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Pressure effects in RE-lean Nd2Fe14B-based nanocomposite systems developed from nanocrys-
talline precursors are studied in this work. In particular, the pressure dependence of the a fi c
phase transformation in the Fe phase is examined along with the suppression of coarsening
(growth) in both phases at higher pressures. By synchrotron X-ray diffraction we determined
that the a fi c-phase transformations occur at temperatures of 1120 K (847 �C) at 1 GPa and
960 K (687 �C) at 5 GPa. A composition rich in Fe appears to have an ~373 K (100 �C) range
of temperature over which the a, c-phases coexist for atmospheric pressure. We compare our
experimental data with other reported observations for Fe and with equations of state (EOS)
determined from first principle calculations. From this study we observe an important feature:
the phase transition begins at a higher temperature in flake samples than in powder samples. We
consider the magnetic contribution to the heat capacity in the EOS for Fe and describe the
implications of dipole moments on the slope of the Clapeyron equation for the P–T phase
diagram in Fe. Additionally, the phase transition occurs at temperatures where growth by
diffusional coarsening is also operative. This is significant since the size of soft Fe nanostructures
is important to spring exchange. Suppression of the phase transition and Fe coarsening at higher
pressures suggest that there may be interesting mechanical processing routes to be investigated
to optimize spring exchange effects in Nd-Fe-B permanent magnets.
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I. INTRODUCTION

RARE-EARTH transition metal (RT) alloys are
important rare-earth permanent magnet (REPM)

materials. Magnetic properties in RT alloys depend on
the T to R ratio. A low-symmetry crystal structure is
necessary for permanent magnetic properties because
they can result in large uniaxial magnetocrystalline
anisotropy that impacts their coercivity, Hc. The mag-
netocrystalline anisotropy is understood with respect to
crystal structure. In RT systems, R atoms typically
contribute largely to the magnetic anisotropy, while the
T atoms contribute to the dipole moment and the Curie
temperature, Tc. Low symmetry T-rich compounds are
currently state of the art materials. However, issues of
rare earth criticality have led to efforts to produce
rare-earth lean permanent magnets and microstructures
that result in larger stored magnetic energies in smaller
sizes.
The Nd2Fe14B (2:14:1) phase is the most important

tetragonal permanent magnet material because of its
large magnetocrystalline anisotropy and magnetic
induction.[1,2] Nd2Fe14B has a tetragonal structure with
a P42/mnm space group. Properties of the 2:14:1 phase
were reviewed by Herbst.[3] The suggestion of nanocom-
posite spring exchange magnets[4] combining large
coercivities in hard magnets with large inductions of
transition metal magnets motivated efforts to control
microstructures in multi-phase magnetic systems. Early
attempts to develop 2:14:1-based nanocomposites[5] used
rapid solidification and subsequent annealing to result in
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~30 nm Nd2Fe14B nanoparticles surrounded by mag-
netic a-Fe and amorphous phases that act as an
exchange-coupled medium.[32,33] In general, REPMs
containing two or more phases, where the majority
phase is nanocrystalline (taking advantage of the favor-
able high coercivity in particles of optimum size) and
one or more phases to pin magnetic domain walls.
Chemical and structural variations on a nanoscale are
important to determine optimum magnetic properties.
The optimal particle size is in the nm size range, and
depends on intrinsic properties of the soft material and
anisotropy of the hard material.

A means of changing multi-phase nanostructures is
through transformations under pressure. Pressure,[6]

fields,[7] and nanocrystallization from amorphous pre-
cursors[8] can both shift the equilibrium phase bound-
aries and change the barriers to nucleation and growth
in magnetic systems. Here, we investigate pressure
effects in RE-lean 2:14:1-based nanocomposite sys-
tems[5] developed from nanocrystalline precursors
where the Nd2Fe14B, a-Fe and amorphous phases have
been identified as important in the nanocomposites,
but details of the nanocrystallization process will
depend on composition and thermodynamic field
variables. In these systems the a-Fe phase mediates
the spin exchange and also goes through a structural
a fi c phase transformation taking the ferromagnetic
(FM) BCC allotrope into a paramagnetic (PM) FCC
allotrope of iron.

Here, we examine the pressure dependence of the
a fi c phase transformation in the Fe phase in these
nanostructures and the diffusional coarsening of the Fe
phases with temperature. We compare the pressure
dependence with other reported observations for Fe and
with equations of state (EOS) and consider the suppres-
sion of diffusional coarsening of the Fe nanostructures
with Pressure. We provide an analysis of the magnetic
contributions to the free energy of the a fi c phases and
the Clapeyron equation describing the phase boundary
between a fi c Fe. Suppression of the phase transition
and Fe coarsening at higher pressures suggest that there
may be interesting mechanical processing routes to be
investigated to optimize spring exchange effects in
Nd-Fe-B permanent magnets.

II. EXPERIMENTAL PROCEDURES

Alloys of compositions Fe87.4Nd8.2B4.4 (NB1) and
Fe89.1Nd5.9B5.0 (NB3) were produced as 10 g ingots
using a Lab Arc Melter MAM-1 (Edmund Bühler,
Germany) from ready Fe77Nd15B8 alloy, pure Iron, and
crystalline Boron (all from Alfa Aesar). The ingots were
remelted 5 times to get uniform composition. These
alloys were chosen to be close to the 4 pct B isopleth in a
recently published Fe-Nd-B phase diagram.[9] These
compositions are to the left (NB1) and right (NB3),
respectively, of the T1 (Fe14Nd2B) line compound in (Fe
+ T1 + Fe17Nd2) and (Fe + T1 +T2) phase fields,
respectively, for which both are reported to have the
same atmospheric pressure a fi c phase transition
temperature of ~1183 K (910 �C). These alloy

compositions were cast into flakes by a planar flow
casting (PFC) technique using a Lab Spin Caster SC
(Edmund Bühler, Germany) in low pressure argon
atmosphere (300 mbar abs.), at copper wheel circum-
ferential speed 44 m/s, and cast temperature of 1873 K
(1600 �C.)
Note that the compositions to the left of the T1 line

compound in the (Fe + T1 + Fe17Nd2) phase field,[9]

the Fe phase is expected to be nominally pure and the
other two phases are line compounds. In equilibrium,
the chosen composition fixes the relative volume frac-
tion of the three phases. On the other hand, for
compositions to the right of the T1 line compound in
the (Fe+T1+T2) phase field,[9] the T2 phase has a
modulated structure[10] with the modulation period
offering an additional compositional degree of freedom.
In both compositions the path to equilibrium involves
diffusion of Fe from the metastable amorphous phase.
The as-cast materials were observed to be mostly

amorphous with some nanocrystalline a-Fe. The sam-
ples were in the form of several centimeters long
discontinuous ribbons and first run through a
micro-hammer mill below 32 mesh. A portion of the
obtained flakes were vacuum milled to further amor-
phize the materials using a SPEX 8000 high-energy ball
mill for 4 hours and a ball to powder ratio of 5:1.
Samples were thoroughly characterized at atmo-

spheric pressure. Temperature-dependent magnetic
properties were characterized using a Lakeshore 7407
vibrating-sample magnetometer with a 1273 K
(1000 �C) oven assembly. Structural phase transitions,
including crystallization of the amorphous phase, were
characterized using a PerkinElmer DSC 8500 differential
scanning calorimeter (DSC) and phases in the as-cast
and crystallized states were characterized using a Rigaku
powder X-ray diffractometer, XRD.
In situ energy dispersive diffraction experiments at

constant heating rates in pressures up to 5 GPa were
conducted using a Paris–Edinburgh cell on Sector
16-BM-B (HPCAT) at the Advanced Photon
Source.[11–13] The detector energy calibration was deter-
mined by measuring diffraction patterns of a Pt refer-
ence sample to 2h = 31 deg. For each experiment, the
sample and a Au calibration standard were loaded into a
custom gasket assembly containing a hexagonal boron
nitride capsule as described by Yamada et al.[11] The
initial pressure for each experiment was determined by
applying the equation of state to the room temperature
lattice parameter of Au under load.[14] Direct current
through a graphite sleeve surrounding the capsule
heated the sample and calibration material to ~1473 K
(1200 �C) to observe the Fe a fi c phase transition.
Type K thermocouples inserted into the cell directly
above the sample provided temperature measurements
and agreed within ±10 �C with previous calibration
data. The cell pressure through the heating experiment
was determined using the calibrated temperature and
measured Au lattice parameter.
Bragg’s law can be written conveniently for energy

dispersive diffraction where the energy for a reflection
Ehkl is measured in keV and lattice spacing dhkl is given
in Å for a fixed angle h0

[15,16]
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Ehkl ¼
6:199

dhkl sinðh0Þ
: ½1�

Energy dispersive diffraction patterns were collected
every 60 seconds at 2h = 6 deg. The relatively low 2h
was chosen due to the low symmetry of the sample
phases and instrument broadening. These patterns were
boxcar averaged to ±3 minutes to improve counting
statistics. Diffraction patterns of the calibration material
during the run were obtained by periodically reposi-
tioning cell position in reference to the beam. Due to the
sensitivity of dhkl to h0, Ehkl values for Au were
normalized to the room temperature value to allow for
measurements using both the {111} and {220} Au peaks.

III. RESULTS AND DISCUSSION

A. Allotropic Forms of Fe

Understanding the role of magnetism on the poly-
morphism of iron, i.e., answering the question of what
the conditions are that stabilize the various modifica-
tions of iron help to advance these technologies.[17] Iron
has two phases with different crystal structures at
atmospheric pressure: the body-centered cubic (BCC) a
and the face-centered cubic (FCC) c. In the ground
state, the BCC FMfi-phase is stable. At atmospheric
pressure and 1184 K (911 �C) a-Fe transforms into FCC
c-Fe, which is stable up to 1665 K (1392 �C) where it
transforms to the PM BCC d-Fe. At pressures in excess
of 10 GPa an HCP allotrope, e-Fe is observed as shown
in Figure 1(a).[18] Polymorphism of iron, and especially
the BCC–FCC transformation, is the basis for the
occurrence of a broad range of structures and techno-
logically important properties in iron alloys. Without it,
the wide spectrum of applications of iron alloys would
have not been possible.

Structural transformations in iron occur with a
‘‘discontinuous’’ first-order transformations like in the
liquid–solid transformation.[17,20] Such a transformation

is accompanied by a sudden change in the entropy and
other physical properties and is accompanied by a latent
heat. c-Fe below its stability range would have ordered
antiferromagnetically (AF) below about 50 K (223 �C)
as illustrated in the heat capacity data of Figure 1(b). In
this regard, Fe disobeys a general rule of polymorphism
that the high temperature crystal structure is closer
packed (e.g., FCC or HCP) than the low temperature
structure (e.g., BCC). Iron, however, does not comply
with this rule and shows exactly the opposite behavior.
The BCC phase, which is stable in the ground state,
transforms to the close-packed FCC state at a higher
temperature. The reason for this exception lies in the
unusual magnetic properties of iron.[5,20] Magnetic field
effects are increasingly being studied in their influence
on phase equilibria.[7,21] In the work here, it is the
influence of the internal exchange field that influences
phase stability.
Figure 2(a) illustrates magnetization as a function of

temperature during heating for a sample of composition
Fe87.4Nd8.2B4.4 (NB1) and Figure 2(c) the same for a
Fe89.1Nd5.9B5.0 (NB3) composition. The as-cast sample
is amorphous with some pre-existing a-Fe nanocrystals.
Crystallization of the amorphous phase occurs at
~773 K (500 �C) for a heating rate of 8 �C/minutes
with the fraction of a-Fe increasing. The disappearance
of the magnetization in a second-order phase transfor-
mation at 1043 K (770 �C) is consistent with the Curie
temperature, Tc, for a-Fe. The data suggests a nominally
pure a-Fe phase results from crystallization. Tc is well
below the a fi c phase transformation for pure Fe
[1183 K (910 �C) at 1 atm.]
Brillouin functions were fit to the heating and cooling

curves in Figure 2 in order to determine the percentage
of a-Fe in the as-cast state and after crystallization. The
functions are of the form[20]:

M ¼ tanh
M

T=TC
; ½2�

where M is the magnetization and T is temperature. The
Brillouin function was fit to the window of data below
the temperature where crystallization occurs, and above

Fig. 1—(a) P–T phase diagram[18] and (b) heat capacity vs temperature for solid Fe.[19]
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576 K (303 �C), which is the Tc of the 2:14:1 phase. As
such, the only phase contributing to the M(T) is a-Fe.
The mass percentage of a-Fe in the sample is then
calculated by dividing the magnetization due to the
presence of a-Fe by the specific magnetization of a-Fe,
220 emu/g. For NB1, this yields a-Fe percentages of 5.5
and 32.3 pct for NB1 as-cast and crystallized, respec-
tively. For NB3, this yields 9.1 and 30.0 pct for as-cast
and crystallized, respectively. These phase percentage
balances can be compared to similar calculations based
on atomic percentages. If all the Nd is assumed to form
the 2:14:1 phase, and any remaining B forms Fe2B, then
the remaining Fe is the percentage of a-Fe in the sample.
For composition NB1, this yields 29.2 pct a-Fe, and
43.7 pct a-Fe in NB3. NB1 is quite close to the value
from the magnetization data, NB3 is not. This is
probably due to the presence of other phases in the
sample. The NB3 composition, to the right of the 2:14:1
line compound, is in a phase field in which a T2 phase,
described as incommensurate-modulated intergrowths
of borides into Fe may also have larger Tc making
analysis more complicated. Lastly, the difference in Tc

for a-Fe in the heating and cooling curves is attributed
to the difference in heating and cooling rates.

Figure 3 shows waterfall plots of synchrotron X-ray
diffraction data for BCC {011} and FCC {111} and
{002} reflections for the a- and c-phases of Fe, respec-
tively, at two pressures each. The plots show peak
intensity from 30 to 80 keV and clearly show the a fi c
phase transformation. Peak intensity near 38 keV is due
to Nd fluorescence. The BCC {002} and FCC {002}
reflections were fit to Gaussian/Lorentzian shapes from

which the nominal nanostructure size of the a-Fe and
c-Fe was estimated using a Scherrer analysis.[22,23] From
these plots it can be seen that there is a range of
temperatures over which the a-Fe and c-Fe coexist in the
ternary system.
The Fe nanostructure size scale is determined from

Scherrer analysis of X-ray diffraction data. This was
accomplished utilizing the Multi-Peak Fit package in
Igor Pro. The {002} peaks for BCC and FCC were fitted
with a Gaussian curve. For a Gaussian, the width of the
peak is simply related to the integral breadth by

b ¼ w
ffiffiffi

p
p

; ½3�

where b is the integral breadth and w is the width.
Instrumental broadening is then removed from the
peak integral breadth via quadratic subtraction. The
resulting integral breadth can be attributed to crystal
size and strain effects. Ignoring the strain effects, the
calculated integral breadth bs was used to estimate the
crystal size using the Scherrer equation for energy dis-
persive X-ray diffraction[24]:

D ¼ K� 6:199

bs sinðh0Þ
: ½4�

The Scherrer analysis of the peak breadths for the
BCC {002} and FCC {002} reflections for the a- and
c-phases as a function of temperature at the experimen-
tal pressures is shown in Figure 4. Data for composition
(a) NB1 and (b) NB3, respectively, for flakes heated to
over 1273 K (1000 �C) show the evolution of the

Fig. 2—M(T) for samples of nominal composition (a) Fe87.4Nd8.2B4.4 (NB1) and (c) Fe89.1Nd5.9B5.0 (NB3) showing transitions associated with
the crystallization of an amorphous phase at 773 K (500 �C) and a Curie transition at 1043 K (770 �C) in red and Brillouin function fits in blue.
(b) and (d) are M vs T cooling curves for NB1 and NB3, respectively. 2:14:1 phase Tc can be seen at 573 K (300 �C) (Color figure online).
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characteristic size of the Fe nanostructures. In both
cases the as-cast samples have some nominally 10 to 12
nm a-Fe in the amorphous matrix. The characteristic
size scale of the a-Fe increases significantly on
approaching the a fi c-phase transformation tempera-
ture with noticeable pressure dependence of this growth.
Above the a fi c-phase transformation temperature the
c-Fe phase continues to grow. This growth appears to be
significantly suppressed at higher pressures. In contrast
to the isopleth published[9] for atmospheric pressure,
both compositions appear to have an ~373 K (100 �C)
range of temperature over which the a and c-phases
coexist.

A region of coexistence between the a and c phases
over a range of temperatures is possible in ternary and
the multicomponent systems and has been seen for
example in Fe-Ni-Zr-B(Cu) systems.[23] The coexistence
is potentially related to differences in particle size and
interfacial effects, but differences between flake and
powdered samples are ambiguous at present. The

coexistence regions are marked with ovals in the Figure.
The area of coexistence is easily seen in (c) and (d).
These are plots of the {002} peak areas with tempera-
ture. The high-temperature Fe structure size decreases in
(a) and (c) are due to melting.
The pressure dependence of the Fe particle size

growth is consistent with a defect-mediated diffusion
process.[25] In the as-cast state, these materials contain
significant amorphous phase content and the diffusion
of Fe atoms can be suppressed by pressure. This is
technically relevant to limit the size of the soft magnetic
phase in spring exchange magnets. Coercivity is maxi-
mized in spring exchange materials by aligning the
crystal texture of the hard phase.[27,28] This alignment is
often accomplished using anisotropic stress, whereas the
stress applied in this case is largely isotropic. Further
work is required to determine the effect of anisotropic
stress on diffusion in these materials.
In the context of Herzer’s random magnetic aniso-

tropy model for soft magnetic nanocomposites[29,30] an

Fig. 3—Waterfall plots of synchrotron X-ray diffraction data for the BCC and FCC reflections for the a- and c-phases of Fe, respectively (a)
NB1 2.2 GPa, (b) NB1 5.0 GPa, (c) NB3 0.9 GPa, and (d) NB3 4.6 GPa.
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exchange length is calculated as proportional to (A/K)1/2

where A is the exchange stiffness and K is the magnetic
anisotropy. For a hard material like the 2:14:1 phase the
exchange length is ~1 nm, whereas for soft Fe it is an
order of magnitude greater, ~20 nm. In this light, the
data of Figure 4 is quite significant. The soft Fe size is
considerably smaller than its exchange length for
T< ~873 K (600 �C). Both Scherrer and peak area
analyses indicate considerable coarsening in the vicinity
of the a fi c-phase transformation. It is perhaps not
surprising that the rate of attachment of Fe from any
remaining amorphous phase to the FCC phase is
correlated to increased coarsening. Encouraging for
applications in spring exchange magnets is the fact that
grain growth can be significantly suppressed at higher
pressures. If methods for achieving reduced coarsening
as favorable texture of the hard-phase grains can be
demonstrated then possibilities for improved 2:14:1
spring exchange magnets may be possible. Note that
the suppression of the a fi c-phase transformation
temperature with pressure is anomalous and considered
in terms of magnetic contributions to the enthalpy and
entropy of the phase transformation in the next sections
of this paper.

B. Equations of State (EOS) for Fe

The EOS of a solid (P, V, T relation) can be
determined from first principle calculations and used
to determine thermodynamic properties for comparison
with experiments. Different approaches include finding

reliable methods of curve fitting[31] and proposing
models based on the rather different energetics of
various classes of solids.[32] In evaluating thermody-
namic properties of Fe we begin by considering the
previous work of Austin,[33] where the heat capacity
under constant pressure, cp, is a quantity that can be
determined experimentally as illustrated in Figure 1.
The difference in cp of Fe in the a fi c transition has
been determined to be

Dcp ¼ �2:75þ 0:00113 � T ½5�

The Enthalpy change in the a fi c transition is
determined using the relationship:

DH ¼
Z

Dcp � dT ½6�

Finally to determine the functional dependence, P(T),
for the P–T phase boundary for the a fi c transition we
employ a Clapeyron relationship:

@P

@T
¼ DHa!c

TDVa!c
½7�

The Clapeyron equation relates the volume change
and the heat of transformation to the pressure depen-
dence of the transition temperature. The P–T phase
boundary for the afi c transformation for pure iron can
be empirically represented as

Fig. 4—Fe nanostructure size scale as determined from Scherrer analysis of XRD data for the (002) reflection for the a- and c-phases vs temper-
ature at 1.0 and 5 GPa, for sample composition (a) NB1 and (b) NB3. (c) and (d) are (002) peak area as a function of temperature.
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PðTÞ ¼ Aþ B � Tþ C � T2 þD � lnT ½8�

Another empirical representation of the EOS has been
proposed by Anderson.[34] Anderson proposes ‘‘AUniver-
sal Thermal Equation-of-State.’’ His studies indicate an
empirical relationship between P, T and V of the form:

PðTÞ ¼ aþ b � Tþ c � T2 ½9�

where ‘‘a + bÆT’’ is independent of volume and the last
term is the anharmonic correction to the classical
quasi-harmonic solid case.

Figure 5(a) plots experimental data published
between 1965 and 2000[26–30] as compared with the
Austin and Anderson-derived EOS. This data is banded
within ±5 pct error bar as illustrated by the two dashed
lines. In Figure 5(b), we include results of this study on
the Fe phase in our nanocomposite samples. This figure
distinguishes between flake and powder samples.
Figure 2(b) shows two important features:

(1) The phase transition begins at a higher temper-
ature in flake samples than in powder samples.

(2) At low pressure this difference is smaller than at
high pressure.

It is important to note that neither of the models
consider the magnetic contributions to the heat capac-
ities which were illustrated in Figure 1 and considered in
more detail below.

C. Considerations of Thermodynamic Equations of State
(EOS) for Fe in Light of Magnetic Contributions to the
Heat Capacity

Analysis of the Clapeyron equation on the basis of the
experimental and predicted EOS lead to the following
conclusions:

(1) As shown in both Figures 1 and 2, for Fe: The
slope of the P–T boundary between the ± and a
phase fields is negative. Pepperhoff and Acet[40]

show this boundary to turn over and change slope
at negative pressures and then increase continu-
ously in the FCC c to BCC d phase transforma-
tion.

(2) This negative slope of the P–T coexistence
boundary for a and c is anomalous. The slope
dP
dt ¼ DS

DV is usually positive in solids since the
smaller molar volume phase usually has the
smaller entropy, (considering only vibrational or
configurational entropy). For the c and a phases
the volume difference can be calculated on the
basis of crystallographic data as shown in
Table I.[40,41] Of note is that the BCC structure,
is the most stable modification at low temper-
atures and has an atomic volume at 4 K that is
3.5 pct larger than that of FCC Fe:

DV
V

¼ Va � Vc

Va
¼ 3:5 pct

Table I. Room Temperature Lattice Constants and Atomic Volumes for a and c Iron
[40,41]

Phase T [K (�C)] Lattice Constant a (nm) Volume Per Atom Va (10
–3 nm3) Molar Volume (cm3 mol–1)

a 295 (22) 0.2860 a3/2 = 11.697 7.046
0.2866 =11.773 7.090

c 295 (22) 0.3562 a3/4 = 11.295 6.802
0.3571 =11.384 6.855

Fig. 5—(a) Experimental data from 1965 to 2000[35–39] as compared with the Austin and Anderson-derived equations of state and (b) superim-
posed data for flake and powder samples in this study. The two dash lines show a ±5 pct error in our calculation and Anderson theory.
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Since DV is negative for c going to a, DSmust be positive,
which means that the entropy of c is larger than that of c.

(3) Combining the slope of the phase boundary and
the sign of the volume change allows us to
conclude further that both DHa!c and DSa!c

are positive quantities.
(4) At low temperature there are two main contribu-

tions to the entropy of a magnetic solid: (i) the
lattice (vibrational) entropy and (ii) the spin
entropy of the moments on each atom. The
Clapeyron equation therefore predicts

Sc>Sa

Sc
lattice

þ Sc
spin
>Sa

lattice
þ Sa

spin

but it is further well known that the lattice entropy for
BCC metals is larger than that for FCC metals so that
it can be further concluded that

Sc
spin
>ðSa

lattice
� Sc

lattice
Þ þ Sa

spin

Since both terms on the right hand side are positive we
conclude that

Sc
spin
>Sa

spin

which shows that FCC c-iron must have larger spin
entropy than BCC c-iron does. The origin of the large cp
and entropy of the a-phase at low temperatures is the
disordering of the AF state of c-iron. Thus, if c-iron
were not AF at low temperature it would not form at
high temperatures.

(5) The origin of larger spin entropy in c-iron is in
part rooted in larger dipole moments as well as
the larger coordination number in the FCC phase.
The negative slope (dP/dT) in the Clapeyron
equation is analogous to that seen in the lower
density solid to higher density liquid phase
transformation in water. In the case of water,
the origin of the negative slope has been explained
as resulting from the electric dipole moment of the
water molecule.[42] The extra degree of freedom
offered by an internal magnetic or electric field is
thus seen as important to these anomalous slopes
in the Clapeyron equation behavior in structural
phase transformations.

In light of the observed slope of the P–T phase
boundary for the a fi c transformation we lastly
consider the enthalpy change in the phase transforma-
tion and its comparison with other phase transforma-
tions between BCC and FCC allotropes of elements that
are magnetic and non-magnetic. Pepperhoff and Acet[40]

report average DH for the a fi c transformation,
DHa fi c, to be ~900 J/mol at 1184 K (911 �C) and DH

for the c fi d transformation, DHc fi d, to be ~850 J/mol
at 1665 K (1392 �C) which are each on the order of
6 pct of the enthalpy of melting of the BCC, d phase
[~14,000 J/mol at 1809 K (1536 �C)]. These are both the
same sign, consistent with the fact that the opposite
change in sign of DV for the c fi d transformation as
compared with the a fi c transformation is reflected in a
positive slope of the c fi d P–T phase boundary.
Recent ab initio studies have been compared with

CALPHAD elemental lattice stabilities.[43] In this paper,
Wang et al.[43] have calculated the relative enthalpies
among the BCC, FCC, and HCP structures using a
first-principles approach, at 0 K (273 �C), across the
periodic table. The authors observe enthalpies for the
a fi c transformation in Fe that are an order of
magnitude larger than experimental values. Although
magnetism was included in the context of the local
density approximation in the calculations (i.e., spin-den-
sity functional theory[44]) there is a large discrepancy
between theory and experiment. On the other hand,
calculations for non-magnetic elements yield reasonable
agreement with experiments for other elements with
BCC to FCC and BCC to HCP phase transformations.
In this context, the order of magnitude difference in
magnitude of the enthalpy of the BCCfiFCC and
BCCfiHCP transformation between Fe and non-mag-
netic elements is further suggestive of the important role
magnetism has in determining structural stability. Ab
initio calculations may be improved for magnetic sys-
tems with inclusion of spin-orbit interactions in the
energetics.

D. Coarsening/Growth Mechanisms for Iron

The observations of the increase in average size of the
(a/c) iron crystallites with increasing temperature can be
interpreted in terms of classical models. Two possibil-
ities are postulated to explain the kinetics, one based on
crystallization and one on coarsening of a distribution
of pre-existing particles.[45–48] Distinction between these
possibilities will require further study including
microstructural observations after holding at various
times under isothermal conditions and observations of
evolution of the size evolution of Fe particles at different
heating rates. Such experiments are limited in the
configuration and atmospheres accessible with the
Paris-Edinburgh cell used at the APS. However, more
controlled ex situ experiments may be possible in the
future. Magnetometry data on flake samples suggest
that even at the highest cooling rates attainable in our
PFC experiments, some pre-existing Fe particles are
present in the amorphous matrix. These can be further
amorphized through ball milling, but the powdered
samples are more prone to oxidation at elevated
temperatures complicating the analysis of the size
evolution. Our data does suggest that thermomechanical
processing routes[49] may be extended to further opti-
mize spring exchange effects in NdFeB moments,
especially if texturing of the hard phase occurs in
conjunction with retaining fine Fe microstructural
features.
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IV. CONCLUSIONS

The pressure dependence of the a fi c phase trans-
formation in Fe phase in spring exchange magnets was
studied. A suppression of coarsening (growth) in both
phases was observed at higher pressures. Synchrotron
X-ray diffraction showed the a fi c-phase transforma-
tions to occur at temperatures of 1120 K (847 �C) at
1 GPa and 960 K (687 �C) at 5 GPa. Our experimental
data was consistent with other reported observations for
Fe and with EOS determined from first-principle calcu-
lations. A consideration of the magnetic contribution to
the heat capacity of Fe points to the importance of
dipole moments on the slope of the Clapeyron equation
for the P–T phase diagram in Fe. The phase transition
occurs at temperatures where diffusional growth is also
operative. This is significant since the size of soft Fe
nanostructures is important to spring exchange. Sup-
pression of the phase transition and Fe size at higher
pressures suggest that there may be interesting thermo-
mechanical processing routes to be investigated to
optimize spring exchange effects in Nd-Fe-B permanent
magnets.
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