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Abstract

The body-centered cubic (bcc) phase tends to preferentially nucleate during solidification of highly undercooled liquid droplets of
binary alloy systems, including Fe–Co, Fe–Ni and Fe–Cr–Ni. We investigate a similar tendency during the partial devitrification of
Co-rich amorphous precursors of composition (Co1�xFex)88Zr7B4Cu1 by identifying the structure and composition of the nanocrystal-
line grains. The Co:Fe ratio of the bcc nanocrystals varies linearly with the Co:Fe ratio of the amorphous precursor, and can lie well
within the single-phase face-centered cubic (fcc) region of the Fe–Co phase diagram at the crystallization temperature. Classical nucle-
ation theory therefore suggests several potential explanations for the preferential nucleation of bcc phase from an amorphous precursor,
including: (i) a reduced amorphous/bcc interface energy as compared to the close-packed phases; (ii) a lower strain of precipitation for
bcc nuclei as compared to close-packed fcc and hexagonal close-packed nuclei; and (iii) stabilization of the bcc phase by dissolved glass-
formers such as Zr and B.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Preferential nucleation of a body-centered cubic (bcc)
phase relative to a stable face-centered cubic (fcc) phase,
as predicted by the bulk phase diagram, has been observed
during the solidification of highly undercooled liquids in
Fe–Co, Fe–Ni and Fe–Cr–Ni alloys [1–6]. Spaepen et al.
[7,8] presented a theoretical model that predicts a lower
interfacial free energy for solid–liquid interfaces of bcc
crystals as compared to the fcc phase in most cases. The
tendency for preferential nucleation of bcc phase was there-
fore rationalized using this interface energy model in the
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context of classical homogeneous nucleation theory or dif-
fuse interface theory as discussed by Kelly and Vander-
Sande [9], Li et al. [1], Perepezko [10] and Volkmann
et al. [2], for example. A similar tendency for preferential
bcc phase nucleation has been observed during crystalliza-
tion of some Fe–Ni–B- and Fe–Ni–Zr–B-based multicom-
ponent amorphous precursors by Greer and Walker [11].
They assumed that the solubility of glass-formers in the
crystalline phase was negligible and attributed the preferen-
tial nucleation of bcc phase in the multicomponent Fe–Ni
amorphous alloys to the interfacial energy arguments used
to explain this tendency in the highly undercooled liquids
of simpler systems.

In our prior work [12], we also observed that the binary
Fe–Co phase diagram generally underestimates the amount
of bcc nanocrystalline phase observed after partial crystal-
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lization of Co-rich (Co1�xFex)88Zr7B4Cu1-based amor-
phous precursors. These observations are in agreement
with the prior structural characterization studies of Willard
et al. [13] on a (Co0.95Fe0.05)89Zr7B4 alloy with an Fe to
(Fe + Co) ratio well within the single-phase fcc region of
the binary Fe–Co phase diagram at the crystallization tem-
perature. The preferential nucleation of bcc phase in a wide
range of materials systems motivates us to perform a care-
ful investigation of the composition of preferentially nucle-
ated bcc nanocrystals in the more complex
(Co1�xFex)88Zr7B4Cu1 and (Co1�xFex)89Zr7B4 ‘‘nanocom-
posite” alloys. Because of the success of classical nucleation
theory in explaining this phenomenon in the relatively sim-
ple undercooled liquids studied previously, we discuss the
measured compositions in the framework of classical nucle-
ation theory for the alloys under investigation here. We
then compare the observations with predictions based on
the binary Fe–Co phase diagram in an attempt to gain
additional insight into the factors governing composition
and phase selection of the nucleated nanocrystalline grains.

The (Co1�xFex)88Zr7B4Cu1-based alloys studied here
are an example of a technologically relevant class of soft
magnetic materials in which ‘‘nanocomposites” can be
obtained consisting of nanocrystalline grains surrounded
by an intergranular amorphous matrix. To obtain the
‘‘nanocomposite” microstructure, amorphous precursors
of these compositions are produced by rapid solidification
and subsequently annealed to promote partial crystalliza-
tion during a primary crystallization reaction. This class
of materials was born with the discovery of the five compo-
nent Fe–Nb–Si–B–Cu alloy ‘‘FINEMET” by Yoshizawa
et al. [14]. The discovery of simpler ternary or quaternary
Fe–Zr–B–(Cu) alloys with similar microstructures soon fol-
lowed [15]. The resultant materials exhibit combinations of
high saturation induction and low core losses unobtainable
in conventional amorphous or large-grained crystalline
alloys. Co-substitutions, explored to increase saturation
induction and improve properties of these alloys for high-
temperature applications, led to the discovery of ‘‘HiT-
Perm” alloys of composition (Fe0.5Co0.5)89Zr7B4 and
(Fe0.5Co0.5)88Zr7B4Cu1 [16,17]. More recently, a number
of systematic investigations of the corresponding Co-rich
alloys have been reported [12,13,18–23]. Co-rich alloys
have been shown to demonstrate technologically interest-
ing properties that include a dramatic response to magnetic
field processing [18,19,24], high-temperature stability of
magnetic properties [25–27] and superior ductility as com-
pared with brittle Fe-based alloys [28]. Because the Co:Fe
ratios of high Co-containing alloys correspond to the sin-
gle-phase fcc region or the two-phase bcc + fcc region of
the binary Fe–Co phase diagram, multiple nanocrystalline
phases are possible, in contrast to the Fe-rich or near-equi-
atomic Fe–Co alloys, where bcc or CsCl-type ordered
phases are clearly the most stable.

Here, we present a study of the composition of the nano-
crystalline phases in three previously investigated alloys
[12] spanning the transition from only bcc phase detectable
by X-ray diffraction (XRD) to multiple nanocrystalline
phases. First, a structural characterization was performed
using XRD, conventional transmission electron micros-
copy (CTEM) and high-resolution transmission electron
microscopy (HRTEM) to identify the relevant phases pres-
ent. The composition of each phase was then estimated by
correlating three-dimensional atom probe (3DAP) analysis
with the results of the structural characterization. The
results of this study are compared with the predictions of
the Fe–Co bulk phase diagram.

2. Experimental procedure

(Co1�xFex)88Zr7B4Cu1 amorphous ribbons with dimen-
sions of �3 mm width and �30 lm thickness were synthe-
sized by rapid solidification. The amorphous ribbons were
isothermally annealed at 450 �C for 1 h to promote partial
crystallization. The variable x corresponds to the Fe to
(Fe + Co) ratio of the alloys in analogy with the mole frac-
tion of Fe in a binary Fe–Co alloy. Values of x = 0.15, 0.10
and 0.04 were selected for investigation here because they
span the transition from nucleation of a single bcc nano-
crystalline phase to multiple nanocrystalline phases, as
described in previous work [12,13] and illustrated in
Fig. 1a. XRD was performed using a Philips X’Pert Thin
Film Diffractometer with Cu Ka radiation, CTEM was
performed with a JEOL 2000 microscope and HRTEM
was performed for selected samples with a Tecnai F20 to
identify the nanocrystalline phases. Samples for CTEM
and HRTEM studies were prepared by ion milling using
a Gatan Precision Ion Polishing System (PIPS). A locally
built energy-compensated 3DAP equipped with the CAM-
ECA’s optical tomographic atom probe detector [29] was
used to determine the average composition of the nano-
crystals and intergranular amorphous phase for all compo-
sitions investigated. Needle-like specimens for the atom
probe analysis were prepared by electropolishing the
square rods of approximately 20 mm � 20 mm � 5 mm,
which were prepared from the ribbon by mechanical
grinding.

To provide additional confidence for the estimated com-
positions of the bcc nanocrystals and the proposed conclu-
sions based upon these compositions, we also performed
3DAP for the (Co0.95Fe0.05)89Zr7B4 alloy crystallized at
450 �C for 1 h, as studied in Ref. [13]. For this sample,
extensive structural characterization was performed and
compositions were previously measured as reported in
Refs. [13,30] using TEM-based techniques.

3. Results

XRD patterns obtained for the crystallized (Co1�xFex)88

Zr7B4Cu1 ribbons with x = 0.15, x = 0.10 and x = 0.04
are shown in Fig. 1a. The major diffraction peaks are
indexed to the bcc nanocrystalline phase despite having
Co:Fe ratios which correspond to the two-phase
a(bcc) + c(fcc) or the single-phase c(fcc) regions of the



Fig. 1. (a) X-ray diffraction obtained for the (Co1�xFex)89Zr7B4Cu1 alloys with x = 0.15, 0.10 and 0.04 after annealing at T = 450 �C for 1 h to promote
partial crystallization. (b) Lattice parameter of bcc nanocrystals calculated from the (211)bcc peak of (a) (solid line) and predicted lattice parameter
(dashed line) from a metastable extension of bcc lattice parameter [31] using the actual Fe to (Fe + Co) ratio of the bcc nanocrystals from Table 1.
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binary Co–Fe system [12]. For the x = 0.04 alloy, weak
intensity peaks attributed to fcc nanocrystallites in our
previous work [12] are also observed. The bcc phase lat-
tice parameters derived from the (21 1)bcc peaks are pre-
sented in Fig. 1b. We note here that the lattice
parameter of the bcc phase varies roughly linearly over
this composition range and that it is larger than expected
based on the extrapolations of the lattice parameter mea-
sured for the bcc phase in the bulk Fe–Co system. These
features will be discussed in more detail in the context of
3DAP data below.
Fig. 2. Bright field TEM images of a (Co0.90Fe0.10)88Zr7B4Cu1 alloy after anne
corresponding selected area diffraction pattern (c). Corresponding data for a (
Bright field TEM images are presented in Fig. 2a–d for
the x = 0.10 and x = 0.04 samples. The bright field images
of Fig. 2a and b confirm a grain size of less than �10 nm
for both samples. In the selected area diffraction (SAD)
pattern of Fig. 2c for the x = 0.10 sample, only evidence
for a bcc nanocrystalline phase is observed. In the SAD
pattern for the x = 0.04 sample (Fig. 2d), additional rings
are observed that can be indexed to the fcc nanocrystalline
phase.

HRTEM was performed for the annealed x = 0.10 and
x = 0.04 samples to identify the phases of the nanocrystal-
aling at T = 450oC for 1 h to promote primary crystallization (a) and the
Co0.96Fe0.04)88Zr7B4Cu1 alloy are shown in (b) and (d).
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line grains. For the x = 0.10 sample, the majority of the
grains were clearly indexed as the bcc phase, as expected
from the XRD and SAD data presented for this sample
above. However, a few exceptions were noted, including
the observation of occasional fcc grains, as well as a
few grains of an unknown non-cubic phase that could
not be identified based on the fast Fourier transforms
(FFTs) of the HRTEM images obtained. For the
x = 0.04 sample, multiple nanocrystalline phases were
observed in significant amounts, as expected. In addition
to the bcc and fcc phases identified from XRD and
SAD in Figs. 1a and 2d, hexagonal close-packed (hcp)
grains that frequently contain a large number of stacking
faults have also been observed by HRTEM for this com-
position. These observations are consistent with evidence
for an hcp phase in the XRD patterns of the same sample
(x = 0.04) after annealing at temperatures sufficiently high
to crystallize the remaining intergranular amorphous
matrix, as reported previously [12]. We have also identi-
fied clear evidence for hcp nanocrystals in XRD and
SAD data not presented here for an Fe-free Co89Zr7B4

alloy [32] and for an alloy with x = 0.025 [24].
In Fig. 3, nanocrystalline grains observed by HRTEM

imaging for the x = 0.04 sample are presented, including
Fig. 3. Examples of nanocrystals observed through HRTEM imaging for the
promote primary crystallization of the initially amorphous alloys. The insets a
a bcc grain (Fig. 3a), an fcc grain (Fig. 3b), an hcp grain
with a relatively low density of stacking faults (Fig. 3c)
and an hcp grain with a relatively high density of stacking
faults (Fig. 3d). FFTs obtained from the grains in question
and used to identify the nanocrystalline phase are also pre-
sented in Fig. 3. Note the significant streaking of the dif-
fraction spots in the FFT of Fig. 3d along the normal
direction to the close-packed planes (001)hcp, due to a high
density of stacking faults in this grain.

For completeness, we note that we have also identified
regions in which nanocrystals with an orientation relation-
ship are in intimate contact. In Fig. 4a, obtained for the
x = 0.10 sample, two bcc nanocrystalline regions were
observed to be separated by a {110}-type twin. In
Fig. 4b, obtained for the x = 0.04 sample, two nanocrystal-
line regions are most appropriately indexed as bcc and fcc
nanocrystals with a (110)bcc||(1 11)fcc, [1�11]bcc||[1�1 0]fcc

orientation relationship. However, the spots corresponding
to the (11�1) and (�1�11) planes of the region indexed to
the fcc phase are relatively weak in the FFTs. The lines
indicating the approximate boundary between these nano-
crystalline regions are indicated with dashed lines and the
white arrows indicate the orientation of the spot shared
by both regions in the overall FFTs. Because observations
(Co0.96Fe0.04)88Zr7B4Cu1 sample after annealing at T = 450 �C for 1 h to
re the FFTs used to identify the phase of the nanocrystals.



Fig. 4. Examples of HRTEM images (center) and FFTs (overall left, individual regions right) illustrating nanocrystalline regions in contact with
orientation relationships. The white arrows in the FFTs of both sets of images indicate the spot shared by both nanocrystalline regions. (a) bcc regions
separated by a {110}-type twin for the (Co0.90Fe0.10)88Zr7B4Cu1 sample. (b) Regions most appropriately indexed to a bcc and an fcc region with an
(110)bcc||(111)fcc, [1�11]bcc||[1�10]fcc orientation relationship for the (Co0.96Fe0.04)88Zr7B4Cu1 sample.

Fig. 5. 3DAP data illustrating Zr enrichment of the amorphous phase and
Cu clustering as well as Fe-enriched and Fe-depleted nanocrystalline
regions in the (Co0.96Fe0.04)88Zr7B4Cu1 alloy. For the higher Fe-contain-
ing alloys, only Fe-enriched nanocrystals were observed.
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such as those presented in Fig. 4 are relatively infrequent,
they do not influence the main conclusions of this work
as discussed below.

3DAP techniques were used to measure the composition
of the phases present in the alloys investigated. Fig. 5 illus-
trates a map of the reconstructed atomic positions for the
x = 0.04 alloy with multiple nanocrystalline phases present.
The atom maps for the x = 0.15 and x = 0.10 samples (not
shown for brevity) exhibit two regions, corresponding to:
(i) nanocrystals enriched in Fe and depleted in Zr and B
(Fe-rich, Zr-poor); (ii) an intergranular amorphous phase
enriched in Zr, B and Cu (Fe-poor, Zr-rich). Because evi-
dence for only bcc nanocrystalline phase is found in the
XRD and SAD presented for these samples above (Figs.
1 and 2), the Fe-enriched crystallites corresponding to the
Fe-rich and Zr-poor regions are identified as the bcc nano-
crystalline phase.

For the x = 0.04 alloy, a third type of region is observed
in the 3DAP maps corresponding to nanocrystals that are
not enriched in Fe but are depleted in Zr, B and Cu with
respect to the amorphous phase (Fe-poor, Zr-poor). These
regions are attributed to the additional nanocrystalline
phases present in this sample as detected by structural mea-
surements. Because the free energies of the fcc and hcp
phases are very similar for alloys rich in Co at the anneal-
ing temperatures used to crystallize the alloys, it is reason-
able to expect the compositions of the fcc and hcp phases
to be similar as well. Without additional information about
the differences in composition between the various phases,
we must therefore make the assumption that these regions
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correspond to both the fcc and hcp nanocrystals. In Fig. 5,
the three types of compositional regions are illustrated for
the x = 0.04 alloy through a direct comparison of identical
regions in the Zr and Fe maps.

Cu clustering is also observed in all of the Cu-containing
alloys investigated here, as illustrated in Fig. 5. While Cu
clusters play a critical role as heterogeneous nucleation
agents for FINEMET alloys [14], the role of Cu as a nucle-
ation agent in the case of Co-rich alloys is typically less
important [13,22]. Our results support the conclusion that
the density of Cu clusters is too small to account for the
large number of nanocrystals observed. Thus, the tendency
for the bcc phase to form cannot be attributed to a heter-
ogeneous nucleation process at the location of Cu clusters.
This is consistent with a tendency to form bcc phase at
higher Co:Fe ratios than expected from the binary phase
diagram even in the Cu-free alloys of this type [13].

Quantitative composition estimates were obtained from
the full atom map for each alloy by coarse-graining the
data into 300 atom cells. The composition of each cell
was then calculated and binned according to the criteria
illustrated in the appendix for each alloy based upon the
three compositional regions discussed above (bcc nanocrys-
tals = Fe-rich, Zr-poor; amorphous = Fe-poor, Zr-rich, B-
rich; Fe-depleted nanocrystals = Co-rich, Fe-poor, Zr-
poor). The composition of each binned collection was aver-
aged to provide an average composition of the Fe-enriched
bcc nanocrystals, the Fe-depleted nanocrystals and the
intergranular amorphous phase. A volume fraction esti-
mate is also obtained based on the number of each type
of region observed. The results of this compositional anal-
ysis are summarized in Table 1. The nominal volume frac-
tions add up to significantly less than 100% because a large
number of the coarse-grained regions did not exhibit com-
positions that clearly fell into the threshold ranges. These
‘‘unknown regions” were not included in the calculations
as they are not representative of the composition of any
one of the phases of interest. Instead, they correspond pri-
marily to regions that span across multiple phases, result-
ing in averaging of the compositions of different phases.

In addition to the (Co1�xFex)88Zr7B4Cu1 alloys of pri-
mary concern in this work, 3DAP data were obtained
and analyzed for the (Co0.95Fe0.05)89Zr7B4 alloy crystallized
at 450 �C for 1 h and investigated in previous works
[13,30]. Only the bcc phase was identified in this sample
based on the previously reported XRD and CTEM. This
alloy is indicated by x = 0.05 in Table 1.

Based on the composition data of Table 1, the nanocrys-
talline phases for all of the alloys investigated have esti-
mated Zr contents ranging between approximately 2.5%
and 4.0% and B contents ranging between approximately
2% and 3%, which are larger than expected for the solubil-
ity of Zr and B into bulk bcc Fe or fcc Co [33]. Within
experimental error, there is no evidence for a higher con-
tent of B and Zr atoms in the Fe-enriched bcc nanocrystals
as compared with the Fe-depleted nanocrystals. For the
x = 0.04 sample the total amount of the Fe-depleted nano-
crystalline phase is estimated to be about 10% by volume,
while for the (Co0.95Fe0.05)89Zr7B4 sample only a small
fraction of the regions (<1%) can be classified in this
way. For the x = 0.10 and x = 0.15 samples no evidence
for Fe-depleted nanocrystals was found. The results are
consistent with the corresponding structural measurements
for these samples using XRD and CTEM.

The (Co0.95Fe0.05)89Zr7B4 alloy exhibits a much larger
estimated volume fraction of remaining amorphous phase
(�90%) as compared to the Cu-containing alloys (�50%).
We attribute this difference to the close proximity of the
annealing temperature (450 �C) to the primary crystalliza-
tion temperature.

The average ratio of Fe to (Fe + Co) content in the
nanocrystals and the amorphous phase were calculated
from Table 1 and plotted as a function of the nominal Fe
to (Fe + Co) content of the alloy in Fig. 6a. The expecta-
tions for a bulk binary alloy at equilibrium are presented
for comparison and several important features of the resul-
tant plot can be identified:

Observation #1: the Fe content of the bcc nanocrystals

varies linearly with the Fe content of the precursor amor-
phous alloy.

Observation #2: the actual Fe to (Fe + Co) ratios of the

bcc nanocrystallites are estimated to lie well within the two-

phase region and at the extreme within the single-phase

c(fcc) region of the binary Fe–Co system.

Observation #1 is in sharp contrast to expectations for
bulk, binary alloys in equilibrium as the Fe content of
the bcc phase would be fixed at the value corresponding
to the two-phase a(bcc) + c (fcc) phase boundary. Because
the bcc phase is the majority nanocrystalline phase for all
alloys investigated here (see Table 1), Observation #2 indi-
cates that the bcc phase is preferentially observed even for
Fe to (Fe + Co) ratios for which the fcc phase would have
a lower free energy in the binary Fe–Co system. To illus-
trate this, the Fe to (Fe + Co) ratio corresponding to the
intersection of the free energy curves of the bcc and fcc
phases (X T 0

, i.e., the T0 line composition [34]) in the binary
system are labeled in Fig. 6a as obtained from the 1998
public binary alloy database (PBIN) using the Thermo-
CalcTM software package [35,36]. For clarity, X T 0

is repre-
sented schematically in Fig. 6b.

Using the measured Fe to (Fe + Co) ratios of the bcc
nanocrystalline phases, the expected lattice parameters for
metastable bulk Co–Fe alloys [31] were estimated to com-
pare with the lattice parameters illustrated in Fig. 1b. The lin-
ear dependence of lattice parameter with nominal alloy
composition is consistent with the linearly varying Fe to
(Fe + Co) ratio and the slope is reasonably consistent with
expectations for bulk binary Co–Fe alloys. The larger lattice
parameter of the bcc nanocrystals relative to the bulk Co–Fe
alloys of the corresponding Co:Fe ratio has been observed in
other similar alloys and has been rationalized by the presence
of the dissolved Zr and B in the nanocrystals [37]. These
results indicate that the XRD and 3DAP results are consis-
tent. It is noted that the composition data of Fig. 6a and lat-



Table 1
Results of full composition analysis for (Co1�xFex)88Zr7B4Cu1 alloys using 3DAP, calculated as described in the text using the threshold values listed in
the appendix

(Co1�xFex)88Zr7B4Cu1 {NRL: (Co0.95Fe0.05)89Zr7B4} unit: at.%

Phase X Co Fe Zr B Cu Volume Volume (norm.)

Amorphous (Zr-rich, Fe-poor) 0.15 76.7 8.0 9.8 3.5 2.1 24.7 42.9
0.10 80.0 5.2 9.2 3.7 1.9 23.5 49.7
0.05 85.2 2.3 9.5 3.0 – 62.6 90.9
0.04 83.3 1.6 9.8 3.3 2.1 35.5 57.3

bcc Nanocrystals (Fe-rich, Zr-poor) 0.15 75.1 18.4 3.0 2.7 0.9 32.9 57.1
0.10 81.4 12.5 2.7 2.4 0.9 23.8 50.3
0.05 86.0 7.1 3.9 2.9 – 5.8 8.4
0.04 88.3 6.0 2.9 1.9 0.8 20.9 33.7

Fe-depleted nanocrystals (Co-rich, Fe-poor, Zr-poor) 0.15 – – – – – – –
0.10 – – – – – – –
0.05 91.9 1.9 3.3 2.8 – 0.5 0.7
0.04 92.4 1.8 2.6 2.5 0.7 5.6 9.0

The compositions are listed in at.% and the nominal and normalized volume fractions of each phase are presented as well. The values obtained here for a
(Co0.95Fe0.05)89Zr7B4 (x = 0.05) sample synthesized and characterized at the Naval Research Laboratories in previous works are also presented for
comparison [13,30].

Fig. 6. (a) Measured Fe to (Fe + Co) ratio vs. nominal alloy composition (dashed lines) and comparison with expectations for bulk Fe–Co alloys in
equilibrium at T = 450 �C (solid lines). The (Co0.95Fe0.05)89Zr7B4 sample synthesized at the Naval Research Laboratories corresponds to x = 0.05. (b)
Schematic free energy curves for the amorphous, a(bcc) and c(fcc) phases of Co-rich binary Fe–Co alloys at T = 450 �C. X0 = initial amorphous alloy
composition, Xa = composition that maximizes the driving force for nucleation of the a-phase (DGa), Xc = composition that maximizes the driving force
for nucleation of the c-phase (DGc), and X T 0

is the composition corresponding to the intersection of the free energies of the a(bcc) and c(fcc) phases. The
primed DGc is the driving force for nucleation of the c-phase of composition Xa, which is larger than DGa because X a < X T 0

.
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tice parameter data of Fig. 1b are extrapolated to the pub-
lished value for the well-known HiTPerm composition of
(Fe0.5Co0.5)88Zr7B4Cu1 [37] and measured for an alloy syn-
thesized by us, respectively.
4. Discussion

In this section, we briefly and qualitatively discuss the
observations outlined above in terms of classical homoge-
neous nucleation theory for a binary system. A more thor-
ough discussion can be found in Ref. [24] and in a planned
publication which is currently underway. This model is
clearly an oversimplification of the true situation in these
complex alloy systems. However, the ability of the model
to reasonably account for preferential nucleation of bcc
in the liquid droplet experiments of the simpler Fe–Co,
Fe–Ni and Fe–Cr–Ni systems suggests that it may be a use-
ful starting point for understanding the more complex sys-
tem investigated here.

In the framework of classical nucleation theory, as dis-
cussed in Refs. [38–40], for example, the composition and
phase of the nucleus with the highest probability to form
is assumed to be the one that minimizes the activation bar-
rier to nucleation [2,10,11]. The activation barrier for
nucleation, DG�b, is expressed in Eq. (1) for a spherical
nucleus of b-phase precipitating from a parent d-phase:

DG�b ¼
16pr3

d;b

3ðDGb þ W d;bÞ2
ð1Þ

where rd;b is the interfacial free energy between the parent
and product phases, W d;b is the strain energy of the precip-
itate-matrix system and DGb is the thermodynamic driving
force for nucleation. Assuming that the interfacial energy
and strain terms are sufficiently similar in the two phases,
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the phase that minimizes DG�b is the one that maximizes the
thermodynamic driving force, DGb. If this assumption is
not true, then all three of these terms must be considered.

At a given temperature, DGb is determined by the compo-
sition dependence of the free energies of the bulk phases. For
the first nucleus to precipitate in a binary system, DGb is
determined as a function of composition from the free energy
curves of the parent and product phases. Fig. 6b shows DGb

to be the vertical distance between the line tangent to the par-
ent phase at the initial composition and the free energy of the
product phase evaluated at the composition of the nucleus.
The value of DGb is maximized at the product phase compo-
sition where the slope of the free energy curve of the product
phase is equal to that of the parent phase at the original com-
position shown in Fig. 6b [41]. This ‘‘parallel tangency” con-
dition is different from the ‘‘common tangency” condition
that dictates phase equilibria in binary systems. For exam-
ple, the Fe:Co ratio of the bcc phase that satisfies the ‘‘paral-
lel tangency” condition varies monotonically with the
nominal alloy Fe:Co ratio even if multiple phases are nucle-
ating. In contrast, the ‘‘common tangency” condition fixes
the Fe:Co ratio of the bcc phase in a two-phase region. If
maximization of the thermodynamic driving force (DGb of
Eq. (1)) is dictating the composition of the nucleated phase,
then the composition that satisfies the ‘‘parallel tangency”

condition is also the most probable nucleus composition to
form. These simple arguments illustrate that there is a differ-
ence between the conditions dictating the composition of the
first nucleus to form and the conditions that dictate the com-
positions of the bcc and fcc phases that minimize the free
energy in equilibrium. This difference explains the observed
monotonic trend in the Fe to (Fe + Co) ratio of the bcc nano-
crystals that correspond to the two-phase region of the bulk
Fe–Co system, as shown in Fig. 6a.

A detailed understanding of the compositional depen-
dence of the free energies of the various phases is required
in order to use classical nucleation theory to predict the most
probable identity and composition of the phase to nucleate
first at a given temperature. However, at a fixed product
phase composition, the phase with the highest driving force
for nucleation has the lowest free energy, independent of
the free energy of the parent phase. Thus, for a binary alloy,
if the composition of the product phase is known with respect
to the intersection of the free energy curves at a given temper-
ature, X T 0

, the phase with the maximum driving force for
nucleation can be determined unambiguously. For partition-
less nucleation, the compositions of the parent and product
phases are the same, making comparison of the parent phase
composition to X T 0

strictly valid. For transformations in
which the composition of the product phase differs from that
of the parent phase, the composition of the product phase
(and not the parent phase) must be considered.

Based on maximizing the thermodynamic driving force for
the bcc phase, the origin of bcc phase preferential nucleation
was first suggested to be Fe enrichment of the nanocrystalline
bcc phase in Ref. [13]. In our data (Fig. 6a), partitioning of Fe
to the nanocrystalline phase resulting in Fe enrichment is
observed. However, the measured Fe to (Fe + Co) ratios of
the majority bcc phase nanocrystals are well beyond the esti-
mated composition of the free energy curve intersection, X T 0

,
at the annealing temperature used to crystallize these alloys.
We therefore conclude that maximization of the thermody-
namic driving force for nucleation through partitioning of
Fe to the nanocrystalline bcc phase is not sufficient to explain
preferential nucleation of the bcc phase.

In the framework of classical homogeneous nucleation
theory, Eq. (1), other reasons for preferential nucleation
of a bcc nanocrystalline phase from the amorphous phase
can be proposed:

(1) There may be a lower interfacial energy of the amor-
phous–solid interface for bcc crystals analogous to
the lower estimated interfacial energy of the liquid–
solid interface in Fe–Co, Fe–Ni and Fe–Cr–Ni alloys,
as discussed in the introduction. This is the argument
presented by Greer and Walker [11] in the context of
crystallization of Fe–Ni-based amorphous alloys.

(2) A lower strain energy associated with formation of a
critical nucleus of the bcc phase relative to the fcc or
hcp phases [42] is expected, as discussed in Ref. [24].
This effect is unique to crystallization from amor-
phous solids when compared with solidification from
a highly undercooled liquid.

(3) The significant content of dissolved Zr and B in the
nanocrystalline phase (roughly 2–4 at.% of each)
could stabilize bcc relative to the close-packed fcc
and hcp. However, no experimentally significant ten-
dency for partitioning of Zr or B to the Fe-enriched
bcc nanocrystalline regions relative to the Fe-
depleted nanocrystalline regions was observed here.

Since the interface energy and strain terms are general for
cases in which bcc and close-packed structures such as fcc
and hcp are competing phases, the first two factors would
tend to promote preferential nucleation of bcc in a wide
range of alloy compositions. The situation would be analo-
gous to the tendency for preferential nucleation of bcc phase
observed in the droplet nucleation experiments of highly
undercooled Fe–Co, Fe–Ni and Fe–Ni–Cr liquids. The lat-
ter, however, would be expected to depend more strongly
upon the glass-former elements, such as Si, Zr, Nb and B.
As a result, the situation is more complex in the class of mate-
rials under investigation here than the simpler systems for
which similar observations have been reported.

5. Conclusions

We have characterized a number of Co-rich (Co1�xFex)88

Zr7B4Cu1 alloys using XRD, CTEM, HRTEM and 3DAP
techniques, and observed in them a tendency for the bcc
phase to nucleate preferentially. Through HRTEM imaging,
bcc, fcc and hcp phases were all observed for the highest Co-
containing sample and infrequent evidence for nanocrystal-
line regions in intimate contact with orientation relation-



P.R. Ohodnicki Jr. et al. / Acta Materialia 57 (2009) 87–96 95
ships was noted, namely bcc regions separated by a {110}-
twin and bcc/fcc regions with orientation relationships.
The composition of the preferentially nucleated bcc nano-
crystalline phase varies monotonically with the correspond-
ing ratio of the amorphous precursor and can lie well within
the two-phase a(bcc) + c(fcc) region or the single-phase
c(fcc) region of the binary Fe–Co phase diagram for the
highest Co-containing alloys. Based on these measured com-
positions, classical homogeneous nucleation theory would
suggest that one or more of the following factors are respon-
sible for the preferential nucleation of bcc phase: (i) a lower
crystalline–amorphous interfacial energy of the bcc nuclei;
(ii) a lower precipitate–matrix strain energy for bcc nuclei
as compared to the close-packed fcc and hcp phases; (iii) sta-
bilization of the bcc phase by dissolved glass-former species.
For crystallization of this genre of complex multicomponent
amorphous solids, the situation is complicated compared to
the highly undercooled liquids, for which the analogous ten-
dency for the bcc phase to nucleate has been observed and
explained by the reduced solid/liquid interface energy of
bcc crystals compared to fcc or hcp crystals.

Acknowledgements

This work was supported by NSF grant # DMR-
0406220. P.R.O. acknowledges support from a National
Defense Science and Engineering Graduate Research Fel-
lowship (NDSEG). M.A.W. acknowledges support from
the Office of Naval Research. This work was supported
in part by CREST, JST and the World Premier Interna-
tional Research Center Initiative (WPI Initiative) on Mate-
rials Nanoarchitronics, MEXT, Japan.

Appendix

Threshold values used to obtain the compositional data
presented in Table 1

(Co1�xFex)88Zr7B4Cu1 {NRL: (Co0.95Fe0.05)89Zr7B4} unit:
at.%
Phase
 X C
o
 Fe Z
r B
 Cu
Amorphous (Zr-rich, Fe-
poor)
0.15 –
 <13.0 >
7.0 –
 <4.0
0.10 –
 <10.0 >
7.0 –
 <4.0

0.05 –
 <5.0 >
7.0 –
 <4.0

0.04 –
 <4.0 >
7.0 –
 <4.0
bcc Nanocrystals (Fe-rich, Zr-
poor)
0.15 –
 >14.5 <
6.0 –
 <3.0
0.10 –
 >10.5 <
6.0 –
 <3.0

0.05 –
 >6.5 <
6.0 –
 <3.0

0.04 –
 >4.5 <
6.0 –
 <3.0
Fe-depleted nanocrystals (Co-
rich, Fe-poor, Zr-poor)
0.15 –
 – –
 –
 –
0.10 –
 – –
 –
 –

0.05 >
90
 <4.0 <
4.0 –
 <1.5

0.04 >
90
 <3.0 <
4.0 –
 <1.5
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