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Ordered-Phase Equilibria in the Eutectoid Region
of Bulk Fe-Pd

A. SAVOVICI, W. JENSEN, W.A. SOFFA, and J.A. FLORO

This report is the first analysis of the coexistence and microstructure of the equilibrium phases in
the Fe-Pd L1, + L1, eutectoid region. Coexistence of L1y + L1, is observed at higher
temperatures (650 °C), resulting in L1, polytwin plates with internal boundaries that are
decorated by L1,. For higher Pd content, the L1, plates are embedded in an extended L1,
matrix, but the LI, wetting layers still persist. For aging at low temperatures (525 °C),
LI’ + L1, coexistence is observed, but the microstructure is essentially similar, except that L1,
is replaced by L1’. The two-phase region is found to be much narrower than reported in
published phase diagrams, of order 0.6 to 1 at pct in extent. There may be a further re-entrant
narrowing below the L1’ formation temperature. This work establishes L1’ as a phase
distinguishable from both L1y and L1,, but does not yet prove that L1’ is an equilibrium phase.
The preferred formation of L1’ at lower temperatures may relate both to stability conferred by
overall ferrimagnetic interactions, and perhaps by kinetics, where L1’ should have a reduced
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nucleation barrier from Al relative to L1,.
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I. INTRODUCTION

BINARY alloys of Fe-Pd binary have been studied at
numerous compositions. For example, similar to Fe-Pt
and Fe-Ni, compositions near 30 at pct Pd exhibit the
invar effect.!"! At equiatomic compositions, the ordered
L1y structure was first reported in 1938 by Hultgren
et al. ! although ordering anomalies are also reported.!
The existence of a eutectoid transformation, Al —
L1, + LI1,, has been established. For example, Raub
et al.¥ in 1963, for Fe — 62 at pct Pd samples aged at
600 °C, reported the coexistence of L1, + L1, whereas
at 500 °C only single-phase L1, was found. Results such
as these indicate significant knowledge gaps regarding
the ordered phases, suggesting unexplained ordering
phenomena or re-entrant behavior of the solvi. Despite
nearly a century’s worth of study in Fe-Pd, the structure
and microstructure of the L1y + L1, eutectoid region
have never been directly elucidated in the Fe-Pd binary
alloy.

The published phase diagram for Fe-Pd near the
eutectoid composition is reprised in Figure 1.} The
crystal structures of interest for this report are also

A. SAVOVICI, W. JENSEN, W.A. SOFFA, and J.A. FLORO are
with the Department of Materials Science and Engineering, University
of Virginia, 395 McCormick Road, Charlottesville, VA 22904. Contact
e-mail: as5fj@virginia.edu
Manuscript submitted May 20, 2024; accepted August 25, 2024.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Published online: 21 September 2024

shown in Figure 1, where the blue (white) atoms
correspond to Fe (Pd). The solid solution Al crystal
structure (Fm3m, Pearson symbol cF4) decomposes into
the ordered tetragonal L1, crystal structure (P4/mmm,
Pearson symbol tP2) and ordered cubic L1, crystal
structure (Pm3m, Pearson symbol cP4) below the
eutectoid isotherm ~ 760 °C. We include the L1’ unit
cell in Figure 1, and the approximate L1’ phase field is
discussed herein, and shown later in Figure 8. The L1’
phase (called L’ by Tetot et al.,' or {; by Shockley!”) is
another ordered tetragonal crystal structure (P4/mmm,
Pearson symbol tP4) that shares the same space group as
L1y, but has a different Pearson symbol due to the
difference in translational symmetry between the two
phases.

The L1’ crystal structure was first predicted as a
low-temperature tetragonal phase bracketing the equia-
tomic composition range in Cu-Au by Shockley in 1938
using nearest-neighbor interactions gin what is now
referred to as a mean-field approach).[”? His calculations
were initially discounted as too simplistic, but subse-
quent calculations using an Ising Model®™ calculations,
and the cluster variation method!® with Monte Carlo
calculations, supported Shockley’s prediction. The L1’
crystal structure accommodates off-stoichiometry (rela-
tive to equimolar), by distributing excess atoms solely on
the (Y2, %, 0) site, as opposed to distributed them
equally among all complementary atoms site as happens
in L1y. The L1’ phase was first observed indirectly in
Fe-Pd thin films by Steiner et al.®! and then identified
by us directly in bulk Fe-Pd.!'” The identification of L1’
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Fig. 1—A portion of the accepted Fe-Pd binary phase diagram as given by Massalski, Ref. [5]. Unit cells of the relevant phases are shown,
which includes L1°, whose position on the phase diagram will be shown later; blue (white) corresponds to Fe (Pd). The composition and
temperatures of the four samples considered herein are shown in the nominal L1, + L1, region below the eutectoid isotherm (Color

figure online).

is non-trivial—it has tetragonal distortion that produces
peak-splitting (relative to A1) similar to L1y, but has an
overall structure factor that is qualitatively (but not
quantitatively) similar to L1,. While it may be tempting
to view L1’ as a metastable hybrid phase when alloy
composition is intermediate to L1y and L1,, this report
will dispel that notion by clearly showing the coexistence
of L1’ + L1, at lower temperatures.

This report uses the terminology for the well known,
hierarchical L1, and L1’ polytwin structure given by
Vlasova er al' L1, (L1") forms with its c-axis oriented
along any of the three principal < 100 > directions of its
parent Al matrix; as such, there are three degenerate
orientation variants. To relieve the cubic — tetragonal
transformation strain for A1 — L1y (or — L1°), ordered
regions will twin on {110}, forming alternating regions
of orthogonally oriented L1, or L1’, typically referred to
as “‘orientation variants” or “c-domains.” In this report,
local groupings of alternating c-domains will be referred
to as a ‘colony,” while the larger spatially bounded
structure (that may contain one or multiple colonies)
will be referred to as a ‘plate.” According to Vlasova
et al., a collection of plates will form what is known as a
‘bundle.’™ We will use these terms for L1, & L1’, as
both phases adopt this hierarchical structure.

The eutectoid region of related binary alloys has been
explored in the context of exchange-coupled ferromag-
netism, because the magnetocrystalline anisotropy
(MCA), K (Lly) > K;(L1ly). In Co-Pt, self-assembly
in these two-phase regions led to the nanochessboard
structure, which exhibited tunable macroscopic mag-
netic properties as a function of microstructural length-
scales.'”> 1 Of the well-known L1, ferromagnetic
systems (Fe-Pt, Fe-Pd, Co-Pt, MnAl), Fe-Pd L1, has a

magnetocrystalline anisotropy,
K, =18x 10’ ergs/cm?, that is on the lower end of
the range for these alloys, but is still much larger than
most other ferromagnetic materials.!'®

II. METHODS

Two Fe-Pd boules were arc-melted from 99.99 pct Fe
and 99.9 pct Pd chunks in an argon-backfilled ambient
environment, with resulting nominal compositions of Fe
— 61.8 atpct Pd. and Fe — 62.2 atpct Pd. The
compositions were verified by inductively coupled opti-
cal emission spectroscopy (ICP-OES). In the literature,
the nominal composition set by weighing the constituent
elements prior to arc melting is often reported as the
final composition, without further verification. How-
ever, preferential loss of one element can occur during
arc melting, and so it is important to perform a
post-melt assessment. This is especially true when
targeting the rather narrow two-phase regions of the
Fe-Pd phase diagram. Meaningful macroscale composi-
tion assessment should encompass a significant volume
of material. We prefer ICP-OES to either energy-dis-
persive x-ray analysis (EDS) in the scanning electron
microscope (SEM), or even x-ray fluorescence (XRF).
However, in ICP-OES, it is still critical to assess the
optimal approach to calibration.

After arc melting, subsequent thermomechanical
treatments produced samples of ~ 300 um thickness,
achieved by repeated cold-rolling and recrystallization
with 24-hour homogenization treatments at 1000 °C. All
samples were then encapsulated in fused quartz ampules
backfilled with forming gas, annealed in tube furnaces,
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then water quenched. Structural analysis was performed
on a Panalytical Empyrean X-ray diffractometer (XRD)
with CuKal radiation and parallel beam 0-2 0 geom-
etry, after polishing to 1200 grit size followed by a 3 um
diamond slurry. Microstructure was characterized using
conventional transmission electron microscopy (TEM).
Thin foils for TEM were prepared in a Fischione
twin-jet electropolisher using an electrolyte of 82 pct
acetic acid, 9 pct perchloric acid, and 9 pct ethanol (by
volume) at 0 °C and approximately 30 volts. The TEM
observations were performed on a ThermoFisher Titan
operating at 300 kV. Magnetic measurements were
conducted by a 7400 Series LakeShore vibrating sample
magnetometer (VSM) on 3 mm discs punched out from
the associated heat-treated samples.

Overall, four samples were investigated in detail, with
two nominal compositions as given. The arc-melted
samples were solutionized then water quenched to retain
the high-temperature Al phase. Subsequently, all sam-
ples were isothermally aged for either 10 or 21 days at
650 °C or 525 °C to probe phases and microstructure
associated with eutectoid decomposition. These samples
are given identifying numbers, 1 to 4, as shown in
Figure 1.

III. RESULTS

Figure 2 shows the x-ray diffraction patterns for all
four samples. Peak positions for L1y, L1,, and L1’ were
extracted from phase-pure samples. The L1y and L1’ 2 6
peak assignments are the same as previously reported by
us from single-phase specimens having slightly lower Pd
content.'” LI, peak assignments were made from
samples that were continuously cooled through the
eutectoid isotherm at various rates; this protocol pro-
duced metastable single-phase specimens. For both alloy
compositions aged at 650 °C, two-phase L1, + LI,
coexistence was observed, with phase fractions that
depend on composition. For Pd-lean compositions (i.e.,
sample 2) at 525 °C, single-phase L1’ was observed, as
reported previously.'” Samples 3 and 4 were Pd-rich
and exhibited an L1, majority phase co-existing with
L1, at 650 °C. However, aging Samples 3 and 4 at 525
°Cyielded L1’ + L1, coexistence (Figure 2 line 4). This
is a key result, which supports the contention that L1’ is
a separate, stable or metastable phase at 525 °C in the
range of compositions used here. For reference, the
diffraction pattern of the quenched-in solid solution A1l
phase is also provided in Figure S1 of Supplementary
Materials.

Table I summarizes results from analysis of the XRD
data for Samples 1 to 4. The lattice constants are
generated from Rietveld Refinement using the GSAS-IT
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Fig. 2—X-ray diffractograms identifying the phases in bulk Fe-Pd in the eutectoid region. Sample 1: Fe — 61.8 at pct Pd aged at 650 °C
displaying coexistence of L1, + L1,. Sample 2: Fe — 61.8 at pct Pd aged at 525 °C yields only L1’. Samples 3 & 4: Fe — 62.2 at pct Pd); aging at
650 deg produces L1, + L1, coexistence, while aging at 525 °C produces equilibrium between L1’ + L1,. Notably, the volume fraction of L1,
is reduced vis-a-vis L1y + L1, at high temperatures. The superlattice reflections (001) and (110) have been scaled by a factor of 3 to more

clearly differentiate between the ordered phases present.
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Package.'” L1, and L1’ crystals differ in their structure
and ordering on the FCC sublattice sites: L1’ has
reduced tetragonal distortion of the unit cell (i.e, ¢/a is
closer to unity than for L1y, see Table I), and accom-
modates excess off-stoichiometric Pd atoms (in this case)
solely on the (Y2, 'z, 0) site, whereas L1, distributes all
excess Pd equally among all Fe sites. This change in
translational symmetry between LI, and L1’ allows
otherwise forbidden reflections in L1, to appear for L1°.
These same reflections are also allowed for L1,, so to
fully distinguish L1’ from the other ordered phases
requires simultaneous coexistence of tetragonal distor-
tion and reflections such as {100} and {101}. We show
the L1’-specific reflections in Figure 2 as {100}/(001)
splitting (22 to 25 deg 2 0) and (110)/{101} splitting (31
to 35 deg 2 0), present for both L1’ (Figure 2 line 2) and
LI’ + LI, samples (Figure 2 line 4). Although the x-ray
peak positions of each phase are sufficiently distinct,
further certainty and insight are provided by also
characterizing microstructure, as was done in Savovici
et al. ' and is explored further below.

Of note in Table I is the dramatic change in L1, phase
fraction for Pd-rich samples 3 (aged at 650 °C) and 4
(aged at 525 °C). This could indicate either a narrowing
of the two-phase coexistence region in this temperature
range or non-vertical solvi. Either situation would
change the position on the tie line even for nominally
identical system composition.

The microstructures shown in Figures 3(a) and (b)
correspond to Sample 1 (Pd-lean composition), while
Figures 3(b) and (c) arise from Sample 3 (Pd-rich
composition), after aging at 650 °C. Sample 1 is
dominated by L1, polytwin plates, which border one
another, with no extended L1, phase regions visible in
extended-area assessments; a representative local area is
shown in Figure 3(a). However, when the internal
structure of any plate, containing conjugate pairs
of c-domains, is examined closely using g = (110)
dark-field (DF) imaging in the TEM, illuminated lines
are visible in Figure 3(b). These are nm-scale layers of
the L1, phase wetting the orientation domain (ODBs)
and anti-phase boundaries (APBs) of the polytwinned
L1, microstructure."® Since Sample 1 is Pd-lean, all L1,
is present only in these wetting layers, consistent with the
small volume fraction of LI, detected by XRD in
Figure 2 line 1. For Samples 3 and 4, which have Pd-rich
compositions, XRD indicates a much larger volume
fraction of L1, is present in equilibrium, Figures 3(c)
and (d) show how this manifests in the microstructure:
individual, polytwinned L1, plates are embedded within
a contiguous L1, matrix (DF-TEM and associated
SADP for Samples 3,4 are given in Figure4 S2 of
Supplementary Materials). The L1, plates are tens of
micrometers in length (or diameter, since the plates are
actually disk-shaped in 3D), bounded by the original Al
grain size (see the SEM micrograph of Figure 3(c),
where multiple grains are evident), but each plate has
average thickness of order only 500 nm. Within each
plate are alternating, conjugate pairs of c-domains,
barely visible in Figure 3(d), with periodicities of order
50 nm (these are better shown in a high-resolution
DF-TEM micrograph in Figure S3 of Supplementary

Materials). Hence, the microstructural lengthscales are
hierarchical, spanning four orders of magnitude from
the nm-scale L1, wetting layers to the 50 ym plate and
grain size. We also note that the microstructure of
Figures 3(c) and (d), with L1, plates embedded
quasi-periodically in an L1, matrix, appears to be an
end-state, rather than an intermediate state, of the
eutectoid decomposition.

Even in this sample with extended L1, regions, there
are still L1, layers that wet the ODBs and APBs within
the plates. This is shown in Figure 4, where DF imaging
illuminates individual L1, variants within a plate, see
Figure 4(a). In both g vector imaging conditions, the
surrounding L1, matrix illuminates, since it will con-
tribute equally to all of these superlattice reflections.
Imaging with g = 110 in Figure 4(b) makes the plate
appear dark since neither L1, orientation contributes to
this reflection; however, further magnifying this plate
provides direct visualization of the nanometer length-
scale L1, wetting layers that decorate the orientation
domain boundaries between the two L1, variants (see
inset).

The significant changes in microstructure as a func-
tion of relatively small changes in nominal Pd compo-
sition spur us to further quantify the width of two-phase
coexistence region. Energy-dispersive spectroscopy
(EDS) measurements performed in the TEM allow for
local chemical measurements of L1, plates and the L1,
matrix. Figure 3(d) shows two rectangles delineating
where areal EDS scans of the L1, plate and L1, matrix.
The compositions were found to have 60.8 and 61.4
atpct Pd in the L1, and L1, regions, respectively,
suggesting a nominal width for the two-phase region
as ~ 0.6 at pct Pd wide. Although the quantitative
values disagree with the macroscopic ICP-OES results,
EDS relative sensitivities are reported to be valid down
to 0.1 at pct concentration. We had also previously
created a bulk diffusion couple from two alloys whose
initial compositions bound the two-phase region. Fur-
ther details and the resulting SEM-EDS composition
profile after annealing at 750 °C for 2 weeks are shown
in Figure S4 of Supplementary Materials. The data
exhibit relatively poor signal-to-noise ratio, but is still
sufficient to set an upper bound of 1 at pct on the width
of the L1y(L1’) + L1, coexistence region, consistent
with the microscale TEM-EDS local measurements.
This is considerably narrower than is published in
existing phase diagrams."

For samples aged at 525 °C, there are rather different
phase fractions of the tetragonal (now L1’ instead of
L1y) and cubic (L1,) ordered phases compared with
samples aged at 650 °C, even though the overall sample
compositions are nominally identical. In Sample 2, only
polytwinned plates of L1’ are observed—L1, is NOT
present, either as a matrix phase or even as wetting
layers. L1, is detected by XRD in Sample 4, which is
more rich in Pd, but in a much lower volume fraction
relative Sample 3, having the same composition but
aged at 650 °C (Sample 3). TEM shows the microstruc-
ture of Sample 4 consists of dense bundles of L1’
polytwinned plates, with no L1, matrix regions, but
where all L1’ orientation domain and anti-phase
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Table 1. Lattice Constants and Weight Fractions of the Constituent Phases in the Two-Phase Samples

Sample # in Fig. 2 Phase a( A) c( A) Wt. Frac. cla

1 Llg 3.872 3.739 0.845 0.965
L1, 3.832 — 0.159

2 LY 3.853 3.747 — 0.972

3 L1, 3.877 3.735 0.21 0.963
Ll, 3.831 — 0.79 —

4 Lr 3.867 3.753 0.711 0.970
L1, 3.833 — 0.282 —
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Fig. 3—Microstructure of Samples 1 (Pd-lean, panels @, b) and 3 (Pd-rich, panels ¢, d), after aging at 650 °C. (a) BF-TEM of a larger-scale
imaging shows only polytwin L1, plates, but (b) DF-TEM with g vector (g = 110) at higher magnification reveals L1, layers wetting the
orientation domain and {110}-aligned anti-phase boundaries (corresponds to Sample 1, Fig. 2 line 1). (c) The characteristic Pd-rich L1, matrix
with embedded L1, plates is shown using SEM at lower magnification, while (d) shows a higher magnification BF-TEM view of the same area
(sample corresponds to Fig. 2, line 3). Note that (b) was first shown in Ref. [18].
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Fig. 4—DF-TEM along a [111] zone axis. (a¢) A composite image
using g vectors (g = 101 and 011) that illuminate each conjugate
pair of c-domains in the L1, plate. (b)) Shows the identical area,
where g = 110 does not light up either c-domain, but does
illuminate the L1, layers wetting the ODBs. The region in the
orange box is magnified inset to better show the wetting layers and
the boundary with the matrix L1, (Color figure online).

Fig. 5—BF-TEM image of Sample 4 aged at 525 deg, where XRD
indicates L1’ co-existing with L1, minority phase. At this
magnification, only the L1’ polytwin plates are imaged.

boundaries are wetted by a thin L1, region. Figure 5
shows a BF-TEM micrograph of the typical LI’
polytwinned microstructure.

A series of DF-TEM micrographs from Sample 4,
which is Pd-rich L1’ + L1, is shown in Figure 6, using
different g vectors. The change in contrast with the
diffraction condition is consistent with L1’ and agrees
with the XRD result for this sample (Figure 2 line 4). As
described prev1ously, 191" superlattice conditions are
relaxed for LI’ vis-a-vis Lly, so that intensity is
generated from both L1’ variants when viewed with
imaging conditions typically used to isolate individual
L1, variants. For example, in Figure 6(a) the g = (100)
imaging condition produces intensity from the strong
L1’ x-variant (001) reflection and the weakly contribut-
ing L1” y-variant (100) reflection. Figure 6(b) shows the
L1’ polytwin microstructure with the g = 110 imaging
condition, where both orientation domains are visible.
In this figure, bright lines are the nm-scale L1, layers
wetting both APBs and ODBs, as observed for the 650
°C L1y + L1, samples. These wetting layers are shown
magnified in Figure 6(c), again using g¢ = 110. As with
L1, in Figure 3(b), many APBs have aligned along {110}
(this image is slightly rotated for clarity), and LI,
decorates all interfaces. Identically w1th Figure 3(b), this
image shows an ‘open” APB channel.!'”! Figures 6(a) and
(b) show a higher density of faceted APBs relative to L1
that arises in part from the increase of allowed APB
translation-shift vectors (r) from two in L1, to three in
LI

For completeness, magnetic hysteresis loops were
gathered for all samples herein. The technical magnetic
properties are unremarkable. However, changes in both
the magnetic saturation and coercivity provide insight
into the L1’ phase vis-a-vis L1y. Figure 7 compares
results for single-phase L1y and L1’ samples, as well as
L1y + L1, produced by decomposing L1’ at 700 °C;
these results will be discussed below.

IV. DISCUSSION

We have established the coexistence of two ordered
phases in Fe-Pd alloys at or near the Al — L1, + LI,
eutectoid. Aging at 650 °C produces L1, + L1,, qual-
itatively consistent with published phase diagrams, while
aging at 525 °C invariably produced either L1’ or
L1” + L1,. Areally averaged EDS measurements made
from the L1, and L1, phase regions show a small but
resolvable composition difference, which indicates that
the two-phase coexistence region is < 1 at pct wide at
650 °C. As such, local composition variations of
only £+ 0.1 at pct will produce large relative changes in
placement on the tie line, with correspondingly large
changes in equilibrium phase fractions. The observed
coexistence of L.1” with L1, is an important result, as it
confirms that L1’ is a well-defined phase, and is not a
metastable hybrid between L1, and L1,.

We have only produced the L1’ phase, whether by
itself or with L1,, by annealing quenched-in Al at 525
°C. We attempted to observe the direct order-order
transformation L1y—L1’ by aging a fully transformed
L1y specimen for 41 days at 525 °C. However, no
change in the L1, ordering was detected by XRD. This
raises the question of whether L1I° is a
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Fig. 6—DF-TEM of Sample 4 after aging at 525 °C, where XRD indicates L1’ + L1, coexistence. In («) and (b), the contrast variations with g
vector are fully consistent with L1°, but not with L1,.'% In (b), thin wetting layers of L1, along all of the L1 ODB and APBs are seen as bright
lines. (¢) Higher magnification using the same g vector as in panel (b), showing more clearly the thicker ODB wetting layers of L1,, as well as

the wet and faceted APBs.
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Fig. 7—Hysteresis loops for single-phase L1, (green), L1’ (red), and 2-phase L1, + L1, produced by annealing the L1’ at 700 °C. Specific

properties are summarized in Table II (Color figure online).

metastable phase—its preferred formation from Al at
lower temperatures would be consistent with a reduced
nucleation barrier for L1°, anticipated since its c/a ratio
is closer to unity than is c/a for L1, thus reducing the
increase in elastic energy upon ordering. However,
direct formation of L1’ from LI, as an equilibrium
transformation could simply be kinetically suppressed,
where the driving force is expected to be quite small and
since diffusion is known to be more difficult in ordered
phases than in their disordered counterparts.'” 2!
Conversely, we have annealed fully formed L1’ for
45 days at 525 °C and found no tendency to revert to
L1,. This lends some credence to the contention that L1’
is in fact a stable phase, but again sluggish kinetics could
frustrate equilibration to L1y. L1’ does readily decom-
pose to L1y + L1, at higher temperatures, as shown in
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the XRD results of Figure 8(a), for annealing at 700 °C
for 40 days. This formation of L1, + L1, from L1’
upon higher temperature annealing suggests a retro-
grade narrowing of the two-phase region at lower
temperatures. This is also supported by the difference
found in L1, phase fractions (see Table I), for the
Pd-rich Samples 3 and 4 aged at 650 °C vs. 525 °C.
Additionally, results by Raub et al.,"¥ can be explained
by this narrowing of the two-phase region. Figure §(b)
shows a portion of the Fe-Pd phase diagram, amended
based on the results obtained. One primary modification
is the much narrower two-phase region, which results
directly from our TEM-EDS measurements of adjacent
L1, and (coarse) L1, relative phase compositions
(microstructure shown in Figures 3(c) and (d)). The
eutectoid is also shifted to larger Pd contents relative to
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Fig. 8—The diffractograms in () show a single-phase L1’ sample (green) transforms to L1, + L1, after aging for 1000 hrs at 700 °C (red). An
amendment to the eutectoid phase diagram is shown in (b), with the originally published 2-phase region depicted in red (Color figure online).

the published diagram—this comes from the ICP-OES
measurements of the overall alloy compositions of
samples 1 and 2. Figure 8(b) includes the addition of
an L1’ phase field, coupled with a retrograde narrowing
of the two-phase region starting with the intersection
with the L1’ phase boundary. The boundary position is
only approximate, as we have not determined the exact
composition-temperature dependence. We also show
this L1y/L1’ boundary as a 2nd or higher-order transi-
tion (a “locus of critical points” *?). A higher-order
transition L1y — LI’ is allowed by group symmetry
considerations, but the transformation order is not
experimentally confirmed. In Figure 8(b), we have not
modified either the eutectoid isotherm temperature nor
the maximum disorder/order temperatures of the L1,
and L1, phases, since these were not interrogated herein.

Microstructure in the two-phase coexistence region
for L1y + L1, is characterized by the presence of L1 in
the form of polytwinned plates, with L1, exhibiting two
different morphologies—wetting layers formed on ori-
entation domain boundaries that separate alternating
c-variants of the L1, polytwins, and, for higher Pd
content, also an extended matrix phase of L1, (c.f,
Figures 3 and 4). The stable embedding of L1, plates in
an L1, matrix, while it could be anticipated from tie-line
considerations, appears to be a new observation in the
literature.

Related microstructures are obtained in Pd-rich
samples aged at 525 °C, but where L1’ now co-exists
with L1, that again forms as a wetting layer, analogous
to what was found in L1y + LI,. However, the L1,
wetting layers for L1’ + L1, were observed to be
thicker, with extended regions easily surpassing 5 nm,
consistent with a larger phase fraction for sample 4 in
Table 1. With decreased tetragonality in L1’ vis-a-vis

L1y, coherency strain is reduced, allowing thicker
wetting layers to be energetically stable.

The coexistence of L1’ + L1, supports the view that
L1’ is a unique phase, rather than being a kinetically
trapped hybrid configuration for alloy compositions
intermediate to L1y and L1°. The order (in the Ehrenfest
classification®!) of the transformation between L1,/L1’
has been contested in the past, with Shockley!” calcu-
lating a latent heat, consistent with a first-order (nucle-
ation + growth) transformation. Utilizing CVM
calculations, Tetot er al.'® predicted that the transfor-
mation L10 — L1’ was second order, while L1, — L1’
transformation would be first order. L1’ has also been
predicted as a metastable phase in the low-temperature
Ni-rich Ni-Al system, as shown by Calphad calcula-
tions, and was predicted to have a second-order trans-
formation with L1o.”*! Our current results do not
discern the transformation order.

Magnetic properties can provide insight into the
ordered phases and their microstructure. As shown in
Figure 8 and Table II, L1’ consistently exhibits 35 pct
lower magnetic saturation moment, Mg, than L1, which
suggests that magnetic coupling of Fe and Pd may differ
in the two phases. Conversion of My, in emu/g to Bohr

magnetons is calculated using py,, ) = EZ;(%; %1073, (in

Bohr magneton per formula unit), where M; is in emu/
g), m, is the molar mass in gram/mol, p is the Bohr
magneton (J/T), and N4 is Avogadro’s number. Total
moments per unit cell for L1, and L1’ are shown in
Table II. We next examine whether the observed
differences between moment/unit cell can be reproduced
by assuming ferromagnetic coupling between all species
for L1, and ferrimagnetic coupling between Fe & Pd for
LTI
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Table II. Observed Magnetic Saturation, Coercivity, and Calculated Magnetic Bohr Magnetons Per Unit Cell for L1, and L1’

Coercivity
Crystal Structure Ms(emu/em?) (Oe) Mol. Weight (g/mol) Total Moment/Unit Cell (up)
L1y 886.3 81.5 349.2 5.39
L1 578 138.1 349.2 3.52

Lyubina et al., obtained temperature-dependent
atomic moments using neutron diffraction of nanocrys-
talline FeyoPdgq alloys, close to our composition of 62
at pct Pd, that produced by cryomilling, finding pp. =
2.75 pup and ppg = 0.3 ,uB.[25] We take the 4 atoms per
pseudocubic unit cell for both L1, and L1’ to be
distributed as 1.5 Fe atoms and 2.5 Pd atoms, giving a
composition of 62 at pct Pd. Using the species-depen-
dent moments from Lyubina et al., a total moment/unit
cell for L1, of 4.88 up is predicted, about 10 pct lower
than our magnetometry value of 5.39 up. For LI,
making an ad hoc assumption of antiferromagnetic
coupling between Fe and Pd for L1°, we obtain a total
moment/unit cell of 3.38 up, about 4 pct lower than our
measured value of 3.52 up. If we accept these values as a
reasonable level of agreement (more on this below), then
we assert that the inherent site disorder on (001) planes
associated with L1’ ordering produces an effective
ferrimagnetic behavior, where all Pd moments are
opposite to the Fe moments.

It is interesting and non-trivial that the moments
obtained by Lyubina et al., using neutron diffraction,
underestimate the total moment we observe in both the
L1y, and L1’ phases, but especially in the former. Our
magnetometer is calibrated against a Ni standard before
each measurement, so magnetization values are consid-
ered sound. We estimate, using the moments of Lyubina
et al., that our composition would have to be 57 at pct
Pd, rather than 62 at pct Pd, in order to reproduce the
total moment/unit cell. This large an error in the
composition, determined by calibrated ICP-OES, seems
untenable. Alternatively, the values for the Fe and Pd
moments obtained by Lyubina et al., may be too low.
Notably, they report an Llg-order parameter of
S = 0.78 for their alloy, whereas our samples have
S = 0.92. Atomic moments may depend on the order
parameter. Using first principles calculations, both
Burzo and Vlaic,[%] and Pathak er al.,P?”! found for
stoichiometric Fe-Pd at OK that ordering does not affect
the Fe moment much, but does increase the Pd moment
by 15-21 pct, at 0K. However, a comparison of exper-
imental values obtained by Lyubina et al., for stoichio-
metric L1y (S = 0.7) against values measured by Cable
et al., for stoichiometric A1,”®! both at room temper-
ature, implies that moments are /ower on both Fe and
Pd in the ordered L1, phase. Hence, it is not clear if
differences in order parameter can explain the underes-
timation of the total moment. At this time, we cannot
provide a self-consistent explanation for the underesti-
mation of the measured L1, moment using the
species-dependent values from Lyubina et al.*”

METALLURGICAL AND MATERIALS TRANSACTIONS A

To complete the comparison, we note that the lattice
parameters in Table I agree with those reported for
FeqoPdg, by Lyubina et al., to within 1 pct.”*! Given the
likely differences in strain in the mechanically alloyed
nanocrystalline samples vs. bulk polytwin, this is
thought to be reasonable agreement.

The coercivity of our L1, phase is about 3x lower
than stoichiometric Fe-Pd L1, formed in bulk by
thermomechanical treatments, reported by Zhang and
Soffa.® They suggest that pinning of domain walls

controls magnetization reversal, and analyzed the
32

macroscopic coercivity as H, % , where D 1is the
effective dimension of the pinning site (they suggested
APB’s were the pinning defect), F is the area fraction of
the domain wall interacting with pinning sites at any
instant, A is the exchange coupling constant, and K; is
the anisotropy constant, here dominated by the first
component of the magnetocrystalline anisotropy. Mj is
again the saturation magnetization. We next take the
ratio of the observed coercivities in our alloys (compo-
sition 62 at pct Pd) to the stoichiometric (50 at pct Pd)
alloy of ZS. To simplify, we assume the same pinning
sites are active, so the D’s are identical, and take A(62)
to 0.83A(50), crudely based on the variation of the Curie
temperature vs. composition in Fe-Pd L1, alloys,*”
giving:

(i) () (i) o

From Zhang & Soffa, H.(50) = 250 Oe, and M =
1100 emu/cm®.*® Substituting these, and the corre-
sponding values for 62 at pct Pd L1, alloys from
Table II, into Eq. [1] and solving for the ratio of
pinning site area fractions, gives

F(62) K, (50)\ V/?
o~ (k) ’

From Reference 31 we take K;(50)/K;(62) = 2.5, so
we find that the pinning site density of our alloy would
need to be 1.5x larger than the stoichiometric alloy.
Given the estimates employed here, this essentially
implies that the two compositions should have roughly
similar pinning site area fractions in order to explain the
observed magnetic properties, and that does appear to
be the case, at least with regard to APB density.

We can perform a similar analysis for the coercivity
values in Table II comparing Ll, and L1’ at



compositions near 62 at pct Pd. We obtain the same
result as Eq. [2], except where the numerical prefactor
has a value of 1.1. We do not know quantitatively how
K;(L1’) compares to K;(L1j), but it should be smaller
given the reduced tetragonality and the nature of the
ordering. We note that L1, alloys are calculated to have
a magnetocrystalline anisotropy energy that is 10x
smaller than L1y (both are taken to be stoichiomet-
rict?7), setting an lower bound for L1°. Assuming that
K is 5-10x smaller for L1°, we conclude that the pinning
site density must arrive be 12-35x larger in L1’ than L1,
L1’ will have at least a 3/2x x increase in APB density
relative to L1y, intrinsically arising from the higher
translational symmetry of L1’ vis-a-vis L1,, where more
translational shift vectors are allowed. There may also
be an extrinsic contribution to the APB density associ-
ated with the lower temperature processing required to
form L1’ from Al. So the estimates are again reason-
able, but the assumption that APB’s are the actual
pinning sites remains to be proven.

V. CONCLUSIONS

The L1y-L1, coexistence region in the Fe-Pd phase
diagram 1is considerably narrower in extent than
reported previously, spanning less than 1 at pct at 650
°C. In consequence, alloy processing for applications
will be very challenging, as even small deviations from
the desired composition, whether macroscopic (sample
average), or microscopically (local fluctuations), will
greatly affect the amounts of the tetragonal and cubic
ordered phases.

The coexistence of L1y and L1, is accommodated in
two ways. L1, itself occurs as highly anisotropic,
disk-shaped plates; within each plate a conjugate pair
of c-axis variants alternates in the classic polytwin
microstructure. For relatively small fractions of L1,, the
cubic phase forms as nm-scale layers coherently wetting
both the planar boundaries between the polytwin
variants, and a subset of the anti-phase boundaries.
The thickness of the wetting layers adjusts based on the
equilibrium volume fraction along the tie line, but there
is likely a maximum thickness determined by elastic
energy considerations. For larger L1, fractions (more
Pd), L1, forms an extended matrix phase, with the L1,
polytwin plates embedded in a parallel, quasi-periodic
arrangement. The L1, wetting layers present within the
L1y plates are retained even when the extended L1,
matrix phase is present. This observation, along with
highly anisotropic L1, plate morphologies, and their
quasi-periodic arrangement in the L1, matrix, poses
interesting questions with regard to the mechanisms for
the ordering transformation that will be considered in a
later publication.

The L1’ phase, first predicted in 1938, appears
consistently at lower temperatures near 62 at pct Pd,
and can exist both as a single phase or in coexistence
with L1,, depending on Pd content of the parent alloy.
The presence of this phase appears to produce a
retrograde narrowing of the solvus, L1’/L1’ + Ll,.
While we have not definitively proven that L1’ is an

equilibrium phase, or whether there is a first- or
higher-order transformation from L1, <> L1°, magnetic
ordering may directly impart L1’ stability at low
temperatures. CVM calculations indicated only a very
slight stability conveyed by chemical bonding consider-
ations.'”) We hypothesize that additional stability is
conveyed by magnetic interactions, although this will
require first principles modeling to confirm. Of course,
even if L1’ is a stable phase at 525 °C, it must disappear
as temperatures approach absolute zero, since only
stoichiometric phases are possible at 0 K in accord with
the Third Law of thermodynamics.
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