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The glassy phase affords a potentially unique route
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The iron based glassy alloys, which contain P, B, Si, or C as metalloid
elements, have been found to be ferromagnetic (1,2). They are soft magnetic
materials (3,4) with excellent magnetic properties (5,6), good mechanical
properties (7.8) and high corrosion resistance (9). The glassy states are
achieved by extracting the kinetic energy rapidly (10); the cooling is suf:-
ficiently quick that the atoms can presumably only make local rearrangements
from that which obtains in the liquid, just above the liquidus. If we supply
kinetic energy again (by annealing, for example), the atoms will eventually
move to lower energy arrangements -- ultimately reaching equilibrium crystal-
line phases in correspondence with the temperature imposed. The path to
equilibrium will in general include a variety of other metastable states, some
variations from the as~quenched glass -- but still glass, and other crystal-
line. 1In principle, various of these intermediate situations, as regards both
the phase structures and the phase morphologies, will not be achievable by
other means. Thus, whether or not the "as-quenched" glassy structure {s it-
self preferred for some technical purpose, it also provides a starting point
for the application of thermo-mechanical treatments to achieve unique struc-
tures which may be desirable. 1In order to develop that potential, it is
necessary to have reliable means for characterizing and interpreting the
structural changes occurring; to know — first of all -- the modes of atomic
rearrangements which are likely to occur and to allow monitoring of processing.
The purpose of this work has been to examine the structure of the glassy state
and, particularly, of its crystallization path towards equilibrium, using the
experimental methods of differential scanning calorimetry (DSC), Mossbauer
spectroscopy, x-ray diffraction, transmission electron diffraction, and
transmission electron microscopy (TEM). In this paper we discuss only Fe-B
alloys, of two different compositions.

Materials

The alloys were made and supplied to us by Allied Chemical Company. They
were made by Allied's “standard" rapid quenching process of casting onto the
outer surface of a rotating drum, in air. The compositions, determined as
described later, were Fegj 5Bjg 5 and Feg1Bjg. Both were in the form of long
ribbons, with thickness about 40 um; -the former lot is 1 mm wide, the latter
is 1 cm wide.

Experimental Samples and Procedures

Samples were cut from the ribbons in lengths appropriate for the various
experiments. All annealing was done with the samples in sealed, evacuated
and argon-filled pyrex tubes.

For Mossbauer transmission spectroscopy, samples of v 0.75" diameter were
assembled on scotch tape with adjacent, parallel ribbon strips. The Mossbauer
spectrometer is a standard commercial unit (Austin Scientific); we used it in
the constant acceleration, symmetrical velocity mode, with an integral laser
interferometer giving velocity calibration points in every sixteenth channel
of the 512 channel data logger. X-ray specimens were similarly assembled, but
using end-clamps to hold the ribbon pieces, rather than a substrate, to avoid
the presence of extraneous material in the beam. Both Cryg, and Mok, momno-
chromatic x-rays were used for examining the glassy and crystalline phases.
The principal diffractometer used allows continuous or step scanning, with
both analog (strip chart) and digital (paper tape) data logging.

The DSC runsg (Perkin-Elmer mcdel DSC 2) were done with graphite sample
chambers. Data was taken at a few different heating rates and also with
samples of different weights.




he TEM samples were prepared by electrochemical polishing, using a
solution of 10X perchloric acid and 907 methanol. The thinning was done on
as-quenched samples; heat treatments for the TEM studies were done in-situ.

Composition Analyses

We found significant discrepancies not only from the nominal compositions
(wvhich were presumably just estimates) but also from and among wet chemistry
measurements and atomic absorption measurements. The values which we use here
were obtained by us using both x-ray diffraction and Mossbauer spectroscopy,
in conjunction with the equilibrium phase diagram. Samples were fully crystal-
lized and brought to phase constituency equilibrium by annealing at 727°C for
20 minutes (Feg3,5B)6.5) or 860°C for a few hours (Feg)Byg). The equilibrium
phases are a-Fe and FesB, which have distinguishable x-ray and Mossbauer
signatures. Using all of the x-ray peaks available, that data yields 16.45%7 B
and the best fit to the Mossbauer spectrum yields 16.5% B for lot 1 (nominal
202). The x-ray data for the wide ribbon yields 19.15Z and the Mossbauer,
18.862 (nominal 172). The most internally consistent atomic absorption re-
sults yielded 13.5% and 17.492, respectively, but only after more divergent
results had been questioned.
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Figure 1. The Mogsbauer spectrum of as-
quenched Fe83.5316.5'

EXPERIMENTAL RESULTS
The Glass

The Mossbauer spectrum of the 16.5% B as-quenched sample is shown in
Figure 1. 1t shows a broad but well-defined pattern, in which the character-
istic "six-line" aspect of 57Fe nuclei in a ferromagnetic material is obvious.
The line broadening is certainly caused in part by the distribution of hyper-
fine fields which results from the distribution of Fe-atom environments
associated with the glassy nature of the structure. Interestingly, this
spectrum can be fit most simply by just broadening the orthorhombic Fe3B
spectrum measured earlier by Choo and Kaplow (11), while it is not close to
the spectra of the equilibrium phases a-Fe or Fe;B, or any combination of
them. Significantly, the broadening required does not wash out an important
"signature" of that Fe3B spectrum, which is due to the existence of two
particular and distinct iron atom sites in the structure, with different
isomer, electric quadrupole, and magnetic hyperfine interactions. The
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spectrum, in terms of pesk positions, heights and widths.

A sample annealed at low temperature (250°C for 9 days) shows a Mossbauer
spectrun in which the peaks are slightly sharper, which may be attributed to
a structural relaxation.

.The x-ray. diffraction data for the same as-quenched glass yields a pair
distribution function generally consistent with that measured earlier (12);
without being certain of compositional or primary processing differences it
is not useful to postulate about the reality or the meaning of quantitative
differences among different experiments. We cannot resolve Fe-B pairs in
the largely Fe-Fe dominated main neighbor peak. Making a rough allowance for
the contribution of Fe-B neighbors (which is small because of the luw scatter-
ing factor of boron) we estimatg that there are 11.6 Fe-Fe "nearest" neighbors
in that peak (centered at 2.52 A and with a FWHM of 0.46 &). After annealing
for 2 hours at 300°C, there is no visible evidence of crystallization in the
x-ray pattern, but some .—idence for .elaxation in the glass, e.g., sharpening
of the near neighbor peak in the RDF (by aobut 32), consistent with comparable
Mossbauer indications.

Figure 2. The x-ray diffraction pattern
of an Feg3 5Byg 5 sample, after annealing
for 15 hours at 300°C. The crystalline
peaks are a-Fe(B) and the diffuse con-
tinuum is due to the remaining glass.

Crystallization Sequencing

On further annealing (e.g., at 300°C for longer times or at higher temper-
atures for correspondingly shorter times) both x-ray and Mossbauer results
indicate that a-Fe crystallizes first (in this sample), while the remaining
glassy material subsequently transforms to crystalline FejB. Figure 2 shows
an x-ray diffraction pattern for the 16.5% B material after annealing at 300°C
for 15 hours; the patter:. shows a mixture of glass and crystalline o-Fe. At
higher temperatures, the metastable Fe3B boride decomposes to additional a~Fe
and FPezB. The crystallization bebavior as judged by x-ray and Mossbauer
measurements is summarized in Table I for the Feg3 5B;¢ 5 sample and Table II
for the P081519 sample. The lattice parameter of a-Fe has also been monitored
in the 3.5B1¢.5 sample and found to change as a function of heat treatment;
this is agso shown in Table I, and discussed later. It should be noted that
each entry in both of these tables corresponds to a separate sample-treatment;
sequential treatments were not used for these data.

Regarding the difference in behavior between the two samples, we point out
thet in the higher composition alloy (a) there is somevhat more resistance to
iaditisl crystallization, (b) when crystallization occurs, the Fe3B and u-!c _
lp'-nx more or lcs- at thc same time (but with scms




Phases Present in Annealed F‘83. 531

R

6.5
1
a-Fe Lattice Particle
Temperature Time Phages Present Constant Size (A)
727°C 20 min.  a-Fe + Fe;B 2.867 1520
10 min. a-Fe + FeB 2.868 1254
555°C 2 hrs. a-Fe + (FeyB) + Fe:B -— 946
525°C 2 hrs. a-Fe + FesB + Fe2B -—— 712
505°C 2 hrs. a~Fe + F23B + (Fe,B) — 710 .
480°C 2 hrs. a-Fe + FesB - 731 1
375°C 16 hrs. a-Fe + FesB 2.8640 581
375°C 8 hrs. a-Fe + FesB 2.8634 538
375°C 4 hrs. a-Fe + FesB + (glass) 2.8628 468
375°C 2 hrs. a-Fe + glass 2.8617 445 |
375°C 1 hr. o-Fe + glass 2,8616 484
375°C 0.5 hr. a-Fe + glass 2.8615 484
350°C 8 hrs. a-Fe + glass + Fe3B 2.8617 448
350°C 4 hrs. a-Fe + glass 2.8616 467
350°C 2 hrs. a-Fe + glass 2.8608 448
350°C 1 hr. a-Fe + glass 2.8613 -479
350°C 0.5 hr. a-Fe + glass 2.8614 452 1
300°C 100 hrs. a-Fe + glass 2.8610 461
300°C 50 hrs. a-Fe + glass 2.8610 447
300°C 30 hrs. a-Fe + glass 2.8610 424
300°C 15 hrs. a-Fe + glass 2.8608 454
Table 11
Phases Present in Annealed l-‘e81 319
Temperature Time Phases Present
860°C 3 hrs. a-Fe + Fe3B
! 855°C 1 hr. a-Fe + Fe,B + FesB
. 455°C 4 hrs. a-Fe + FeyB + (Fe2B)
3 hrs. a-Fe + FejB
! 2 hrs. a-Fe + Fe3B
350°C 10 hrs. a-Fe + Fe,B
350°C 4 hrs. a-Fe + FeyB
350°C 3 hrs. a-Fe + FejyB (slight)
350°C 2 hrs. a-Fe + glass
300°C 15 hrs. glass + ?

{
§
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the a-Fe(B) does appear before the FeiB and (c) cquilibrium 1s achieved
only at higher time/temperature values.

Crystallization Morphology

Particle sizes for the crystallized a-Fe are also shown in Table. 1. These
were measured from the broadening of the a-Fe (211) x-ray peaks, using a pure,
polycrystalline o-Fe sample as a standard. As seen, the grain size starts at
about 450 A (when we can first clearly see the phase in either the x-ray or
Mossbauer patterns). After annealing sufficiently to achieve the equilibrium
phase constituents, the average a-Fe grain size is still as small as 1500 R.
showing (as anticipated) that transformation of the glassy phase provides a
route to fine grain size material.

TEM studies, on FegiBjg samples, anncaled in situ at a temperature of 350°C,
also show very small a-Fe particles, about a few hundred angstroms in diameter,
consistent with the x-ray data. The TEM work also shows much larger isolated
FeqB particles, inside an a-Fe matrix, as shown in Figure 3, for a sample
annealed at 350°C for 3.5 hours. Each such particle appears to be comprised
of a number of grains, with a total particle size roughly ten times larger
than the o-Fe grains at the same point in time.

-

Figure 3. A TEM micrograph of an FegiBjg sample,
annealed at 350°C for 3.5 hours. A "large"” Fe3B
particle, apparently comprised of a number of
separate grains, is visible in a matrix of
crystalline iron.

Structure of Fe3B

Fe,B ig a metastable boride, first noted in rapidly quenched (splat-cooled)
low borom content iron alloys, where it was said to be orthorhombic, iso-~,
structural.with Fe3C, and with lattice parameters a = 5.433 l, b= 4.454 A,

c = 6.656 A (13,14). Subsequent work on the metastable boride formed by
splat cooling included Mossbauer spectroscopy. The results there showed a
well-defined and unique Mossbauer spectrum for that boride, consistent with
the numbers and relative occupation of iron atom sites in the orthorhombic
structure (11).




In the existing work on the thermal decomposition of Fe-B glasses,_ there
seems nov to be a concensus that Fe3B is the metastable boride product of the
decomposition, largely on the basis of x-ray diffraction identification
(although Fe,B has also been suggested) (15). Some have declared the Fe3jB to
be the aforementioned orthorhombic form (6,16-19); others declare it is to be
tetragonal (a = 8.63 A, ¢ = 4.28 ) and isostructural with FesP (20-23).
Unfortunately, the x-ray powder patterns predicted for these two structures are
s0 similar (especially in a pattern dominated by that of a-iron) that we find
it virtually impossible to reliably discriminate between the two in that
manner.

On the other hand, the Mossbauer spectra evidence a large difference be-
tween these two structures (21,24). The Fe3B, formed in a Feg)B)g sample,
annealed, for example, at 350°C for 10 hours, yields a complex spectrum
which can be best fit by a combination of 70X of the tetragonal spectrum
and 30% of the orthorhombic one, as shown in Figure 4. This is consistent
with Franke's (24) and Herold's (25) conclusion, i.e., that both structures
exist during the transformation.
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Figure 4. The Mossbauer spectrum of an FegjBjg
sample, annealed at 350°C for 10 hours. The
"+" points are experimental data and the "."
points are a fit using a combination of the
spectra of a-Fe, tetragonal Fe3B and
orthorhombic Fe3B.

By selected area diffraction in the 19.1% B sample we do find diffraction
spot patterns corresponding to the orthorhombic phase, e.g., (013) (612). but
a mejority appear_to correspond to the tetragonal phase, e.g., (021), 111),
(011), (1II) (011). Figure 5 shows the electron diffraction pattern when
the area includes an Fe3B "cluster", as seen in Figure 3, with patterns
corresponding to both structures; when such borides are not visible in the
microscopy, only polycrystalline a-Fe diffraction rings appear.

Supersaturation of a-Fe

It vas noted in Table I that the lattice parameter of the a-Fe changes
with sannealing conditions, being smaller the lower the temperature/time
condition, but ultimately approaching the exact value for pure iron. These
values were measured from the a-Fe (211) reflection, using Crgq radiation and

£y




Kinetics
in Figure 6 and 7 we show the DSC data for Fe 3.5 5 and FegiBjg,
respectively, for the temperature range 650 - 803 K with a heating rate of

Figure 5. A transmission electron diffraction
pattern of the sample shown in Figure 3, from
an area including a similar particle. Diffrac-
tion patterns are attributable to tetragonal
FeqB (001) [dashed lines] and orthorhombic

FeqB (013) [solid lines].

a pure iron standard. If boron atoms are trapped in the crystallized irom,
the lattice parameter will be bigger if the borons are in interstitial sites
and smaller if a sufficient fraction of them are substitutional. The lattice
parameger of the equilibrium Fe-B solid solutjon is said to decrease by about
0.001 A per percent boron (26). In alloys formed by rapid quenching directly
from the melt, with up to 12 B, Ray and Hasegawa (27) report that omly
crystalline supersaturated a-Fe(B) is obtained with a substitutional ratio

of 3 B for 2 Fe. The lattice parameters determined there are a reasonably
close extrapolation of the low boron equilibrium values. If the 3 for 2 ritio
holds here, then the boron content corresponding to the lowest time/temperature
entry in Table I would be ~ 8%*, 1In situ electron diffraction results, how-
ever, have indicated that the relative lattice parameter of first detected
crystalline a-Fe is significantly smaller than the average seen by the x-ray
beam. Thus it seems possible that the a-Fe initially crystallizes with all
of the local boron trapped in place. Just how near that is to the overall
composition depends on the homogeneity in the glass, and in turn on that in
the original liquid.

20°/min. Data at 5°/min. and 10°/min. differ only in relatively small

* These particular data were on samples aged at room temperature for about
six months. Less accurate data taken immediately after the treatment
indicated a smaller lattice constant and hence a larger boron content.

A—— it M.
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Figure 6. The DSC data for an 3.5 sB1g.5
sample over the range 650°K to 808
(20°/min. heating rate).
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Figure 7. The DSC data for an Feg g sample
over the range 650°K to 800°K (20 /min heating

rate).

quantitative respects. First, we note the change from the two peak aspect of
the first sample to the one peak aspect in the second. This is in strong
qualitative agreement with the results of Walter, Bartram and Mella (28). We
have seen no evidence ourselves for the "two amorphous phase'" model which
they propose, but these results are fully consistent with the different be-
havior of the two alloys with respect to crystallization phase sequencing.
Thus, comparing the DSC curves to Table I, we attribute the first "peak" in
Figure 6 to the crystallization of a-Fe and the second to FejB. 1In the
higher composition alloy (Table II and Figure 7) the two phases appear more
nearly simultaneously. We do not see any clear sign of FeB formaiiun in
DSC curves up to 950°K. (Nor do we expect to, because of the relatively
large temperature range of that transformation that is indicated by the
isothermal data.) The extra small shoulder on the high temperature side in

both patterns seems large enough to be real, but we are not certain of its
source.

The atomic fraction of a-Fe is proportional to the intensity of its
characteristic pesks in Mossbauer spectrum. From this, the volume fraction
x(t) formed at the time t can be calculated. Log (-log(l-x)) vs. log t for
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Figure 8. Crystallization kinetics of a-Fe
in an originally glassy Fegjy, 5B1g.5 sample.
Curve on left at 350°C to 8 hours; curve on
right at 300°C to 100 hours.

two series of heat treatments of the Fejg 5B16.5 samples has been plotted in
Figure 8, where x is the volume fraction of the a-Fe phase. #: 350°C, the
transformation initially follows the Avrami equation but theu saturates at

x = 0,42. This value is consistent with a pseudo-equilibrium between the
a~Fe(B) phase and an Fe,B phase, deficient in boron to compensate for the
boron atoms still in the a-F2(B). At T = 300°C, we get an unexpectedly
large fraction of a-Fe at short times; this may be attributable to inhomog-
eneous nucleation, as postulated by Koster (29). Nonetheless, the transfor-
mation again tends to saturate at x = 0.42,

CONCLUSIONS

The crystallization process in Fe-B glasses is clearly sensitive to boron
content. Crystallized iron forms initially highly supersaturated with boron,
but later achieves a pseudo-equilibrium with metastable FejB. The latter
phase exists simultaneously in both the orthorhombic and tetragonal forms,
isostructural with Fe3C and Fe.P, respectively. Small a-Fe grain sizes are
maintained throaihout the crystallization process, ranging from about 300 A
to perhaps 1500 A when a-Fe + Fe)B equilibrium is achieved.
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