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Abstract: We investigate the effect of an applied magnetic field on the entire HDDR process using
a customized reactor vessel and a warm-bore superconducting magnet. We analyzed the resulting
properties produced at both a 0 applied field and a 2 Tesla applied field. We show that the application
of a magnetic field throughout the HDDR process results in powders that exhibit a greater level of
anisotropy compared to their ambient field counterparts.
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1. Introduction

As the development of modern technology demands magnets of greater energy prod-
ucts, so too does the economic and environmental cost of the current state-of-the-art
magnets based on the Nd2Fe14B structure increase. These magnets have two industrially
viable forms, the “sintered” and “bonded” varieties. Sintered magnets are manufactured
using a very specific, often proprietary process where the cast magnetic material is pulver-
ized, milled to a small size, aligned in a magnetic field, and then “sintered,” or by heating
the powdered material such that it fuses into a bulk solid. Post-processing, machining, and
coating are then performed before magnetizing the material. Bonded magnets also use
pulverized feedstock, but rather than sintering, the powder is mixed and cast in a resin or
polymer. Of the two, sintered magnets currently hold the record for many of the relevant
magnetic properties, including magnetic saturation, coercivity, maximum energy product,
and anisotropy [1,2].

Bonded magnets, on the other hand, have the advantage of being produced in near-
net-shape geometry, and they possess high resistivity, which suppresses internal eddy
currents. One method to produce the anisotropic nanocrystalline powder necessary for
a bonded magnet with greater magnetic properties [3] is to use a hydrogen treatment.
The hydrogen treatment has decades of research and optimization toward improving the
powder’s resultant magnetic properties, beginning with the first report of the process in
1989 [4,5] and its formalized naming in 1991 [6]. Despite the performance advancements of
sintered magnets, the economic and environmental impact of the two options (in both initial
feedstock, processing, and material lifetime) are not directly correlated to that performance
and require consideration prior to technological application.

The current nomenclature for these treatments represents two different procedures: hy-
drogen decrepitation (denoted HD* in this paper) and hydrogenation–disproportionation–
desorption–recombination (HDDR) [6–9]. HD* utilizes an ambient to low-temperature
treatment in a hydrogen environment. This causes the hydrogen to intercalate into the grain
boundaries of the material. The resulting expansion of the unit cells in the grain boundary
phases causes them to “crack,” reducing the particle size of the Nd-Fe-B feedstock [10].

Metals 2024, 14, 294. https://doi.org/10.3390/met14030294 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met14030294
https://doi.org/10.3390/met14030294
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0003-1407-0379
https://orcid.org/0000-0002-2558-0959
https://orcid.org/0000-0002-9097-6730
https://orcid.org/0000-0003-1762-9406
https://orcid.org/0000-0001-6142-3128
https://doi.org/10.3390/met14030294
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met14030294?type=check_update&version=1


Metals 2024, 14, 294 2 of 15

The result of this process is a relatively fine powder consistent with the grain size of the
preceding microstructure.

HDDR, on the other hand, is a high-temperature process (>630 ◦C) that consists of two
distinguishable steps, the “HD” step and the “DR” step. In the HD step, the material of
interest (typically a rare-earth, transition metal intermetallic) is subjected to a targeted high
temperature in a reducing environment containing hydrogen. The hydrogen intercalates
into the material (“hydrogenation”) and then reacts with the rare earth in the rare-earth
magnet phase and rare-earth rich-grain boundary phases, resulting in hydrides and other
binary and elemental products (“disproportionation”). This has a simultaneous volumetric
effect on the unit cells of the phases involved [10] such that the average grain size is reduced
significantly compared to the original state.

After a specified dwell time, the DR step is performed either at the same or different
temperature as the HD step, or the temperature can be altered. The hydrogen environment
is removed via either a vacuum or flushing with a noble gas (“desorption”), and the temper-
ature is held, causing the “recombination” of the material into its parent phase. The kinetics
of the recombination are found to be of extreme importance to the final microstructure and
its magnetic properties. This process requires optimizing many parameters and the compo-
sition dependence of those parameters. Some of the work discussing the optimization of
some processing parameters is summarized in Table 1.

Table 1. Most relevant parameters considered in an HDDR process. The references are to works that
specifically study controlled variation of those parameters. Some unique processes contain even more
variables. It should be noted that compositional studies are not included in this table but are of the
utmost importance in the optimization process.

HDDR Step Thermal Processing Parameters Pressure Processing Parameters

HD *

Temp. Ramp Rate [11] H2% in Supply Gas * [10–18]

Dwell Temp. [19–24] Total Pressure * [25]

Dwell Time [10,21,24,26,27] Gas Introduction Temp.
[11,22,23,26]

DR

Temp. Ramp Rate [none] 1st Vacuum Pressure [28,29]

Dwell Temp. [19,22,23,30–32] 2nd Vacuum Pressure [33]

Dwell Time [16,26,28,29,31,32,34,35] -

Cooling Rate [none] -
* In much of the literature, the hydrogen partial pressure is given as the processing parameter, and the total
pressure of the supplied gas may not be formally addressed.

When HDDR is performed on Nd-Fe-B feedstock, there is a significant difference in
the magnetic properties of the parent compound and the HD products, namely NdH2.4−x,
Fe, and Fe2B. To utilize this difference for optimization, in 1996, the use of a magnetic
field was introduced as an additional processing parameter [36]. Liesert et al. reported the
application of a 7 T magnetic field, if utilized during the entirety of the HDDR process,
yielded magnetically isotropic powders. However, it was noted that when the field was
only applied to Nd2Fe14B crystallites (presumably formed during the desorption and re-
combination step) the result was an anisotropic powder when magnetization measurements
were performed in parallel and perpendicular orientations relative to the alignment field.
The magnetization measured parallel to the applied field resulted in magnetic property
values of MR ≈ 88 emu/g, Hc ≈ 2.76 kOe, and BHmax ≈ 5.2 MGOe (values estimated using
a digitized image).

That same year, Courtois et al. investigated the effect of an applied magnetic field
on Nd-Fe-B crystallites in a Nd/Cu eutectic matrix and found they could optimize the
magnetic response by liquifying the eutectic, orienting the particles, and resolidifying
the eutectic, as long as they did not go over a critical temperature of 1100 ◦C, whereafter
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they lost the ability to orient and observe a decrease in the alignment via magnetization
measurements [37].

This methodology of utilizing a Nd/Cu eutectic under an applied field was explored
by Liesert in 1997 [32]. They found that without the eutectic, their HDDR process resulted
in magnetically isotropic powder under a 7 T applied field. However, with their eutectic,
they found that at a recombination dwell time of 6 h, their powders had a high coercivity
and anisotropy. At a dwell time of 10 h, the powders had a similar degree of anisotropy,
but their coercivity had decreased, and their magnetic remanence value had increased.
Rivoirard performed a similar experiment using Nd-Fe-B alloy ribbon in a Nd/Cu eutectic,
but at a 16 T field and without any hydrogen involved in the processing [38]. They found
that the texture ratio of their material increased linearly with an applied field at 0 T, 4 T, 7 T,
and 16 T.

A continuous magnetic field during HDDR was tangentially explored by de Rango
et al. when they performed thermomagnetic measurements at 2 kOe (0.2 T) throughout the
HDDR process; however, the effect of the field compared to the ambient conditions was not
explored [39]. In 2009–2010, Luo et al. investigated the effect of 0, 1, 3, and 5 T of applied
magnetic field during a continuous HDDR process followed by an annealing step with
no field, concluding that the greatest combination of magnetic properties occurred with
the 3 T applied field [40,41]. However, details regarding their unique HDDR processing
parameters are left out of the text (mainly related to pressure during their DR step), making
this result difficult to replicate.

Finally, work has been performed using HDDR on Sm-Co systems with an applied
field during the recombination step [42,43]. It was shown that due to the difference in the
magnetic contribution to the Gibbs Free Energy of the Sm-Co phase compared to elemental
Co, the recombination reaction was pushed to higher temperatures as the applied field
was increased from 0.2 T to 2.3 T to 4.1 T. Though the phase stability with temperature in
hydrogen varies considerably between the Sm-Co and Nd-Fe-B systems, this magnetization
difference between parent and child phases behaves similarly, as the magnetic transition
metal elements resulting from HD have greater magnetic saturation values than the parent
rare-earth magnet phase.

These works inspired our use of an applied magnetic field throughout the HDDR
process. The field is expected to have a myriad of non-trivial effects, ranging from gas–
solid reactivity to reduced microstructural grain size to thermodynamic stabilization and
destabilization of para- and ferro-magnetic phases. In addition, the effect of magnetic
field annealing is expected to promote directional ordering through the alignment of the
final product (the Nd-Fe-B ternary phase) due to the material’s structural and magnetic
anisotropy. The super-structural ordering of the material may be influenced by local atomic
ordering changes induced by the external magnetic field. The culmination of each of these
effects is difficult to predict, but their combined influence on the resultant properties of the
material may result in interesting observable phenomena.

In this work, we have developed a unique dynamic-HDDR methodology that utilizes
a magnetic field throughout the sequential HD and DR steps on a ternary Nd-Fe-B compo-
sition. We show how the application of a 2 Tesla field results in material that consistently
has a higher anisotropy relative to the samples processed at an ambient field with all other
parameters held constant.

2. Materials and Methods

Alloys with nominal composition of Nd14Fe81B7 were arc-melted and drop-cast into
a cylinder-shaped ingot with a diameter of 12 mm. The sample was annealed in an inert
environment (sealed in a quartz tube under an Ar pressure of ¼ atm) at 1293 K for 120 h.
Powder X-ray diffraction (Panalytical, Worcestershire, UK) of two different sections shows
only peaks of Nd2Fe14B in one section, and the presence of α-Fe and fcc-NdOx in the other,
indicating that the casting method performed resulted in an inhomogeneous feedstock.
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The reaction chamber setup used here is illustrated in Figure 1. Prior to processing,
the surface layer was ground away with a belt sander and sectioned using a low-speed
diamond saw into 1 mm thick, 10 mm diameter discs. These discs were ground with
fine-grit sandpaper, cleaned with absolute ethanol, broken in half into semicircle shapes,
wrapped in tantalum foil, and placed at the end of an alumina boat. Zr foil was added to
the boat as an oxygen getter, and a thermocouple was attached to the boat with 90% nickel,
10% chromium alloy wire as close to the sample as possible without contact.
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Figure 1. The custom HDDR reaction vessel with key areas labeled (left). The materials used in the
reaction area are shown schematically on the (right). The sample is located inside the O2 getter foil.

The alumina boat was placed such that the sample was concentric within a stainless
steel susceptor (the susceptor rather than the sample itself is heated by the induction coil).
The susceptor was insulated radially from the reaction vessel quartz via a slightly larger
diameter alumina tube acting as a centering ring, followed by a larger alumina crucible
insulator. An additional thermocouple was loaded to measure the temperature on the
outside of this insulating alumina (See Figure 1) to prevent possible temperature runaway
and experiment failure.

This arrangement was loaded into the custom-built reaction vessel consisting of a
2-inch diameter quartz tube sealed to a quick-fit flange. This flange was sealed to a
commercially available elbow valve with vacuum-tight feedthroughs for thermocouple
connections (see Figure 1). The entirety of the reaction vessel rested within the inner bore of
an insert containing a copper induction coil, which itself was centered within the bore of an
American Magnetics 9 Tesla superconducting magnet. This allowed for material processing
from ambient conditions to applied fields up to 9 T.

The processing procedure followed a “dynamic” HDDR methodology (“dynamic”
indicates the gas was slowly removed during the DR step), and the heating profile is shown
in Figure 2. The sample underwent the hydrogenation–disproportionation (HD) step, which
consisted of evacuating the reaction vessel to ~10 mTorr and then introducing the hydrogen
supply gas at an overpressure connected to an oil bubbler (flow rate is approximately
0.5 cc/s). Based on previous literature, a supply gas consisting of 30% H2 balanced with
Ar was utilized [18]. The stainless steel susceptor was directly induction-heated with the
induction coil, and the sample within was consequently heated with the stainless steel
susceptor via convection and/or radiative heating. Samples were heated in the presence
of the hydrogen supply gas at 50 ◦C/min to 760 ◦C, where they were held for an hour.
The temperature ramp rate is such that the sample is not entirely decrepitated prior to
disproportionation, as evidenced by its morphology after the HDDR process is complete.
The sample morphology (post-HDDR) generally looks as if the initial semicircle-shaped
sample has been broken into three or four large fractions, each of which can be easily
ground into powder with mortar and pestle.
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Figure 2. (a) The full heating profile for sample 3 is shown. These temperature profiles are the
measured temperatures rather than setpoint. A noticeable feature can be seen at approx. 75 min,
indicating the start of the DR step and the 40 ◦C temperature ramp. (b) is the magnified profile for
the DR step. A spike in the measured sample temperature represents the completion of a desorption
event (indicated with *). This is followed by a second event indicated with #. The measured value at
the thermocouple inside the reaction vessel but away from the susceptor (Outer Temp) continues
to decrease as the heat transfer media is removed. When the turbopump is applied, there is a slight
arrest in the Outer Temp thermocouple, indicating the completion of the removal of any residual
gas media.

The desorption–recombination (DR) steps began with a temperature ramp from
760 ◦C to 800 ◦C (<1 min). The reaction vessel was isolated from the gas inlet and outlet,
and a needle valve on a rotary vacuum pump was slowly opened to reduce the hydrogen
pressure in the reaction vessel at a slow rate over 30 min. The rate was estimated by at-
tempting to keep the measured temperature constant while the convection heating medium
(the gas) was removed. During this process, two features are visible in the measured
temperature data, corresponding to the completion of two separate desorption events.
At the end of the 30 min, the vacuum pump needle valve was closed at approximately
500 mTorr, and a stronger vacuum was applied via a spun-up turbopump. The application
of this vacuum and the removal of the remaining heat transfer media results in the third
feature in our measured profile. This vacuum is applied for an additional 30 min, with a
resulting pressure of approximately 10 mTorr. At this time, the induction coil current was
turned off, and the sample was then allowed to furnace-cool in the vacuum environment
until it reached room temperature.

The reaction vessel was then sealed off using the gate valve and placed in a helium-
filled glovebox for further sample handling and storage. Portions of sample (notably
still solid and sometimes cracked but essentially monolithic) were crushed in the helium
glovebox and characterized via powder X-ray diffraction (PXRD) in air. Samples processed
in a 2 T magnetic field were noticeably more difficult to handle, as the crushed powder was
magnetized and attracted to itself. PXRD was performed with a PANalytical X’Pert Pro
diffractometer (Panalytical, Worcestershire, UK) using a Cu Kα source, and the resulting
data were analyzed via the HighScorePlus software package (v.4.8) [44].

Upon verification of Nd2Fe14B phase formation, portions of the samples were crushed,
and a small mass (~5 mg) was mixed in paraffin wax and measured in a Quantum Design
MPMS XL SQUID magnetometer (Quantum Design, San Diego, CA, USA). Magnetometry
measurements were performed by heating the sample and wax to above the wax melting
point (~320 K) in zero applied magnetic field to suspend the sample in the wax, then by
cooling to 300 K. The applied field was then raised to +5 T, and a hysteresis loop was
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performed to −5 T and back to obtain the “unaligned” magnetization loop. To measure
the magnetically aligned properties, while the magnetometer was at +5 T, the sample was
again heated to 320 K to melt the wax and allow powder particles to reorient in response
to the field. The wax was then solidified by cooling to 300 K, and an additional “aligned”
magnetization loop was measured.

The magnetic data have been scaled utilizing two geometric demagnetization factors
of 0.22 and 0.33. The significance of the demagnetization factor can be seen through the
equation:

H = Happl − (N × M) (1)

where H is the scaled field, Happl is the applied field, N is the demagnetization factor,
and M is the powder magnetization. Determining N has been explored for several three-
dimensional geometries [45–50], useful for single crystal measurements, but for a powder,
it can be shown specifically for a sample of spherical particles that

N =

(
1
3

)
+ f (Dz −

(
1
3

)
) (2)

where Dz is the demagnetization factor due to the shape of the packing of the powder (NOT
the particles within, which as stated are assumed to be spherical), and f is the packing
fraction of the powder.

Bjork and Bahl discuss how the extremes of this equation may present themselves: A
Dz of 1/3 (as if the powder packing was spherical) would result in N = 1/3, as would a low
packing density of the powder where the particulates do not interact magnetically [47]. The
latter is unlikely to be the case with Nd2Fe14B due to the material’s large internal magnetic
field. Determination of the demagnetization factor of a powder sample is therefore difficult
to ascertain experimentally, requiring both a controlled geometric packing of the powder
into a specific shape, as well as reducing any geometric variance of the powder itself
to “spheres”.

The packing shape of the powder is not strictly controlled in our characterization.
Rather, it was found that a value of Dz = 0.33 produced non-physical magnetization
curves in some samples. Treating this as an upward bound, we established that assuming a
constant Dz, the values of N vary linearly with f. At this point, with an indeterminable value
of f, the effect of both the minimum (0) and maximum (0.33) demagnetization factors may
be considered reasonable bounds on the actual magnetic behavior of the sample. It becomes
evident that so long as the hysteresis loop remains physical (that is, approaching a square-
shaped loop as opposed to an “S” shaped loop, where the quadrant 2 and 4 behavior is
non-functional), the larger demagnetization factor (up to 0.33) results in magnetic property
values of greater magnitude than smaller values of N. Due to this, values are presented
based on N = 0.33 when the behavior is physical, and in other cases is represented as
N = 0.22 as a reasonable estimate of the true magnetization of the powder sample.

3. Results
3.1. Phase Characterization of Samples Processed with and without an Applied Field

In this work, both the HD and DR steps were performed either consistently without an
applied field (notated as 0 T) or with an applied field of 2 Tesla (notated as 2 T). Diffraction
patterns (See Figure 3) of the resultant samples show little to no consistent dependence on
the application of a 2 T field. In both the 0 T and 2 T cases, the phases produced include
primarily the Nd2Fe14B phase, with minor inclusions of a cubic Nd oxide (previously cited
as a grain boundary phase in sintered magnets, fcc-NdOx) and Fe that either formed during
the HD step but was left unreacted after the DR step or was present in excess in the original
sample [51–59].
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Of interest is the variable amount of the magnetically soft α-Fe phase in the resultant
material regardless of the applied field. Previous work indicates that the presence of the
applied field stabilizes the magnetically soft transition metal phases (below their magnetic
TC; in this case, α-Fe has a TC = 770 ◦C) during the DR step, such that DR needs to be
performed at higher temperatures to reach the critical energy of reaction to re-form the
parent compound [42,43]. In the case of our 2 T applied field, we find that 800 ◦C provides
enough heat to drive the reaction to completion regardless of the stabilizing effect of the
2 T applied field, as judged by the hydrogen desorption. Therefore, the presence of Fe in
some samples post-HDDR is likely due to the formation of Nd-based oxides altering the
stoichiometry prior to/during recombination. We expect this is due to the inhomogeneous
feedstock due to the lack of correlation between the α-Fe and fcc-NdOx wt.%, as seen in
Table 2.

Table 2. Results from Rietveld refinement of powder X-ray diffraction data from samples 1–4.

# Processing
Field (T)

Nd2Fe14B
wt.%

Nd2Fe14B
RBragg%

α-Fe
wt.%

α-Fe
RBragg%

NdOx
wt.%

NdOx
RBragg%

Nd2O3
wt.%

Nd2O3
RBragg%

Nd2O3
wt.%

Nd2O3
RBragg%

1 0 77.0 3.04 13.2 1.28 6.5 1.24 1.6 1.93 1.7 2.00

2 0 88.7 2.45 4.5 0.55 6.8 2.20 - -

3 2 93.9 4.75 0.7 0.75 5.4 2.35 - -

4 2 82.0 3.74 8.7 0.445 9.3 2.43 - -

Corresponding Rwp values for samples 1, 2, 3, and 4 are 3.55%, 3.47%, 4.54%, and 4.25%, respectively. Rwp = Σ[w(Yo

− Yc)2/Σw(Yo)2]½; RBragg = Σ|Io − Ic|/Σ|Io|, where Yo and Yc are the observed and calculated profile intensities,
respectively, while Io and Ic are the corresponding intensities of Bragg peaks of individual phases.

Rietveld refinement on the resulting patterns indicates that the phase fraction of fcc-
NdOx ranges from ~5.4 to 9.3 wt.% of the final product regardless of the applied magnetic
field. Mo et al. found that the structure of Nd oxides in the grain boundary was dependent
on the oxygen content in the sintered magnets, estimating that the oxygen content relative
to Nd needed to fall between 9 at.% and 43 at.% [58]. Though the presence of this phase
undoubtedly affects our resultant magnetic properties, we find that the coercivity values
remain fairly consistent. This indicates a systematic inclusion of oxygen in our reaction;
possible sources of contamination include a small leak in the experimental apparatus, small
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enough that oxidation does not present itself in the reducing hydrogen atmosphere of HD
but is still present in the material post-DR.

A particular goal of utilizing new processing methods for HDDR is establishing a
higher level of microstructural control of grain sizes and crystal texture that approaches
the single grain, single magnetic domain size (~300 nm) and a strong c-axis crystal texture.
Success in this area would result in powders with higher coercivity, greater anisotropy,
higher remanence, and consequently a higher energy product. In prior work, thermal
processing of amorphous Nd-Fe-B under a magnetic field typically reduced the grain size
of the product relative to the processes performed at ambient conditions [60].

We utilize Williamson–Hall plots to estimate the crystallite size produced from our
dynamic-HDDR methodology in the four different samples [61]. The peak position in 2θ
and full-width half-max (FWHM) of each peak were determined using the profile fitting
procedure implemented in HighScorePlus. Instrumental broadening was determined using
a lanthanum hexaboride standard to profile the U, V, and W peak parameters (for our
instrument, U, V, and W are 0.0015, 0.002, and 0.0013, respectively). For each peak position,
these parameters can determine the angle-dependent instrumental broadening βInst via the
following equation:

β Inst =
√

U·tan2(θ) + V·tan(θ) + W (3)

For each peak, the intrinsic FWHM (hereafter referred to as βtot) can be determined
with the difference between the measured FWHM and the βInst. In our case, all peaks
determined with our Rietveld fit to correspond to the Nd2Fe14B phase were included in
our plot. The Williamson–Hall method deconvolutes peak broadening effects of crystallite
size (βL) and strain (βe) and represents them in terms of their angle dependence using the
following two equations:

βL =
Kλ

L·cos(θ)
(4)

βe = Cε·tan(θ) (5)

where K is a constant between 0.9 and 1, λ is the wavelength of the characterizing X-rays, L
is the crystallite size, and C is a constant modifier to the ε (strain) often falling between 4
and 5. If the convolution of the two is assumed to be additive, the combined broadening
effect is βtot = βL + βe. If both sides of this equivalency are multiplied by the value of cos(θ),
the result is the following equation:

βtotcos(θ) = Cε·sin(θ) +
Kλ

L
(6)

which can be plotted as a relationship between βtot × cos(θ) and sin(θ). The result of a linear
fit of this relationship (y = mx + b) will have a y-intercept equivalent to (Kλ/L) and a slope
equivalent to Cε (see Figure 4). The crystallite size L found using the y-intercept of the linear
fit therefore represents the crystallite size while accounting for the strain. In comparison,
calculating L values for individual peaks and finding the mean gives an average L value
with an assumed strain of zero at every analyzed peak. As shown in Table 3, the deviation
of this “average” crystallite size diameter is nearly encompassed by those values found
with the Williamson–Hall method, suggesting that the small values of strain do little to
alter the expected crystallite sizes.
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Table 3. Relevant Williamson–Hall fit parameters and resultant values of samples 1–4.

# Processing
Field (T) Slope (Cε) Y-Intercept

(Kλ/L)
Williamson–Hall
Diameter (L, nm)

Strain (|Cε|,
Å/Å)

Average Crystallite
Diameter (Lavg, nm)

1 0 0.0006 (5) 0.0012 (2) 121 (1) 0.0006 (5) 102 (6)

2 0 −0.0005 (10) 0.0014 (4) 99 (5) 0.0005 (10) 117 (14)

3 2 −0.0009 (5) 0.0014 (2) 98 (2) 0.0009 (5) 126 (10)

4 2 −0.0003 (3) 0.0013 (1) 106 (1) 0.0003 (3) 117 (5)

Uncertainties do not represent the assumptions made in the Williamson–Hall method.

In this method, it is more informative to have well-resolved peaks in a wider range of
2θ. However, three primary factors limit the peaks chosen in our analysis: the secondary
phases present, air scattering at low 2θ, and peak overlap (low resolution) at high 2θ values.
Well-resolved peaks were chosen from among the remainder and held consistent for each
sample, with hkl indices of in order of increasing 2θ value.

Further, we compared the 0 T and 2 T samples to determine whether the application
of a magnetic field has a reliable effect on the resulting crystallite size (Figure 5). We
found that in most of our samples, our minimum grain size falls within the range of
95–125 nm, suggesting our processing method results in particle sizes smaller than a single
magnetic domain regardless of the applied field. Additionally, the field did not result
in grain sizes outside the range of sizes seen in the samples processed at an ambient
field when characterized using this method. It is important to note that although the
Williamson–Hall method provides a value for the crystallite diameter, if the sample itself
has a range of sizes, that information will be lost. Additionally, magnetic characteristics
can be affected by non-uniform grain sizes and shapes, and prior literature suggests that
the “dynamic” HDDR method may be responsible for a wider range of crystallite sizes [21].
Therefore, characterization of the sample utilizing scanning electron microscopy techniques
is necessary and ongoing.
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This leaves room for additional optimization of the heating profile and other pro-
cessing parameters toward an ideal average microstructural grain size. Work is ongoing
to determine whether the application of a magnetic field results in 1. a different ideal
hydrogen percentage in the supply gas and/or 2. a change in dwell times to re-optimize
the microstructural and magnetic character of the resulting samples.

3.2. Magnetization of Samples Processed with and without an Applied Field

The presence or absence of an applied magnetic field during our HDDR process had
minor consequences on the ultimate phase formation and average grain size. However, the
field has a greater effect on the magnetic properties of the resultant material, indicating a
degree of microstructural dependence. Samples processed at 0 T and 2 T had differences
between the saturation magnetization of the aligned and unaligned loops, indicating our
HDDR heating profile and reaction apparatus maintained some of the local crystallographic
alignment of grains in the starting material (Table 4).

Table 4. Relevant magnetic property values of samples 1–4.

# Processing
Field (T)

Demagnetization
Factor Alignment

Magnetization
at 5 T, M@5T

(emu/g)

Remanence,
MR (emu/g) MR/M@5T

Coercivity,
Hci (kOe)

Maximum Energy
Product, (BH)max

(MG × Oe)

1 0 0.33
Unaligned 122 62 -

2.5
-

Aligned 125 79 0.63 7.0

2 0 0.22
Unaligned 149 72 -

3.4
-

Aligned 155 104 0.67 10.5

3 2 0.22
Unaligned 137 79 -

2.3
-

Aligned 139 102 0.73 8.7

4 2 0.33
Unaligned 145 87 -

2
-

Aligned 148 104 0.70 8.6

In much of the literature, the hydrogen partial pressure is given as the processing parameter, and the total pressure
of the supplied gas may not be formally addressed. MR/M@5T is provided only for the aligned samples.

The application of a 2 T magnetic field during HDDR processing resulted in a material
with greater remanence and magnetic saturation but a lower coercivity than that of the
0 T sample. However, we observe that the application of the 2 T magnetic field during
processing also enhances the magnetic anisotropy of the sample. This is difficult to quantify
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with the “degree of alignment” (DOA) metric, but it is apparent in the “ratio of remanence
to saturation” (MR/Msat) metric.

The DOA metric is a comparison of the magnetic response of the powder when it is
unaligned or randomized compared to when it is ordered through magnetic alignment.
One way to quantify this using magnetization data is [18,62]

D.O.A. = 2
(

MR,aligned − MR,unaligned

)
/
(

MR,aligned

)
(7)

This metric is useful for traditionally processed samples, as well as for our samples
processed at 0 T. However, the application of the 2 T processing magnetic field and the
resulting magnetization of the product causes the MR,unaligned value to be misrepresented in
this equation, as the unaligned magnetic remanence will not represent a true randomness
of orientation of the powder. Heating the magnetized powder above its Curie temperature
would remove this complication, but care must be taken to perform this additional step
in an oxygen-free environment. Without this step, we would expect the value of the
DOA for the 2 T sample to underestimate this quantity to a varying degree based on
sample selection.

An additional way to compare the magnetic anisotropy of the polycrystalline system
is the value of the MR/Msat ratio. When quantified for the “aligned” magnetization loops,
this quantity indicates how the alignment of particles along their easy magnetization axis
(while directionally stabilized by the applied magnetic field, represented by Msat) causes
the material to retain its magnetization as the applied field is reduced to zero (represented
by MR). The ratio of the two indicates how well the material aligns along the optimal easy
axis without the stabilizing effect of the field; a value of unity would indicate the material
does not need to interact with the external field to remain aligned.

For randomly oriented non-interacting particles, MR/Msat = 0.5. Any alignment along
the measurement direction will increase this value up to a theoretical maximum of 1 [63].
In our case, our maximum applied field is H = 5 T for all samples consistently, and the
Msat value in this ratio is replaced with the M@5T value. However, if the measurement was
performed with higher applied fields, the magnetization may slightly increase, reducing
the absolute value of the ratio. The use of M@5T in this ratio may result in inflated ratios
but is useful to compare in a consistent way across samples.

In the case of the aligned loop of the 0 T processed sample, the MR/M@5T ratio value
ranges from 0.63–0.66, while the ratio in the 2 T aligned loop ranges from 0.70–0.73. This
comparison is more easily observed when the M vs. H loops are normalized to their M@5T
value, as shown in Figure 6. Using this metric, the application of the field during HD and
DR processing notably enhances the anisotropy of the resulting material.

The repeatable increase in the MR/Msat caused by the external magnetic field does
not increase the magnetic property values of the resultant Nd-Fe-B powder to the cutting
edge of the literature. This is for several reasons: the ternary composition of our alloy is
not optimized, and no additional grain boundary additive is included. Further, the HDDR
methodology is often investigated as a part of studies, and processing parameters are often
dissimilar. Finally, studies regarding applied magnetic field HDDR processing are uncom-
mon, with very few examples available. However, our HDDR process is very similar to Liu
et al. [18]. When comparing our run at 0 T to their analogous no-field run, the MR/Msat
values found (when Msat is measured at 3 T, the extent of the referenced data) are 0.72
and 0.80, respectively. Although this somewhat indicates a deterioration in performance,
that deterioration may be caused by variables such as our different apparatus, our applied
demagnetization factor, or our NdOx concentration, just to name a few possibilities.

It is worth noting in these plots that the squareness of these loops is not necessarily
indicative of a high-performance powder; rather, the application of the aforementioned
demagnetization correction as applied to a powder sample is at least partially responsible.
However, although the application of a demagnetization factor has become common, it
is worth noting that the form of the correction we use is a modification of an equation
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originally intended for single crystalline samples. The broad generalization of reducing
geometric factors of multi-sized and -shaped particles to the packing fraction and pack-
ing shape is almost assuredly missing relevant information, and the characterization of
permanent magnet powders would benefit significantly from future standardization.
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Figure 6. The aligned M vs. H curves normalized to the samples’ M@5T values show a distinct
difference in how samples processed in the field maintain their magnetization as the applied field is
removed. The full range of applied field measured is shown on the left, with a reduced range shown
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4. Conclusions

Our ongoing work to produce anisotropic powder through a dynamic-HDDR pro-
cess with simultaneous magnetic field has resulted in a repeatable increase in magnetic
anisotropy of the resultant samples. As our work continues, the changes wrought by
the applied field reveal multiple avenues for optimization of the thermal and hydrogen
parameters of our process, including a more homogenous feedstock, an exploration of HD
and DR dwell temperatures under a magnetic field, and a tighter control of the desorption
vacuum step. As the phase content of the powder and grain size are optimized, the coerciv-
ity, remanence, and resulting energy product stand to make significant strides due to the
increased anisotropy.
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