
in ferrous metallic glasses result in materials having
low coercive forces and core losses. In particular,
FegoByo has been shown to have a core loss
substantially lower than typical iron-based crystal-
line alloys at comparable flux levels, including
saturation [20].

The saturation magnetization of FegyB,y was
expected to change upon crystallization into the
equilibrium structure of o-Fe and Fe,B. Since
the saturation magnetization of both of these
phases is available in the literature, it is possible to
estimate the saturation magnetization for crystal-
lized FegoByg. The magnetic moment of Fe,B
[16] is 1.91Bohr magnetons Fe-atoms™ [21}.

*Metglas is a registered trade name of the Allied Chemical Corp.
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Using crystallographic data from Taylor and Kagle
[22] and the conversion factor: 1 Bohr magneton =
9274 x 107 JT™!, we calculate the saturation
magnetization of Fe,B to be 1.6046 T. The satur-
ation magnetization of o-Fe is reported to be
2.1580T [23]. If the volume fraction of the
equilibrium phases were known, an estimate of the
saturation magnetization of crystallized FegoBag
could be made using the rule of mixtures. Again
using crystallographic data [22] and assuming

80vol% Fe 20vol% B

- 20v0l% Fe,B + 40vol % Fe, 8

the volume fraction of a-Fe is calculated to be
0.459. This simple estimate yields a saturation
magnetization for crystallized FegoB,o of 1.8586 T
which is in reasonable agreement with the measured
value of 1.7316T. This increased saturation
magnetization with increasing crystallization is
consistent with the behaviour of the 2826 MB alloy
observed in our parallel study [14].

4. Conclusions
The main conclusions that are derived from the
study are:

(a) The temperatures where phase transitions
have been observed in the continuous heating of
amorphous FegoBy, are 395, 500, 720 and 840° C.

(b) The transformations observed were in
the sequence of: amorphous = Fe3B - Fey3B4 +
Fe,B — Fe,B, with the primary a-Fe phase being
present in each step of the crystallization procedure.

(c) Micro-hardness has been seen to increase
upon initiation of crystallization but is seen to
drop following completion of crystallization with
the achievement of the equilibrium phase mixture
and the ensuing coarsening of each phase.

(d) Saturation magnetization values have been
seen to increase (by approximately 12%) with
increasing degree of crystallization; the highest
rate of increase of saturation magnetization was
observed in the initial stages of crystallization.
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