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Effects derived from the simultaneous application of passive, uniform saturating magnetic field and ten-
sile stress during long-time annealing utilizing a unique and simple processing tool, the MultiDriver
furnace, are reported. In particular, the evolution of the crystalline structure and the magnetic domain
configuration of severely deformed and subsequently annealed equiatomic FeNi alloys were revealed by
high-energy synchrotron X-Ray diffraction and Magneto-Optic Kerr Microscopy. These alloys are known
to undergo a first-order magnetic phase transformation to a chemically ordered tetragonal (L1¢) structure
in astronomical timeframes. MultiDriver-annealed specimens are found to retain a tetragonal crystallo-
graphic state and texture that is similar to that of the precursor deformed state, with a smaller unit cell
volume and a larger c/a ratio relative to those of control samples that were annealed under the same con-
ditions but without magnetic field and stress drivers. Magnetic domain images echo these observations:
while as-cast FeNi alloys exhibit domain patterns consistent with the presence of a stress-modified cubic
magnetocrystalline anisotropy, large areas of domains with uniaxial anisotropy are present in MultiDriver-
annealed samples. While no chemical order was demonstrated in these samples, a strategy is proposed
for achieving the ordered state by employing a passive magnetic gradient in the MultiDriver furnace to
enhance diffusion.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The control of phase selection and formation for targeted
functionalities underpins the discipline of Materials Science. In
most cases, this goal employs post-solidification (bulk) or post-
deposition (film) processing conducted empirically through the ap-
plication of a single intensive parameter, the temperature T, to pro-
duce a target daughter phase from a parent phase; there is much
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scope to improve this approach. Here we present results derived
from application of a new and unique tool, the MultiDriver furnace
[1], used to process bulk FeNi-based alloys that are precursors to
the tetragonal FeNi phase — tetrataenite — with the chemically or-
dered L1y (prototype AuCu-I) structure. In this work, focus is di-
rected towards processing of magnetic alloys in their bulk form
because not only do bulk alloys provide the large magnetic flux
density necessary for energy-related applications, such processing
is entirely compatible with existing manufacturing infrastructure.
Comprised exclusively of easily accessible, abundant and non-
toxic elements, the prospect of developing tetrataenite as a “gap”
permanent magnet, with a maximum energy product that is be-
tween the weaker oxide ferrites and the stronger rare-earth mag-
nets, continues to intrigue and engage magneticians around the
world. Previous work conducted by Lewis and coworkers investi-
gated tetrataenite derived from the NWA 6259 meteorite to quan-
tify its technical magnetic properties [2,3,4,5,6,7,8]. From this work,
it was concluded that tetrataenite has a theoretical maximum en-
ergy product at room temperature that is two-thirds of that of the
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best NdFeB magnets [8]. However, the sluggish ordering kinetics to
form the chemically ordered structure of tetrataenite require as-
tronomical timescales for its meteoritic formation in nature. Ad-
dressing this issue, the MultiDriver Furnace is designed to allow
application of simultaneous stress and magnetic driving forces for
controlling phase transformation in bulk materials during thermal
treatment. In this manner phase selection and arrangement can be
tailored, and ideally accelerated, through management of multiple
driving forces for phase formation. Indeed, employing results de-
rived from high-energy synchrotron X-ray diffraction and Magneto-
optic Kerr Effect (MOKE) microscopy, we demonstrate here the
unequivocal attainment of magnetically uniaxiality in MultiDriver-
processed FeNi alloys, indicating processing-induced tetragonality
that is anticipated to foster chemical ordering to realize tetrataen-
ite in bulk form and on earthly timescales.

1.1. Influencing thermodynamics and kinetics of phase transitions

Across all classes of functional materials, magnetic materials are
most sensitive to very small and highly subtle aspects of the crys-
tal and defect structure, composition and microstructure. In par-
ticular, the origins of intrinsic magnetic properties, such as sat-
uration magnetization, Curie temperature and magnetocrystalline
anisotropy energy are found in the quantum mechanical exchange
interaction that is operative at the sub-nanometer atomic level.
While this sensitivity gives rise to considerable challenges in mate-
rials design, it also provides great opportunity for the rational con-
trol of synthesis and processing to realize new and/or inaccessible
magnetofunctional materials. It is known that many magnetofunc-
tional systems feature strong coupling between the crystal lattice
and the magnetic order, allowing perturbation of one aspect to in-
fluence the other [9-12]. Transcending the prevalent Edisonian ap-
proach, the effects of various free energy contributions to phase
selection may be evaluated through examination of the total Gibbs
Free Energy Gy,tot:

GV,tot = (T . S) + Gmag'netostatic + Gexchange + Gelustic
+ Gpressure + Gsurface + (1)

with T and S defined as temperature and entropy and including
additional, self-explanatory Gibbs free contributions that are antic-
ipated to influence magnetic transitions. The ground state of the
system is determined by the overall free energy minimum gov-
erned by a balance of relevant energy terms in Eq. (1), and a phase
transformation is triggered when the equivalence of the total free
Gibb’s energies of two competing phases is disrupted. Eq. (1) im-
plies that phase equilibria in magnetoresponsive materials will be
affected by the application of temperature, magnetic and/or pres-
sure/stress fields, or appropriate combinations thereof. External ap-
plied fields are expected to impact phase transitions if the parent
and daughter phases possess different field-conjugate properties
[13,14]. For example, pressure/stress application is documented to
strongly influence phase transformations that involve large volu-
metric changes [15,16,17,18]. The nucleation rate of ferromagnetic
ferritic steel emerging from isothermal treatment of paramagnetic
austenitic steel is reported to be increased by magnetic field appli-
cation, allowing directed modification of the nose of associated T-
T-T (time-temperature-transformation) diagrams [19,20]. A particu-
larly complete history of the effects of magnetic fields on structure
and response of iron and structural steels is provided in reference
[21] and citations contained therein.

1.2. Phase transformations in equiatomic FeNi
The tetragonal L1 structure of tetrataenite forms in nominally

equiatomic AB compounds from a chemically disordered, face cen-
tered cubic (fcc, A1) parent phase. It consists of alternating lay-

ers of the two constituent elements stacked in a direction paral-
lel to the tetragonal c-axis, creating a natural superlattice that fos-
ters a strong magnetocrystalline anisotropy in ferromagnetic sys-
tems [22-24]. This structure is known to crystallize along three
variants, one for each of the three orthogonal crystallographic di-
rections. While ferromagnetic L1j-type systems typically possess a
tetragonality, as described by the axial ¢/a ratio, that is less than
unity, the c/a ratio of tetrataenite is greater than unity, albeit only
slightly, with a reported ¢/a = 1.0036 [25]. Tetrataenite is ther-
modynamically more stable than typical fcc-type FeNi alloys but
is found naturally only in stony, stony-iron, and iron meteorites
that have been subjected to extremely slow cooling rates (0.2-
10,000 kelvins per 106 years) [26]. This extraordinarily slow for-
mation rate is attributed to i) a low driving force for chemical or-
dering, with the equilibrium order-disorder temperature reported
as Top = 320 °C [27]; ii) the ferromagnetic character of its con-
stituent atoms [28], and iii) to the intrinsically sluggish nature of
nickel diffusion within an iron matrix [29]. While bulk synthesis
of tetrataenite is widely considered to be technologically disrup-
tive [30,31,32], to date no effort has been successful in develop-
ing this compound for permanent magnet applications. Nonethe-
less, a significant advance regarding tetrataenite synthesis was re-
ported by Lewis and coworkers [7] using high-resolution neutron
diffraction data performed on a series of highly strained and an-
nealed samples of isotopically modified Fe2Ni. Neutron diffrac-
tion on isotopically modified samples provides clear data, not ob-
tainable with other probes, concerning the presence or absence of
a superstructure in this compound. These studies concluded that
specific processing protocols unequivocally produce a tetragonal -
but not chemically ordered - phase in the FeNi system. These find-
ings allowed the deduction that the A1-L1y phase transformation
in FeNi occurs in two distinct steps: Step 1 is a stress-induced
martensitic transformation from the Al structure to the tetrago-
nal chemically disordered phase with the A6 Strukturbericht des-
ignation structure (Pearson symbol tI2, Indium prototype structure)
and Step 2 is a nucleation/diffusional process that produces the
chemically ordered L1y phase from the tetragonal chemically dis-
ordered A6 phase. Experimental evidence indicates that the order-
disorder phase transformation in L1y FeNi is thermodynamically
of first order, in the Ehrenfest sense: experiments conducted on
tetratatenite derived from NWA 6259 have documented the evo-
lution of large latent heat of transformation [8], confirming that
the transformation occurs by a nucleation and growth mechanism.
These conclusions agree with those of Vlasova et al. who identi-
fied the A6 structure as a transitional phase in L1y-type FePd [33].
Further, it implies that fostering an increased diffusion rate will
promote the desired chemical order and associated increased mag-
netocrystalline anisotropy within the A6 structure.

2. The MultiDriver furnace

Specifically developed to influence phase selection in magnetic
materials, the MultiDriver furnace [1] combines the two processing
parameters of mechanical stress o and magnetic field poH to ther-
mally treat materials in a variety of atmospheres for extended pe-
riods of time. These drivers may be applied individually or simul-
taneously, employing a passive saturating magnetic field of close
to 1 T. Typically, specialized metallurgical furnaces allow applica-
tion of either stress/pressure or magnetic field during annealing,
but not both. Historic and existing magnetic field-annealing fur-
naces employ superconducting magnets, electromagnets, or some-
times complex permanent magnet arrays [34,35]. However, the ef-
fectiveness of these furnaces is highly impeded by the active (i.e.,
powered) operating mode of the magnet and/or the large air gap
separating the sample from the magnet, reducing the magnetic
flux delivered to the sample. The key feature of the MultiDriver
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Fig. 1. Schematic diagram of the MultiDriver Furnace. Details concerning the components are provided in the text.

furnace, shown in Fig. 1, is the incorporation of a zero-gap/closed
magnetic field circuit that applies a saturating magnetic field de-
rived from a permanent magnet pair and minimizes demagnetiza-
tion. The furnace equipment employed in this current study con-
sists of a vertical tube furnace (MTI Corporation GSL-1100X) that
is equipped with a 2-in. inner-diameter quartz tube that is sealed
on both ends by a set of flanges to prevent oxidization and ambi-
ent contamination. The bottom flange includes two ports, one port
for the insertion of a thermocouple to accurately monitor the real-
time temperature and the second port for a gas inlet (preceded by
a pressure release valve). The top flange includes a gas outlet as
well as two small rings that are welded onto the inside surface
of the flange for hanging or securing samples. The furnace set-up
includes a roughing mechanical vacuum pump and a flowmeter.
A tensile stress is administered by hanging a cylindrical weight
from the suspended sample; two horizontal slots have been ma-
chined into the top and bottom of the samples to accommodate
clips that suspend the weights and produce a uniform stress across
the sample. Depending upon the cross-sectional area of the sam-
ple, stress values in excess of 10 MPa (0.1 kBar) may be delivered.
The magnetic field is applied by attaching two permanent mag-
nets to either end of the samples; the magnetic circuit was com-
pleted with a Mu-metal return path (see sample assembly inset of
Fig. 1). The desired annealing temperature may be matched with
the Curie temperature of the magnets. This unique magnetic field
design largely eliminates inefficient magnetic fringing effects and,
importantly, obviates demagnetization fields by guiding the mag-
netic field directly through the sample to provide magnetic satu-
ration (for sample coercivity Hy < Jsar, where Jsi¢ is the satura-
tion magnetization). In this manner the need for extremely high
applied magnetic fields is circumvented. The estimated magnetic
induction delivered to the sample was determined from a model
(Ansys Electromagnetics software v. 17.2) of the magnetic circuit
comprised of the FeNi sample clipped to SmCo magnets created.
Simulation results (not published) for this configuration returned
an approximate applied magnetic field value of 0.7 T available to
magnetize the sample at elevated temperature.

3. Materials and methods
3.1. Overview

In this work, results obtained from FeNi alloys modified with
additions of molybdenum are reported. The 5d transition metal Mo
was chosen as an alloying addition by virtue of its optimized com-
bination of cost, atomic radius and atomic number. Mo is antici-
pated to foster tetragonality in FeNi and to increase magnetocrys-
talline anisotropy by virtue of its approximately 10% larger atomic
radius relative to Fe and Ni and its higher atomic number Z, re-
spectively. As discussed by Du et al. [36] and citations contained
therein, transition metals can exhibit an appreciable spin-orbit
coupling which typically varies as Z*. Data are reported from an al-
loy of nominal atomic composition Fe4gNiggMo, as well as from an
alloy of nominal equiatomic FeNi. As a first-order assumption, the
physical and thermodynamic properties of these two compositions
are the same, allowing direct comparison of results. After synthe-
sis and homogenization, high-strain processing of these alloys was
conducted by cold rolling to produce a highly defective starting
material with a convenient annealing furnace geometry. Samples
were heat-treated both in the absence of external stress and mag-
netic fields and in the presence of external stress and magnetic
fields in the MultiDriver Furnace. After thermal treatment, surfaces
of the samples parallel to the applied magnetic and strain fields
were probed by high-energy synchrotron X-ray diffraction (XRD)
and by Magneto-Optical Kerr Effect (MOKE) microscopy to exam-
ine the effects of processing.

3.2. Sample synthesis and processing

Ingots of nominal composition (FeNi)ggMo, (also referred to as
FeNi(Mo) in this work) were prepared from the elements (Alpha
Aesar: Fe = 99.98%, Ni = 99.995%, Mo = 99.95%) by arc melt-
ing in Ar. After remelting each individual ingot five times to en-
sure chemical homogeneity, chemical composition of the samples
was confirmed using field emission scanning electron microscopy
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Table 1
Composition of (FeNi)ssMo, sample as determined by EDS.
Nominal composition  at% Fe at% Ni at% Mo
(FeNi)ggMo> 52+05 47+05 1+05
Heating
{2°C/min) i :
i Slow coolingi
! (0.1°C/min) !
395 4 g
320 5 Too
285 i
()
-3 Furnace cooling
'_
1100 min
25 i »
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5 min Time 48 davs

Fig. 2. Depiction of heat-treatment protocol applied to the cold-rolled FeNi(Mo)
specimens. The same heat-treatment protocol is used both for conventional (CN-
TRL) annealing and for applied stress/magnetic field (CRFSA) annealing.

(FE-SEM, Hitachi S-4800) equipped with energy dispersive spec-
troscopy (EDS; EDAX). Five regions were probed for each sample
with an error in composition estimated as + 0.5 at%, with the de-
termined elemental concentrations reported in Table 1.

Severe plastic deformation is expected to have a positive ef-
fect on atomic diffusion toward promoting phase transitions due to
the creation of a high density of lattice defects [37,38], particularly
dislocations that can serve as a source of abundant lattice vacan-
cies [39,40]. To achieve the severely deformed state, cold rolling
was conducted at the Ames Laboratory Materials Preparatory Cen-
ter (MPC) [41] on single coalesced ingots to achieve a strain level
(Atft, where t is the initial specimen thickness) of approximately
93%. The cold-rolling process was performed gradually in 13 steps,
preserving the same rolling direction for each rolling pass. After
rolling, the deformed specimens had dimensions of approximately
1 cm x 7 cm x 0.3 mm. These strips were then mounted on the
sample assembly for annealing under the two conditions: conven-
tional annealing with no stress or magnetic field applied (the con-
trol sample, denoted “CNTRL”) and annealing under simultaneous
action of applied stress and magnetic field (the cold-rolled field-
and stress-annealed sample, denoted “CRFSA”). The MultiDriver
furnace was operated in small positive pressure (~3 psi) and steady
flowrate (~0.1 L/min) of ultra-high purity Nitrogen gas (99.999%).
Care was taken to ensure that the applied stress and magnetic field
were applied in the same direction, along the rolling direction of
the samples. As L1y FeNi possesses a c¢/a ratio > 1.0, this orienta-
tion was anticipated to promote favorably oriented crystallographic
and microstructural changes under these drivers.

The heat treatment protocol used to process both the CNTRL
and the CRFSA samples is diagrammed in Fig. 2. Samples were
heated at 2 K/min to T = 395 °C, above the reported 320 °C
order-disorder temperature of L1j FeNi, held for 5 min, then slowly
cooled through Top to ~285 °C at —0.1 K/min and held for 48 days
before furnace cooling to room temperature. This heat treatment
protocol was based on that used by Tanaka and coworkers who
demonstrated achievement of a monovariant L1y-type structure in
FePd by magnetic field annealing, or by applying a compressive
stress during annealing [42,43]. A passive magnetic field was cre-
ated in the MultiDriver Furnace through a magnetic circuit com-
prised of two small (~5 mm x 5 mm x 10 mm) axially magnetized
commercial SmCo magnets (McMaster-Carr) and an electrical steel

flux return path. A tensile stress of ~6.2 MPa was applied by hang-
ing a cylindrical steel weight of 5.3 kg from the sample. Following
annealing, representative samples were cut from the center of each
strip using a low-speed diamond saw and polished by hand to re-
move a slight oxidation layer.

3.3. Crystal structure characterization using synchrotron X-ray
diffraction

The extremely small tetragonal distortion (¢/a = 1.0036) as-
sociated with the L1y phase of FeNi produces only very minor
Bragg peak splitting that is highly challenging to detect as it is be-
neath the resolution limit of most laboratory-based X-ray diffrac-
tion (XRD) equipment. Furthermore, the intensity of XRD super-
structure Bragg peaks produced by chemical ordering is also well
below the detectable limit of laboratory XRD equipment. Indeed,
the intensity of the (001) superlattice Bragg peak of L1y-type
FeNi is calculated to be only on the order of 0.3% of that of the
strongest fundamental Bragg reflection, under the assumption of
perfect chemical order. To address these issues, the lattice struc-
ture of these FeNi-based alloys was probed using high-resolution,
high-energy synchrotron powder diffraction at the Advanced Pho-
ton Source (APS) Beamline 33-BM at the Argonne National Labora-
tory. Beamline 33-BM employs a sagittally focused double-crystal
Si monochromator to achieve world-class sensitivity and resolution
[44,45]. This configuration allows highly accurate measurement of
lattice constants to within one standard deviation uncertainty of
0.0001 A [46].

Diffraction data were collected at room temperature in the re-
flection mode (Bragg-Brentano geometry) for four FeNi(Mo) sam-
ples in the processing states described in Table 2: as-cast (AS),
cold-rolled or deformed (CR), deformed and conventionally an-
nealed (CNTRL) and deformed and MultiDriver Furnace-annealed
(CRFSA). A radiation energy of 20 keV was selected to yield an X-
ray wavelength of 0.619926 A. Several locations near the center of
each specimen were examined using an approximate beam area
of 0.5 mm?2; the penetration depth of the X-rays, and hence the
probe volume, was well in excess of 50 micrometers. In this man-
ner it was possible to probe the bulk region of the material lo-
cated below any deformed layer produced by mechanical polishing.
Diffraction data were refined using the Rietveld method [47] and
within the GSAS-II program [48], employing both cubic and tetrag-
onal models. Parameters refined included the background signal,
sample displacement, unit cell parameters, instrument parameters
and crystallographic texture. At the end of the refinement, all pa-
rameters were allowed to vary simultaneously to convergence.

3.4. Surface topography, magnetic domain characterization using
wide-field MOKE microscopy and magnetometry

Microscopic examination of the topographic surface conditions
was accompanied by characterization of the magnetic domain con-
figurations of the samples using wide-field Magneto-Optic Kerr Ef-
fect (MOKE) microscopy [49,50]. MOKE images can be captured
during the application of a magnetic field, thus permitting the
magnetization process to be followed. By measuring the integrated
image intensity on selected sample spots during a full field sweep
and plotting the result versus the applied field, MOKE magnetiza-
tion loops can be obtained at the same time [51]. In case of bulk
specimens, one must be aware that MOKE microscopy is a surface
characterization technique, probing the magnetization up to 20 nm
in depth in case of metallic materials [52]. Consequently, only the
surface domains that are also responsible for the measured MOKE
loops may be observed. As surface domains may significantly dif-
fer from the underlying volume domains [48], it is necessary to
act with caution regarding interpretation of magnetic domains and
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Table 2
FeNi(Mo) sample processing details, designations and descriptions.

Sl

W iE
sOM &

Natural L1, Fani Towards Laboratory L1, FeNi

Sample condition Designation Experimental details

As-cast AS cast and homogenized

Cold-rolled CR degree of cold-worked strain ~93%

Cold-rolled and conventionally annealed: Control sample ~ CNTRL annealed 48 days at 285 °C

Cold-rolled and field-stress annealed CRFSA annealed 48 days at 285 °C under the simultaneous influence of stress and magnetic field

loops. Furthermore, sample surface preparation is of utmost impor-
tance. Particular attention must be paid to the polishing procedure
to avoid creation of a strained surface layer that damages and dis-
torts the surface magnetic domain configuration [53-55]. Previous
results (unpublished) indicate that the surface magnetic domain
configuration of these FeNi-based samples is surprisingly suscep-
tible to the polishing procedure, often exhibiting complex, uniaxial
out-of-plane domain patterns (similar to those shown in Ref. [54])
that are actually polishing artifacts. In this current work, samples
were mounted in ethanol-resistant wax and initially roughly pol-
ished with using a Struers RotoPol-31 Lab Grinder/Polisher. Fine
polishing was performed by hand with various grades of SiC paper,
and finally with MD Chem polishing cloths. The cloths were pre-
pared with lubricant, ethanol and Buehler MasterMet 2 colloidal
silica suspension. Such suspensions, which combine some chemi-
cal and mechanical polishing effects, are known from silicon wafer
technology. For the preparation of magnetic materials, they were
firstly applied to oxide magnets [56] but proved to be suitable also
for stress-free polishing of metallic magnetic specimens [48]. All
sample rinses were done with ethanol, and water was never used
on the sample. The samples were dried with air. The polishing pro-
cess took up to six hours per sample, and the progress of polish-
ing was monitored by intermediate MOKE imaging to ascertain the
quality of the surface and of the associated magnetic domains.

Once polishing was complete, the magnetic domains were im-
aged in a wide-field Kerr microscope using two objective lenses.
Initially a 20x lens was used with a numerical aperture of 0.5.
While this lens provides a lateral resolution of just 500 nm, it is
suitable for capturing the domains in several grains within one
image thus obtaining an overview of the magnetic domain con-
figuration in a certain grain neighborhood. Subsequently an oil-
immersed 100x lens with a numerical aperture of 1.3 was em-
ployed to see details of the domains at a highest resolution of
about 220 nm. Captured MOKE data may be processed to yield dif-
ference images, in which an image of the magnetically saturated
(i.e. domain-free) state is subtracted as a background image from
the images containing magnetic contrast. The contrast in the dif-
ference images is free of topographic information and can be en-
hanced by digital image processing techniques. By combining im-
ages that are obtained at opposite directions of oblique light in-
cidence in proper ways, it is possible to run the Kerr microscope
under conditions of pure sensitivity to either perpendicular or to
in-plane magnetization components [57], known as polar and lon-
gitudinal Kerr effect, respectively.

4. Results and analyses
4.1. Sample condition, crystallographic texture and lattice character
After prolonged MultiDriver furnace annealing, the samples’

surfaces were only slightly oxidized and required minimal reclean-
ing prior to examination with synchrotron XRD. Each X-ray diffrac-

tion data set indicates the presence of very well-crystallized sam-
ples with little or no secondary phases; these data are representa-
tive of those obtained from multiple regions in each sample. While
a detailed analysis of the crystallographic texture of these sam-
ples is beyond the scope of this current study [58], nevertheless it
is possible to extract useful information concerning the effects of
MultiDriver processing of this alloy. The crystallographic textures
of FeNi(Mo) specimens are found to exhibit marked differences
associated with their processing state (as-cast (AS), cold-rolled
(CR), conventionally annealed (CNTRL) and MultiDriver-annealed
(CRFSA)). This aspect is evidenced by deviations of Bragg peak in-
tensity from those of the ideal isotropic state, Fig. 3. This figure
includes simulated reference Bragg peaks for the FesyNisy compo-
sition with the A1 (fcc) structure, for comparison; tetragonal Miller
indice peak labels are included in Fig. 3. Diffraction data obtained
from the as-cast specimen, Fig. 3 (top left), show enhanced (111)
and (220) peak intensities attributed to directional solidification
effects that produced columnar grains along the thermal gradient
direction. Attainment of (220) texture in FeNi materials has also
been reported for Ni and for FeNi nanowire arrays [59-62]. The
cold-rolled specimen shows the presence of a very strong (220)
Bragg peak that dominates all other peaks in the XRD pattern,
Fig. 3 (bottom left). This result is consistent with attainment of the
well-known Goss texture found in Fe-based alloys upon deforma-
tion by rolling and recrystallization annealing [63,64]. The appre-
ciable (111) Bragg peak intensity in the CR sample is attributed to
grains with the (111) orientation that were initially present in the
AS sample and were not completely eradicated by cold rolling.

The XRD patterns obtained from the two post-deformation an-
nealing states are very different from one another. The convention-
ally annealed CNTRL sample (Fig. 3 (top right)) presents a strong
(200) texture that is attributed to recrystallization of the strained
precursor during long-term annealing. In contrast, the CRFSA sam-
ple subjected to MultiDriver furnace annealing retains a very in-
tense (220) Bragg reflection (Fig. 3 (bottom right)), again exhibit-
ing a strong texture that looks very much like that present in the
same sample after cold rolling (Fig. 3 (bottom left)). In specific, it
is concluded that application of stress and magnetic field drivers
during post-deformation annealing prevents texture development
along the (200) direction and promotes texture along the (220)
direction. This observation strongly suggests that MultiDriver pro-
cessing performed on these strained alloy precursors allows reten-
tion of the original deformed (CR) texture.

The effects of processing on the crystal lattice of samples in this
study are revealed with the high-resolution data obtained from the
APS synchrotron using high-energy, high-X-ray flux conditions. In
particular, for all FeNi(Mo) samples examined in this work, struc-
tural refinements resulting from application of a tetragonal model
to the XRD data were found to be unambiguously better across all
goodness-of-fit parameters [65] than those returned from the re-
finement using the cubic model. Table 3 provides a summary of
the lattice parameters and the weighted profile R-factors (Rwp) re-
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Fig. 3. Experimental and reference X-ray diffraction patterns of the (FeNi)osMo, samples, with Miller indices presented for a tetragonal structure. (top left): As-Cast (AS);
(bottom left): Cold-Rolled (CR); (top right): Control (CNTRL) after conventional annealing; (bottom right): MultiDriver Furnace Field-Stress Annealed (CRFSA). The simulated
XRD pattern for the cubic Al-type FesoNiso phase with A=0.619926 A is displayed below each pattern.

Table 3

Comparison of Rietveld refinement-derived goodness-of-fit parameters and lattice parameters (including errors) of the (FeNi)osMo, samples resulting
from application of a tetragonal model vs. a cubic model to the XRD data. Previously reported lattice parameters for as-cast equiatomic FeNi and for

meteoritic L1 FeNi are included for comparison.

FeNi(Mo) AS FeNi(Mo) CR FeNi(Mo) CNTRL FeNi(Mo) CRFSA FeNi AS [7] L1, FeNil?!
Cubic Tetrag. Cubic Tetrag. Cubic Tetrag. Cubic Tetrag.
Ruwp 149 104 17.6 143 15.4 7.9 14.8 7.7
a-parameter +0.0005 (A) 3.6041 3.5952 3.6002 3.5824 3.6199 3.6045 3.5976 3.5879  3.58593 3.5761
c-parameter +0.0005 (A) 3.6101 3.6018 3.6138 3.5983  3.58722 3.5890
Unit cell volume +0.02 (A3)  46.82 46.66 46.66 46.22 47.43 46.95 46.56 46.32 46.13 45.89
¢/a ratio (+£0.0003) 1.0041 1.0054 1.0022 1.0029  1.00036 1.0036

sulting from fits of the diffraction data to a cubic model and to a
tetragonal model. It can be seen that Rwp is consistently smaller
for data returned from the tetragonal fit. For comparison, also in-
cluded in Table 3 are previously reported lattice parameters for
as-solidified, homogenized equiatomic FeNi and for L1y FeNi de-
rived from tetrataenite. Based on these results, going forward only
tetragonal refined lattice parameters are presented and analyzed,
using the values provided in Table 3. It can be noted that all cases
the lattice parameters are smaller for the nominally binary FeNi
specimen than for those with the Mo alloying addition. The as-cast
FeNi(Mo) sample unit cell volume of 46.67 (+£0.002) A3 is approxi-
mately 1.2% larger than that reported for FesoNiso by Wakelin and
Yates; this value is consistent with the presence of Mo in the lat-

tice as well as with the noted Fe enrichment in our samples [66-
70].

The data of Table 3 are presented in Fig. 4 which displays
both the c/a ratios and the deviations in unit cell volume of the
FeNi(Mo) samples relative to parameters of L1yp-type FeNi, as a
function of the sample processing state. Upon deformation from
the as-cast state, the degree of tetragonality, as quantified by the
¢/a ratio, increases, ranging from a low value of 1.00036 (+0.0003)
(essentially cubic) for the as-cast sample to a high value of 1.0054
(£0.0003) for the cold-rolled sample. Simultaneously, the unit cell
volume decreases by approximately 1%, from 46.67 A3 to 46.22 A3
(+0.002 A3), consistent with the introduction of a high density of
lattice defects [71,6,72]. The subsequent differences in the lattice
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Fig. 4. Graphical display of tetragonal lattice character resulting from conventional annealing vs. MultiDriver furnace annealing, with the cold-rolled state identified as the
deformed state. Comparisons relative to measured L1, values, derived from the NWA 6259 meteorite [7], of specimen unit cell deviations and c/a ratios as reflective of the
processed state. The uncertainties associated with these data are smaller than the data markers.

resulting from the type of post-deformation annealing, either con-
ventional annealing or versus or MultiDriver annealing, are reveal-
ing: the unit cell volume of the conventionally annealed specimen
collapses precipitously from that of the precursor cold-rolled state
by over 1.5%, accompanied by a strong decrease in the tetragonality
ratio. In contrast, the MultiDriver CRFSA sample experiences only
a very slight decrease in unit cell volume relative to the precur-
sor deformed state, accompanied by a moderate c/a ratio decrease.
This MultiDriver-annealed state mimics that found in the CNTRL
sample and echoes the minor change in crystallographic texture
noted in the CRFSA sample as compared to that found in the CN-
TRL sample. These results allow the conclusion that MultiDriver
annealing facilitates attainment of a lattice condition in FeNi that
is close to that of meteorite-derived L1y FeNi, specifically a lower
unit cell volume combined with an elevated tetragonality.

4.2. Magnetic domain configurations and surface topography

Analysis of MOKE images captured from the samples of this
study indicates clear differences in the magnetic domain config-
uration, and hence in the sample magnetic properties, induced by
MultiDriver processing. Magnetic domain observation is very diag-
nostic and can allow detection of influences from lattice and strain
distortions which are not easily visible using other techniques [73].
Basically, the character of the surface domains that are typically
imaged is determined by the orientation of magnetic anisotropy
axes relative to the surface. With increasing misorientation, i.e.

misalignment between a magnetic easy axis and the sample sur-
face, the domain complexity increases by domain branching. The
character of this domain branching, on the other hand, depends
on the manifold of easy axes [48]. In case of materials with cubic
magnetocrystalline anisotropy, different characteristic domains are
therefore expected if a surface is dominated purely by the crystal
anisotropy or if lattice and strain distortions enforce an effective
uniaxial anisotropy (as may be seen in Fig. 5.9 of Ref. [48]).

To better understand the effects of the processing on the mag-
netic properties in this study, details of the magnetic domain struc-
ture and associated surface topography of two samples are pre-
sented here: (i) a chemically unmodified FeNi as-cast (AS) sample
[7] and (ii) the earlier-discussed FeNi(Mo) alloy after cold-rolling
and annealing (CRFSA) in the MultiDriver Furnace. For domain in-
terpretation it is essential to know the symmetry and magnitude
of anisotropy and the quality factor Q of the material, defined as
Q = K. [Kg, where K is the anisotropy constant and Ky = Js2/211g
is the stray field coefficient (with Js the saturation polarization)
which is a measure of the maximum energy density that may be
connected with stray fields. In materials with Q << 1 the magnetic
stray field energy dominates the anisotropy energy; i.e. any mag-
netic anisotropy present (be it magnetocrystalline, stress-induced
or of other origin) must be relatively small. It is then expected
that in this case, in the zero-field state, the magnetization within
the volume of the sample follows the anisotropy directions while
at the sample surface the dominating stray field energy will cre-
ate flux-closure domains for misoriented surfaces (i.e., those sur-
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Fig. 5. Surface magnetic domain structure, observed by MOKE microscopy on the as-cast FeNi alloy. Two types of domain patterns are revealed in the overview image a)
corresponding to crystallites of two different orientations as resulting from solidification. The major grain boundaries are highlighted by white lines. The high-resolution
images b)-d) were taken at the indicated regions in image a). In images c) and d), two domain states at the same sample location are shown which were obtained after
independent ac-field demagnetization (conditions : 10 Hz, horizontally applied magnetic field). In image e) a typical surface MOKE loop of region (2) is shown. The axes of

Kerr sensitivity are marked by white arrows in the all domain images.

faces not containing an easy direction). Independent of the degree
of misorientation and the domain branching, there will always be
strict in-plane magnetization right at the surface for materials with
Q << 1 to avoid the appearance of magnetic surface poles [48].
For comparison, high-anisotropy materials such as NdFeB or L1
FePt that typically possess quality factors Q > 1 may also present
out-of-plane magnetization components at the surface if allowed
by the anisotropy.

The unmodified FeNi 50 at% alloy of this study is estimated
to possess a very small quality factor Q = 0.0008, calculated un-
der the assumption of a saturation polarization Js = 1.6 T as
well as a first-order magnetocrystalline anisotropy constant K; =
+800 J/m3!74l, Typical magnetic domain patterns (in the demag-
netized state) of the AS FeNi sample are shown in Fig. 5. In ac-
cordance with the positive crystal anisotropy constant value, it is
expected that in this case the <100> crystal axes are the pre-
ferred directions for the magnetization. Mechanical stress, possi-
bly frozen-in during processing, can induce anisotropies that can
compete or even overcome this relatively low crystal anisotropy
value by virtue of an estimated magnetostriction constant of
A = +25 x 1076 in this material. For reasonable stress levels, how-
ever, it is not expected that such manipulation of the magnetocrys-
talline anisotropy will significantly change the range of the qual-
ity factor. Thus the aforementioned small Q-factor of this sample
forces the magnetization polarization to lie strictly parallel to the
imaged surface, independent of the orientation of the magnetic do-
mains that are present in the underlying volume. In fact, when the

domains are imaged under pure polar Kerr sensitivity conditions
(data not shown), no domain contrast at all is observed. This is
true for both the processed and unprocessed samples investigated
in this work. All domain images, presented in the following sec-
tion, were consequently obtained under pure in-plane Kerr sensi-
tivity and the displayed domain images are representative of those
found throughout the sample.

In the overview picture (Fig. 5a) numerous grains are seen
with grain boundaries that follow a pronounced diagonal direc-
tion, extending from the top left corner to the bottom right cor-
ner. Two basic types of patterns can be identified: fine, stripe-
like domains that resemble fingerprints (region 1 in Fig. 5a), and
coarser, blocky irregular domains (region 2 in Fig. 5a). The inter-
grown/dendritic type region 3 shows both types of domains. Obser-
vation of the characteristic domain patterns present in the as-cast
FeNi-based sample at higher resolution (Fig. 5b-d) allow a num-
ber of conclusions to be made, detailed as follows. The first con-
clusion is that the stripe-like domains (Fig. 5b) closely resemble
branched closure domains that are typically found in amorphous
ferromagnetic ribbons with the easy axis perpendicular to the rib-
bons’ surface (compare Figs. 3.142 and 5.46 in Ref. [48]). Similar
magnetic domain patterns were also observed on nickel-iron sin-
gle crystals containing ~55% Ni (as seen in the previously men-
tioned Fig. 5.42 in Ref. [48]). The latter were attributed to stress-
induced anisotropy within the crystal. Building on those observa-
tions it is concluded that the origin of the branched domain pat-
terns shown in Fig. 5b is the presence of an effective uniaxial mag-
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netic anisotropy with a strong component perpendicular to the
as-cast specimen surface. Mechanical stress, overcoming the cu-
bic magnetocrystalline anisotropy, may underlie this effect. Addi-
tionally, it is possible that a significant crystallographic misorien-
tation of the surface (i.e. the surface does not contain easy crys-
tal axes) contributes to the strong perpendicular component of
anisotropy. The second conclusion that may be drawn from these
magnetic domain images is that the multiple gray levels of Kerr
contrast (Fig. 5¢) found in the coarser, irregular/blocky domains
of region 2 in Fig. 5a are consistent with the existence of multi-
ple, non-collinear (effective) anisotropy axes existing at the sam-
ple surface. In this circumstance it seems that the cubic magne-
tocrystalline anisotropy does indeed dictate the magnetic domain
pattern, possibly due to the presence of a more favorable crystal-
lographic surface orientation. Additional MOKE examinations per-
formed on this sample indicate that residual mechanical stress also
impacts the configuration of these domains. In specific, after de-
magnetizing the sample in an ac magnetic field, the resultant zero-
field domain patterns differ in detail but not in the local distribu-
tion of gray contrast level (compare Fig. 5¢ and d). This observa-
tion may be explained as an effect of superimposed stress-induced
anisotropy, where one of the crystallographic axes is preferred rel-
ative to the others at every location in the sample. This stress-
induced “fixation” of domain patterns may also underlie the typ-
ical, consistently found two-step local magnetic reversal recorded
by MOKE magnetometry on all grains of this sample, exemplar-
ily shown in Fig. 5e. Such hysteresis loops resemble the unique
two-step magnetic reversal characteristic of the Perminvar effect,
which was first demonstrated in a group of Fe-Ni-Co alloys!7°].
Perminvar materials exhibit a constant permeability at low field
strengths, together with low hysteresis losses. At a field strength
less than a critical field strength, the hysteresis loop is open. With
rising field strength, the loop width decreases and disappears alto-
gether at higher magnetic field intensities. Through correlation of
loop development and magnetic domain evolution in the Kerr mi-
croscope (not shown) it is confirmed that the steep parts of the
recorded surface hysteresis loop are dominated by domain growth,
while along the low-permeability branches the domains are pinned
with very little or no wall motion. Note that the Perminvar effect
is observed on the surface of the specimen - no conclusion is pos-
sible on the behavior of the interior volume.

In contrast, a much different magnetic domain configuration is
created by MultiDriver processing. Fig. 6 shows paired topographic
and magneto-optical images obtained from two separate areas that
are representative of the entire CRFSA sample. The specimen is
clearly inhomogenous, exhibiting a variety of significantly different
magnetic domain patterns. In specific, broad (~100 wm) magnetic
domains with pure black-and-white contrast are noted, separated
by 180° domain walls delineating domains that are strictly magne-
tized in-plane. These broad magnetic domains gradually transition
into mottled, micron-sized regions of gray, black and white con-
trast. These features are examined in more detail in Fig. 7, which
also includes local magneto-optical hysteresis loops measured in
three characteristic areas of the sample, denoted Areas 1-3. In Ar-
eas 2 and 3 a mottled magnetic domain pattern is present with
constricted surface hysteresis loops that are very similar to the
Perminvar-like loop of Fig. 5e. The high-resolution domain images
in Fig. 7d the depict the above-mentioned multilevel gray domain
contrast in those regions. In contrast, the very clear black-and-
white wide stripes of Area 1 deliver a hysteresis loop of a very
sharp and square magnetic reversal with a remanence ratio equal
to unity, as expected for a loop that is governed by 180° domain
wall motion. The magnetic domain boundaries are curved, follow-
ing local anisotropy directions. Despite the very thorough polishing
treatment applied to this sample (see Materials and Methods Sec-
tion), the topographic images in Fig. 6 reveal a region of roughness

that is exactly coincident with the regions containing the wide
magnetic domains, consistent with local elevated mechanical hard-
ness. In contrast, the regions that exhibit gray, mottled domain
contrast are topographically very flat and smooth. As a relevant
observation, within the body of meteoritic literature the L1, FeNi
phase is often identified in multiphase meteorites as significantly
more chemically resistant to acid etching and is notably mechani-
cally harder than other meteoritic FeNi phases [76-79]. While the
FeNi(Mo) alloy in the CNTRL state was also examined using MOKE
microscopy, these images exhibited highly complex domains that
resembled the domains of Area 2 in Fig. 7. These images are not
included as they cannot easily be interpreted.

Summarizing, the presence of a cubic magnetocrystalline
anisotropy, modified by residual stress, can be deduced from mag-
netic domain observations performed on the as-cast (AS) NiFe ma-
terial. In contrast, large areas with uniaxial anisotropy are present
in the CRFSA sample produced by MultiDriver-annealing; these
uniaxial areas are interrupted by zones of very small, mottled do-
mains that are consistent with the presence of a second phase
with cubic anisotropy. Importantly, in both the as-cast and the
MultiDriver-annealed material, no polar Kerr contrast could be de-
tected; therefore the quality factor Q for the material in both pro-
cessing states is not large, likely significantly smaller than unity.

5. Prospects for achieving chemical order in FeNi

Overall, all assessed parameters of FeNi alloys investigated
here (crystallographic texture, unit cell volume, tetragonality ra-
tio, magnetic domain configuration and magnetic reversal char-
acter) demonstrate consistent trends with processing, with Mul-
tiDriver processing utilizing simultaneous applied magnetic and
stress fields to promote tetragonality. Conventional annealing in-
duces an expansion of the unit cell volume and a recrystal-
lized texture along the (200) direction while MultiDriver anneal-
ing maintains the (220) crystallographic texture of the precursor
cold-rolled state and delivers lattice alterations that are in align-
ment with those of chemically ordered FeNi (tetrataenite): namely
a lower unit cell volume and an elevated c/a ratio. These results
permit the deduction that simultaneous application of a tensile
stress and of a saturating magnetic field during annealing does in-
deed have an impact on the recrystallization process, in essence
suppressing recovery and recrystallization to retain the alloy in
its “as-deformed” state. Correspondingly, the magnetic domain im-
ages obtained from MultiDriver-processed samples show clear ev-
idence of magnetic uniaxiality in a majority of the sample which
is precisely coincident with regions of elevated mechanical hard-
ness. While the wide, black-and-white domains of Figs. 6 and 7 are
reminiscent of those found in canonically soft magnetic materials,
such as silicon steels and amorphous magnetic glasses [48,80,81],
the results reported here are distinguished by evidence of a very
square magnetic reversal accompanied by an appreciable rema-
nence. These attributes are consistent with magnetic uniaxiality
that is accompanied by elevated magnetocrystalline anisotropy. It
may thus be concluded that MultiDriver processing induces a pre-
dominant, though small, uniaxial anisotropy, which is apparently
stronger than the original cubic anisotropy of the NiFe-based ma-
terial.

An intriguing resemblance is noted between magnetic domains
of the uniaxial regions of the MultiDriver furnace-processed FeNi
sample, Figs. 6 and 7, and those exhibited by the Estherville
mesosiderite meteorite containing large regions of tetrataenite,
Fig. 8, as imaged by magnetic force microscopy. The Estherville
meteorite fell to earth in 1879 near Estherville, lowa, U.S.A., and
remains the largest meteorite found in North America [82]. Three
characteristic regions of the meteorite are identified and labeled in
Fig. 8: these are the so-called Cloudy Zone (region A in the figure),
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Optical images

MOKE images

Fig. 6. Optical and MOKE images of the FeNi(Mo) CRFSA (Cold-Rolled and Field-Stress Annealed) sample. Left-hand side: surface of the samples; Right-hand side: MOKE
images obtained in the demagnetized state. The Kerr sensitivity is vertical in the overview Kerr images.

which is a nanocomposite of high-Ni phases embedded in a matrix
of a low-Ni phase [83,84]; kamacite (region C), an iron-based phase
with the body-centered cubic (bcc) structure, and tetrataenite (re-
gion B). The tetrataenite phase imaged in Fig. 8 displays magnetic
domains that are to be expected for a material with high uniax-
ial anisotropy [49]. All domains are strictly magnetized along the
chemical ordering direction and hence are parallel to the direction
of the L1y easy axis. Due to the polycrystalline microstructure in
region B with grain sizes of several micrometers, the local domain
appearance depends on the misalignment between the easy axis of
the L1y phase and the angle of the specimen surface cut relative
to the grain orientation. The flame-like appearance of the domains
is due to the contrast mechanism of magnetic force microscopy
which senses magnetic poles and local susceptibilities of a domain
pattern [85]. The magnetic domains in Area 1 of Fig. 7 follow the
same principal. Compared to those imaged in Fig. 8, however, the
wide in-plane magnetized, uniaxial domains in Fig. 7 indicate the
existence of an effective easy axis parallel to the surface in that re-
gion. While the strength of uniaxial anisotropy cannot be derived
from the domain pattern, the similarity of parallel striped magnetic
domain contrast in both types of samples is evident. This state-
ment is supported by a comparison of Figs. 6d) and 7a, Area 1 of
the processed FeNi strips with the upper right quadrant region of
the Estherville meteorite, Fig. 8. It is also interesting to note the
similarity between the magnetic domains of Fig. 7a), Area 3 with
those of the Cloudy Zone region A, Fig. 8. This multiphase region
in the Estherville meteorite consists of very fine (~2 nm diameter)
particles of tetrataenite embedded in disordered FeNi [86]; under
optical microscopy examination this microstructure appears cloudy
after chemical etching, hence its moniker “Cloudy Zone” [87]. It is
possible that the processed FeNi samples examined in this study
also contain a synthesized Cloudy Zone, with confirmation left for
future work. Overall, in addition to the earlier presented results,
these magnetic domain comparisons provide additional evidence

that the MultiDriver processing approach is of value is of value for
creating favorable conditions to develop chemically ordered FeNi,
on industrially relevant timescales, for technological applications.

The origin of the magnetic uniaxiality underlying the observed
magnetic domain patterns and the rectangular shape of selected
areas of the MultiDriver-annealed sample is attributed to the
promotion of “orientational superstructures”, predicted by Néel
[65] and described by Chikazumi and coworkers researching FeNis
as “directional order” [66,88,89], with the latter terminology in
current use. Néel claim that such a structure may be formed by
rolling or stretching of polycrystalline ferronickels and is strongly
related to the specific thermal recovery mechanism [90]. They at-
tribute this effect to the tendency of nearest-neighbor atoms in
ferromagnetic solid solutions annealed in a magnetic field to re-
distribute in an anisotropic manner around a given atom, as di-
rected by differences in bonding between A-A, B-B and A-B atoms
in a ferromagnetic binary AB solid solution. This phenomenon can
give rise to an anisotropy in directional order in such alloys, which
is equivalent to uniaxial anisotropy [91,92]. Supporting this frame-
work, differences in bond lengths in FeNi alloys was investigated
with synchrotron-based X-ray diffuse scattering experiments by
Jiang and co-workers who measured both the local chemical or-
der and the pairwise atomic displacements in a selection of FeNi
alloys, recovering the mean static displacements for Fe-Fe, Fe-
Ni and Ni-Ni pairs [93]. In the vicinity of the equiatomic com-
position, they found that the average Fe-Fe first-neighbor inter-
atomic distance to be much larger than the average derived from
the lattice spacing for the alloys while the Ni-Ni first-neighbor
distance follows the average lattice and the Fe-Ni first-neighbor
distances are smaller than average. It is concluded that these
bond-length deviations from Végard’s Law reflect the processing-
induced creation of orientational superstructures and give rise to
the tetragonality that is noted in alloys examined in this current
work.
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Fig. 7. MOKE images obtained in the demagnetized state of the FeNi(Mo) “CRFSA” (Cold-Rolled and Field-Stress Annealed) sample. Images b) and c) were taken under high-
resolution conditions in the areas marked as 1, 2, and 3 in the low-resolution image a). The surface MOKE hysteresis loops were recorded in image spots of approximately
(10 x 10) square micrometers at low resolution. All images are taken at longitudinal Kerr sensitivity. During imaging the Kerr sensitivity was along the vertical direction in

all images, and the field was applied along the same axis.

Fig. 8. Magnetic microstructure of a region of the Estherville meteorite that con-
tains regions of the Cloudy Zone (A), tetrataenite (L1o FeNi), (B) and kamacite (bcc
FeNi), (C).

The MultiDriver-processed samples demonstrate uniaxial mag-
netic anisotropy that is derived from induced and/or amplified
lattice tetragonality. However, no evidence of chemical ordering,
within the limits of detection, was obtained from the synchrotron
XRD data. It is known that achievement of tetragonality is not suf-
ficient to induce a large magnetocrystalline anisotropy in ferro-

magnetic binary metallic alloys. Indeed, ab initio electronic struc-
ture calculations conducted by Razee, Staunton and co-workers al-
low clarification of the relationships between magnetocrystalline
anisotropy, chemical order and lattice distortion in a selection of
ferromagnetic compounds [94-96]. These authors conclude that
the magnetocrystalline anisotropy energies may be attributed both
to lattice distortion (tetragonality) as well as to chemical order-
ing. In L1y-type CoPt, they calculate that only about 20% of the
anisotropy is furnished by adopting a non-cubic lattice, while the
remaining 80% is contributed by the chemical order. This value is
obviously reduced in the instance of incomplete chemical order,
where the chemical order parameter S, which quantifies the degree
that specific atomic lattice sites are occupied by specific atoms, is
less than unity.

Nonetheless, prospects for attaining chemically ordered FeNi in
industrially relevant timeframes remain positive. Previous work has
allowed the hypothesis that the chemical ordering transformation
in bulk FeNi is a two-step process: a stress-induced martensitic
transformation to a tetragonal chemically disordered (A6 Struk-
turbericht designation) phase, followed by a diffusional process to
attain the chemically ordered L1 phase [7,33]. Thus, in a sense,
these current results signal partial achievement of bulk L1, FeNi.
The next necessary processing step is to increase the diffusion rate
in this system without a concomitant increase to high tempera-
ture. While it is known that diffusion in magnetic materials may
be driven by a magnetic field gradient, literature reporting on the
influence of magnetic field gradients on thermally-driven atomic
diffusion in solids is both sparse and contradictory [97-99], and re-
ports of magnetic gradient effects on first-order phase transitions
in magnetoresponsive materials are not found in the literature. The
dearth of literature in this area may be related to challenges of
creating a large magnetic field gradient within an annealing fur-
nace. To this end, it is proposed that MultiDriver processing may
be employed to create, in a highly simple manner, a magnetic field
gradient in suitably shaped samples. The effect is anticipated to
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be very significant, as the magnetic force is proportional to the
square of the magnetic induction gradient [100,101]. It is predicted
that surprisingly large magnetic field gradients can be created in
the MultiDriver furnace by using specimens with a tapered geome-
try: for example, incorporation of a SmCo-type magnet (remanence
~0.9 T [102]) in the MultiDriver furnace can furnish a flux gradient
of 90 T/m via a ten-fold reduction in area A from one end of a
specimen to the other of a tapered strip of 10 cm in length. This
large gradient magnitude significantly exceeds those utilized by
other researchers by employing complex magnetic configurations
[103,104], and provides an interesting prospect for tailoring diffu-
sional (i.e., thermodynamically first-order) phase transitions such
as that found in FeNi.
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