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Abstract

The influence of synthesis and compaction parameters is investigated with regards to formation of high
performance SrFe;,0,9 bulk magnets. The produced magnets consist of highly aligned, single-magnetic
domain nanoplatelets of SrFe;,0,4. The relationship between the magnetic performance of the samples
and their structural features is established through systematic characterization by Vibrating Sample
Magnetometry (VSM) and Rietveld refinement of powder X-ray diffraction data (PXRD). The analysis is
supported by complementary techniques including Transmission Electron Microscopy (TEM), Atomic
Force Microscopy (AFM) and X-ray pole figure measurements. SrFe;,045 hexagonal nanoplatelets with
various sizes are synthesized by a supercritical hydrothermal flow method. The crystallite sizes are tuned
by varying the Fe/Sr ratio in the precursor solution. Compaction of SrFe;,0,9 nanoplatelets into bulk
magnets is performed by Spark Plasma Sintering (SPS). Rietveld refinement of the pressed pellets and
texture analysis of pole figure measurements reveal that SPS pressing produces a high degree of
alignment of the nanoplatelets, achieved without applying any magnetic field prior or during
compaction. The highly aligned nanocrystallites combined with crystal growth during SPS give rise to an
enormous enhancement of the magnetic properties compared to the as-synthesized powders, leading
to high performance bulk magnets with energy products of 26 kJ m™.
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Introduction

Magnetic materials are of key importance in a large variety of scientific and technological applications
such as data storage,” > biomedicine,” * and electric motors.’ Since the discovery of high performance
rare-earth magnets, conventional ferrite magnets have attracted less attention. However, recent
geopolitical circumstances have sparked the need for new and cheaper magnetic materials with reduced
content or even free of rare-earth elements.*’
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Nano-structuring of conventional magnetic ferrites has the potential to significantly improve their
magnetic performance making them a viable alternative for certain applications.® ° An excellent
candidate is the hexaferrite SrFe;,055 due to its pronounced magnetocrystalline anisotropy.’® The
magnetic performance of SrFe;;,015 has not been significantly improved within the last 20 years.™
Nonetheless, a substantial enhancement may be achieved by controlling the material structure from the
atomic to the microscopic scale. By matching the crystallite size of magnetic compounds to the magnetic
domain size, it is possible to increase the coercivity and thereby maximize the energy product. This size
matching has successfully been achieved by jet milling for Nd,Fe;4B;."> However, attempts to reduce the
size of hexaferrites through ball milling have so far been unsuccessful, as it gives rise to partial phase

transformation into a-Fe,0s, Fe;0, and an amorphous phase.*™®

Alternatively, the hydrothermal method is a cheap and energy efficient way of synthesizing hexaferrite
nanocrystallites by a bottom-up approach, as demonstrated by Hakuta et al. in 1998 for the synthesis of
BaFe;,010." This ferrite is one of the most extensively manufactured permanent magnetic materials.
However, Ba*" ions and barium-soluble compounds are toxic to humans, causing symptoms like
hypertension, muscle weakness and paralysis.'® An alternative to the use of barium is the substitution by
strontium, to form SrFe;,0,9, which has a comparable magnetic performance. However, to the best of
our knowledge no report in literature describes the supercritical flow synthesis of SrFe,04.

A number of studies on the hydrothermal synthesis of SrFe;,0,9 have been performed, in which the
influence of various synthesis parameters is analyzed e.g., the OH/NO;" ratio,™ the Sr/Fe ratio,'® *°, the

21,22 atc. Unfortunately, this synthesis is not trivial and in most cases SrCO; and a-

reaction temperature,
Fe,03 as well as other impurities are obtained along with the hexaferrite. In case of SrFe;,0,4, unlike the
hydrothermal synthesis of BaFe;,010,2 it is necessary to use a large excess of Sr in order to form the
pure phase. Furthermore, high temperatures, long reaction times or subsequent annealing treatments

are required to obtain a pure product, further complicating the formation of nanosized crystallites.

In the present study, the aim is to enhance the magnetic properties of SrFe;,014 through a bottom-up
synthesis approach. In order to do so, single domain SrFe;;,0,9 nanocrystallites were synthesized by
supercritical flow synthesis. Hexagonal nanoplatelets of various sizes and aspect ratios were obtained by
varying the Fe/Sr ratio in the precursor solution. Compaction of the tailored nanoplatelets into
magnetically aligned bulk magnets was performed using Spark Plasma Sintering (SPS). The influence of
SPS on texture, crystallite size and morphology was analyzed. Subsequently, the measured magnetic
properties of the as-synthesized nanocrystallites and their corresponding compacted pellets were
compared. With this work it is demonstrated how structural control through synthesis and compaction
allows for control of the magnetic performance of the products, leading to magnetically aligned
SrFe;,010 bulk magnets with a high energy product of 26 kJ m™.
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Experimental Section
Synthesis and compaction

Precursor Preparation
Iron and strontium nitrates (Fe(NO3);-9H,0 and Sr(NOs),) technical grade (purity = 98% and = 99%
respectively, Sigma-Aldrich) were dissolved in deionized water to obtain the precursor solutions with

varying Fe/Sr ratios. The final concentration of Fe(NOs);:9H,0 was 0.05 M in all cases, and the Sr(NO3),
concentration was varied accordingly, to obtain three different Fe/Sr ratios equal to 1/1, 2/1 and 4/1.
NaOH was added drop wise under constant magnetic stirring, in twice the molar amount of the nitrates,
resulting in a dark red precipitate.

Supercritical Flow Reactor

The synthesis was carried out using a supercritical flow reactor; the detailed description of the setup
was published by Mi et al.** The precursor solutions were pumped into the supercritical flow reactor at a
flow rate of 5 mL/min. Deionized water was fed from a second line at a flow rate of 15 mL/min, and
heated above the supercritical temperature passing through a pre-heater set to 300 °C and a main
solvent heater set to 390 °C. The temperature of the main reactor was 390 °C and the system was
pressurized to 250 bar. The collected products were centrifuged, washed with dilute HNO; 2M, water
and ethanol, and dried in air. The HNO3; washing removes carbonates present in the as-synthesized
products. Three powder samples were obtained from the three precursor solutions with different Fe/Sr
ratios (1/1, 2/1 and 4/1), named FLOW-1, FLOW-2 and FLOW-4, respectively.

Spark Plasma Sintering (SPS)

Compaction of the as-synthesized nanoparticles into bulk magnets was performed under vacuum on a
SPS Syntex Inc. 1500 model, Dr. Sinter Lab™ series Spark Plasma Sintering system. The sintering
technique is based on passing a pulsed DC current through a graphite die containing the powders, while
a uniaxial pressure is applied.

The pressed pellets were polished to remove the layer of protecting graphite paper, obtaining
smoothed-surface SrFe ;049 pellets of 8 mm diameter and ~1 mm thickness. Approximately 0.3 g of
hydrothermally synthesized nanocrystallites were employed for the production of each pellet. A
maximum pressure of 80 MPa and temperature of 950 °C were applied for 2 minutes to the three
hydrothermally synthesized powder samples FLOW-1, FLOW-2 and FLOW-4, forming the corresponding
SPS pellets, named SPS-1, SPS-2 and SPS-4, respectively. The density of the pressed pellets was obtained
from their dimensions and weight, and was found to be slightly higher than 80%.

Annealing
The SPS-1 sample was cut in six pieces with approximate dimensions of 2x2x1 mm?® to study the

influence of post-SPS annealing on the magnetic properties. Each piece of the pellet was annealed for
different times (2 h, 4 h, 8 h, 16 h and 24 h) at 850 °C in a high temperature furnace (GERO
Hochtemperaturéfen GmbH D-75242 Neuhausen), and subsequently quenched in air.
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Characterization

Powder X-ray Diffraction

Diffraction patterns of the hydrothermally synthesized samples were collected on a Rigaku SmartLab
diffractometer (Rigaku, Japan) using Cu radiation. Cross Beam Optics and a Ge(220)x2 double bounce
monochromator were used to obtain Cu K,; radiation. The diffracted beam was collected with a
Dtex/Ultra detector set to fluorescence suppression mode. Powder diffraction patterns collected on the
as-obtained SPS pellets were measured using a Rigaku SmartLab diffractometer (Rigaku, Japan), with Cu
Kqa1, radiation with parallel beam incident optics, and a Dtex/Ultra detector set to fluorescence
suppression mode. The pellet was mounted with the flat surface perpendicular to the scattering vector.
A NIST LaBg 660b standard was measured on the Rigaku SmartLab diffractometer in the same conditions
as the corresponding samples for determination of instrumental broadening.

Portions of the SPS pellets were crushed into powders and packed into 0.4 mm diameter capillaries.
High resolution X-ray powder diffraction patterns were collected at beamline BL44B2,” SPring-8
synchrotron, Harima Science Park, Hyogo Prefecture, Japan, using a wavelength of 0.5 A. The
measurement of a NIST CeO, was carried out for determination of instrumental broadening.

All powder X-ray diffraction patterns were analyzed by Rietveld refinement using the Fullprof Suite
software package.”® The background was described using a Chebyshev polynomial function, while the
peak profile was modeled using the Thompson-Cox-Hasting formulation of the pseudo-Voigt®’ function.
Details on the Rietveld refinements can be found in Supporting Information.

Transmission Electron Microscopy

Micrographs of the hydrothermally synthesized products were collected using a Phillips CM20 200 kV
TEM. For sample preparation, a small portion of the nanocrystallites was suspended in ethanol and
sonicated for 30 minutes.

Atomic Force Microscopy

AFM measurements of the hydrothermally synthesized nanocrystallites were performed with a
commercial AFM MultiMode V (Bruker, Santa Barbara, USA). A small portion of the as-synthesized
nanocrystallites was dispersed into ethanol and sonicated for 5 mins. Subsequently, 5 pL of the
dispersion were dropped onto a Mica substrate. Once the ethanol had evaporated, the sample was
characterized by AFM directly in tapping mode with ultrasharp silicon cantilevers (OMCL-AC160TS-R3;
Olympus).

Vibrating Sample Magnetometry (VSM)

Hysteresis loops were measured with a Quantum Design Physical Property Measurement System (PPMS)
equipped with a Vibrating Sample Magnetometer (VSM). The field dependent magnetization was
measured at room temperature, by scanning the external field between + 1.5 T. The powder samples
were cold pressed into 3 mm diameter and ~1 mm thick pellets to prevent physical movement of the
nanocrystallites during the measurement. In the case of the SPS samples, a fragment of the pellet was
cut with approximate dimensions of 2x2x1 mm?, and fixed in place with the flat surface of the pellet
perpendicular to the applied field. All the data were treated considering a weighted-average density,
obtained by the refined weighted fractions and densities of the different phases present in each sample.
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The considered saturation magnetization value, M, corresponds in all cases to the magnetization value
at the applied field of 1.5 T. The effective field, He, is the corrected applied field, i.e. Her= Happ - NM. In
the case of polycrystalline samples, the demagnetizing factor N is dependent on the shape of the
crystallites, as well as the shape of the macroscopic sample, the packing fraction and the degree of
crystallite orientation. In order to make the magnetic results more comparable between the different
samples, the approximation of a demagnetizing factor N of 0.33, corresponding to isotropic particles,
was used for all samples. As an alternative to this approximation, an experimental calculation of N could
be performed graphically for each of the SPS samples given the squareness of their hysteresis loops.
Doing so, sample SPS-1 would have an N value equal of 0.63, which gives rise to a BH,,, of 28 kJ m>. See
Supporting Information for further explanation and details on the experimental calculation of N.

Results

Tailor-made SrFe;,0,9 nanoplatelets were synthesized by the supercritical hydrothermal method in the
continuous flow reactor. Three different samples were obtained from precursors with different Fe/Sr
ratios equal to 1/1, 2/1 and 4/1, named FLOW-1, FLOW-2 and FLOW-4, respectively. The three
as-synthesized samples were compacted by SPS to form three bulk magnets of aligned nanocrystallites,
denoted SPS-1, SPS-2 and SPS-4 respectively. In order to understand and define the magnetic
performance of the produced SrFe;,0,9 magnets, a thorough characterization and analysis of each step
of the process was performed.

Powder Samples (as-synthesized nanocrystallites)

X-ray Diffraction: Rietveld Refinements

Anisotropic SrFe;,0,9 nanocrystallites: X-ray powder diffraction of the as-synthesized nanocrystallites
reveals the majority phase to be SrFe;,044, see Figure 1 (a). Pronounced differences in relative peak
broadening and relative intensities within each diffraction pattern are readily observed, especially for
sample FLOW-1. This is an indication of the highly anisotropic shape of the nanoplatelets. The sharp
peaks for (110) and (220) reflections indicate large sizes along the a- and b-axes, while the broad peaks
for (00/) reflections imply thin crystallites with respect to the c-axis. The unit cell structure of the
SrFe;,0,9 phase is shown in Figure 1 (b), and a hexagonal platelet illustrating the anisotropic crystallite
morphology is shown in Figure 1 (c). For FLOW-1 and FLOW-2 the initial single-phase SrFe;,044 Rietveld
model proved inadequate to describe the complex peak shape. Therefore an additional SrFe;,0,5 phase
was implemented, resulting in a bimodal nanocrystallite size distribution. The lesser abundant of the
two SrFe;,044 phases is, in both samples, the one with larger crystallite sizes, referred to as SrFe1,014-1l.
This phase constitutes around 20 weight% in FLOW-2 and 3 weight% in FLOW-1. Given its
predominance, only the most abundant phase (SrFe;;0.9-1) was considered in the analysis and
comparison of the crystallite sizes with varying Fe/Sr ratio. However, details on the bimodal refinement
and the refined values of crystallite size for both, SrFe;,044-1 and SrFe;,045-11 are placed in Supporting
Information. Figure 2 (a) shows the refined crystallite size along the a- and c-axis as a function of Fe/Sr
ratio. A definite correlation between the iron content and crystallite size of SrFe;,019 can be established;
increasing the Fe content leads to larger crystallites. Comparable crystallite sizes are observed for FLOW-
1 and FLOW-2 with a diameter of 30.2(4) and 29.7(5) nm, and a thickness of 2.66(3) and 2.67(6) nm
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respectively. However, the crystallite size is considerably larger for FLOW-4, where platelets of 80(1) nm
in diameter and 27.3(3) nm in thickness are obtained. These changes in crystallite sizes result in
decreasing a/c size ratio of the nanoplatelets with increasing Fe/Sr ratio. The obtained values for
crystallite size and a/c aspect ratio are given in Table 1. The thickness of FLOW-1 and FLOW-2 platelets is
extremely thin, almost identical to the unit cell value along the c-axis (2.309 nm).

Impurity phase: A careful inspection of the Rietveld refinements revealed the presence of an impurity
phase in all samples. This secondary phase was identified and refined as the defect-free ferrihydrate
structure (FeOOH) described by Jensen et al.,”® in the space group P31c. In Figure 1 (a), the
maghnification of a selected 20 region of sample FLOW-4 illustrates the presence of FeOOH. The unit cell
of the structure is shown in Figure 1 (b). This phase also forms crystallites in the shape of platelets
according to the Rietveld refinements. A schematic representation of a FeOOH crystallite is presented in
Figure 1 (c). The content of FeOOH is dependent on the Fe/Sr ratio; see Figure 2 (b). Increasing the Fe/Sr
ratio causes an increase of FeOOH from 11 weight% in FLOW-1, to 14 weight% in FLOW-2, to 51 weight%
in FLOW-4. FeOOH crystallite sizes extracted from refinements are given in Table 1. Further information
about the FeOOH phase can be found in Supporting Information.

In order to confirm the robustness of the X-ray diffraction analysis, complementary microscopy
techniques were employed.
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Figure 1: (a) Rietveld refinement of powder X-ray diffraction data of the three as-synthesized powder samples FLOW-1,
FLOW-2 and FLOW-4. The black dots are the experimental data; the red line is the calculated Rietveld model; the positions of
the Bragg peaks are represented with the green lines, and the blue line shows the difference between the observed and
calculated intensities. (b) Representation of the atomic structure of one unit cell of SrFe;,0,5 and FeOOH, both performed
with VESTA.” The differently colored polyhedra of SrFe;;,0,4 represent the different crystallographic positions of the Fe®
ions, and their coordination with the surrounding oxygen atoms. The yellow spheres represent the Sr atoms. (c) Schematic
representation of hexagonal crystallites of SrFe;,0,5 and FeOOH performed with VESTA.
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Figure 2: (a) Size and aspect ratio of SrFe,,0,4 crystallites for different Fe/Sr ratios. The error bars lie within the size of the
circles. (b) Variation of phase composition with increasing Fe/Sr ratio.

Table 1: Phase composition and crystallite sizes extracted from the refinements of the three powder samples and the
crushed SPS pellets (described in the X-ray diffraction subsection of section “SPS pellets (compacted nanocrystallites)”.

Sample SrFe;,010 a=b? c? alc Secondary a=b c
[Weight%] [nm] [nm] phase [nm] [nm]
[Weight%]
FLOW-1 89(1) 30.2(4) 2.66(3) 11.4 11(2)” 18(2) 6.4(6)
FLOW-2 86(2) 29.7(5) 2.67(6) 11.1 14(1)” 24(2) 3.6(2)
FLOW-4 49(1) 80(1) 27.3(3) 2.92 51(1)” 17.0(5) 5.1(1)
SPS-1 100.0(3) 102(2) 81(2) 1.26 <0.3% - -
SPS-2 80.0(3) 109(2) 72(2) 1.51 20.0(2) 95(2) -
SPS-4 95.4(2) 81.6(8) 53.1(7) 1.54 4.6(1)% 88(4) -

3 Refined crystallite sizes of the main SrFe;,0,9 phase (SrFe;,044-1); b) FeOOH; o a-Fe,03; 9 y-Fe,03
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Microscopy: TEM and AFM
Transmission Electron Microscopy (TEM) and Atomic Force Microscopy (AFM) images were collected on

all three powder samples. Representative TEM and AFM images of sample FLOW-1 are shown in Figure 3
(a). Both techniques confirm the platelet-like morphology and hexagonal symmetry of the
nanocrystallites. In addition, particle sizes observed in TEM and AFM are comparable in magnitude to
the crystallite sizes extracted from the diffraction data. This is interpreted as the platelets being single-
crystalline. In the TEM micrograph of sample FLOW-1 the hexagonal platelets are observed to pile on
top of each other forming “columns” of stacked nanoplatelets. This is most likely due to magnetic
interactions between platelets; the easy axis of magnetization lies along the c-axis. Although some
degree of stacking of platelets occurs in the other two samples, it is not as pronounced as in FLOW-1,
where the platelets are smaller. TEM and AFM micrographs of sample FLOW-4 are shown in Figure 3 (b).
In the micrographs large hexagonal platelets of sizes similar to those obtained from the refinement of
sample FLOW-4 are observed. However, a large amount of smaller hexagonal platelets, with an
approximate diameter of 20 nm, are also observed. These smaller platelets are most likely the FeOOH
phase, which constitutes 51 weight% of the FLOW-4 sample. The observed particle size of these
platelets on the TEM micrograph matches the refined crystallite size of FEOOH obtained from the
diffraction data. The small platelets are not randomly dispersed through the sample, or forming
agglomerates. They are on the surfaces of the larger SrFe ;0.9 platelets, possibly due to magnetic
attraction.

A

Figure 3: (a) TEM and AFM images of sample FLOW-1. Both, TEM and AFM confirm the hexagonal platelet morphology and
crystallite size extracted from refinements. (b) TEM and AFM micrographs of sample FLOW-4. The morphology and crystallite
size obtained from refinements is confirmed, as well as the existence of small platelet-like particles, which most likely
correspond to the large amount of FeOOH present in that sample.
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Magnetic Hysteresis at Room Temperature

The hysteresis curves (magnetization M vs. effective field He;) of the three hydrothermally synthesized
samples are shown in Figure 4. The numeric values of the maximum energy product, BH.,, remanent
magnetization, M,, saturation magnetization, M, and coercive field, H,, can be found in Table 2. The
three curves have widely different shape; yet both FLOW-1 and FLOW-2 reach the same energy product.

40 =
20 4 s
e 0

] (5 E,
-200 -100 O

¥ FLOW-2

M[Am® Kg']

T T

T T
-500 0 500 1000

Ha [KA m™]

Figure 4: Magnetic hysteresis curves (Magnetization, M, vs. Effective Field, H.¢) of the three powder samples, and inset with
maghnification of the second quadrant of the hysteresis curves. FLOW-1 depicted in blue dots, FLOW-2 in red dashed lines,
and FLOW-4 in solid black line.

Table 2: Numeric values of energy product (BH,,.,), remanent mass magnetization (M,), saturation mass magnetization (M),
M, /M ratio and coercive field (H.) of the three hydrothermally as-synthesized powder samples and their corresponding SPS
pellets (described in the magnetic subsection of section “SPS PELLETS (compacted nanocrystallites)”.

Sample BHmax M, Ms M/Ms Hc Hc
kIm®  [Am*Kg"]  [Am®Kg’] (kA m™] [T]
FLOW-1 0.84 14 28 0.50 84 0.11
FLOW-2 0.84 12 28 0.43 139 0.17
FLOW-4 0.14 4 8 0.50 134 0.17
SPS-1 26 59 69 0.86 301 0.38
SPS-2 12 42 55 0.76 303 0.38
SPS-4 21 58 68 0.85 174 0.22

The remanent magnetization decreases with increasing iron content. M, is slightly larger for FLOW-1 (14
Am?® kg?) compared with FLOW-2 (12 Am? kg'!), while FLOW-4 (4 Am? kg*) has the smallest observed
remanence. The difference in M, values between the three samples can be explained by the results
obtained from the X-ray diffraction data. FLOW-4 was found to have the largest content of FeOOH (51
wt%) followed by FLOW-2 (14 wt%) and finally FLOW-1 (12 wt%), i.e., increased FeOOH content will
bring about lower M, values. For all three samples the remanent magnetization to saturation
magnetization ratio, M,/M, is equal or close to 0.5, which is the theoretical M,/M, value for an assembly
of randomly oriented single domain particles.*
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The coercive field is larger for FLOW-4 and FLOW-2 (134 kA m™ and 139 kA m™), and smaller for FLOW-1
(84 kA m™). This is in agreement with the crystallite size increase. Larger crystallites give rise to higher
coercive fields, as long as the critical diameter for multi-domain formation is not reached. Although
FLOW-1 and FLOW-2 are mostly constituted by crystallites of equal size, FLOW-2 exhibits higher
coercivity, due to the 20 weight% of larger SrFe;,044 crystallites (SrFe12019-11).

Despite the fact that the FLOW-4 contain 51 wt% FeOOH no kink in the hysteresis data is observed, this
could be due to an effective exchange coupling between the ferromagnetic SrFe,,0,9 phase and the
antiferromagnetic FeOOH.

SPS Pellets (compacted nanocrystallites)

X-ray Diffraction: Rietveld Refinements
Phase purity: Analysis of crystallite size and phase identification after SPS was carried out by crushing

part of the pellets, measuring PXRD patterns and performing Rietveld refinement. The powder
diffraction pattern of the crushed SPS samples were collected at beamline BL44B2 at SPring8”.The
Rietveld refined data for SPS-1 is shown in Figure 5. Rietveld refinements of the other two SPS samples
and refined parameters can be found in Supporting Information.
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Figure 5: Rietveld refinement of the powder X-ray diffraction data from the crushed SPS-1 pellet, collected at SPring-8
synchrotron (A = 0.5000 A), and magnification of a 20 region were the main peaks of the phase are indexed, and the high
purity of the sample is observed. The black dots are the experimental data; the red line is the calculated Rietveld model; the
positions of the Bragg peaks are represented with the green lines, and the blue line shows the difference between the
observed and calculated intensities.

Results obtained from refinements reveal that the FeOOH phase, observed in the as-synthesized
powders, is no longer present in any of the 3 samples after SPS. FeOOH appears to have been converted
into SrFe;,0,9 during the compaction. This transformation implies the existence of strontium excess in
the powder together with the hexaferrite. This strontium excess is likely present as SrO as large excess
of strontium is used during the synthesis. However, no crystalline SrO is detected in any of the powder
diffraction patterns recorded; suggesting that it is amorphous. The expected chemical reaction for the
conversion of FeOOH is:

SrO (s) + 12FeOO0H (s) — SrFe; 5,044 (s) + 6H,0 (g)

10
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This reaction scheme is supported by a temporary breakage of the vacuum condition due to gas
evolution during SPS. No impurity phases are readily detected in SPS-1 i.e. the impurity level is <0.3
weight%. However, 20 weight% of a-Fe,0; is observed in SPS-2, while SPS-4 contains no a-Fe,0;, but 5
weight% of y-Fe,03 is present. The iron oxide phases could originate from partial transformation of the
FeOOH phase due to insufficient local SrO concentration. The following reaction scheme is proposed:

2FeOO0H (s) = o/y-Fe,05 (s) + H,0 (g)
Table 1 gives the phase composition of the SPS samples, extracted from Rietveld refinements.

Crystallite growth: The pronounced peak sharpening in the powder diffraction data of the crushed SPS
pellets compared with the as-synthesized samples indicates significant crystallite growth along both
directions of the nanoplatelets during compaction. Crystallite sizes obtained from refinements of the
three crushed SPS pellets are given in Table 1. The powder samples with small crystallites experience
larger crystallite growth during SPS compared with the initial large crystallites. Furthermore, the
crystallite growth is more pronounced along the c-axis compared to the a- and b-axes, giving rise to a
change in the morphology of the nanoplatelets. The a/c ratio is much smaller for the compacted
platelets compared to those of the as synthesized powders, and it increases with increasing Fe/Sr ratio.

Texture: To obtain information about the degree of alignment, powder X-ray diffraction patterns were
collected on the as-obtained SPS pellets, with the pressing surface of the pellet perpendicular to the
scattering plane. A comparison of the Rietveld refinement of the as-synthesized FLOW-1 powder sample
and the corresponding SPS-1 pellet is shown in Figure 6 (a).
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Figure 6: (a) Rietveld refinement of the as-synthesized nanoparticles FLOW-1 (refined in red) and their corresponding SPS
pellet, SPS-1 (refined in blue). Magnification of the 20 region marked with a grey rectangle is shown on the right hand side of
the figure. The highly textured sample SPS-1 was modeled using the Modified March’s function®® in FullProf Suite®® to
account for preferred orientation. (b) X-ray pole figure measurements of SPS-1 pellet. Measurements were performed in the
full Phi range from 0°-360° in steps of 5°, while Chi was varied between 75°-0° in steps of 5°.

From Figure 6 (a) it may appear as if a phase transformation has occurred during SPS. There is little
resemblance between the two diffraction patterns. However, the change in the relative intensities of
the peaks is an effect of a pronounced texture developing during the compaction. Diffraction peaks
almost inexistent in FLOW-1 become the most intense peaks of SPS-1, and vice versa. Indexing of the
data reveals that the intense peaks observed in SPS-1 are those of Miller hkl-index with significant /
character, corresponding to the crystallographic c-axis. This induced texture takes place without the
application of an external magnetic field. It is due to the platelet-like morphology of the hydrothermally
synthesized SrFe;,014 Nanocrystallites. Due to the magnetic interaction between the platelets, they tend
to stack on top of each other as seen in the TEM image in Figure 3. However, these stacked units will
rotate with respect to each other to reduce the magnetostatic energy. Under an applied uniaxial
pressure, non-magnetic platelets would normally align with their large surface perpendicular to the
applied force. In the case of magnetic platelets, the magnetostatic energy will compete with the applied
force for maintaining the domain rotation of the stacked units. The heat applied during SPS overcomes
the magnetic interactions and, as a consequence, the platelets align with the applied uniaxial pressure.
The resulting pellets have directional dependent properties along the c-axis, similar to those of a single
crystal.

To obtain quantitative information about the alignment of the nanoplatelets in the pressed pellet, pole
figure measurements were performed for SPS-1. The (008), (107), (110) and (114) pole figures of SPS-1
are shown in Figure 6 (b). The sharp variation of intensity with Chi (from the center and outwards), and
symmetry of diffraction intensity along 360° in Phi (concentric circumference in the plane of the paper)
confirms high alignment of nanoparticles along the c-axis. The orientation distribution function (ODF)
was generated from five poles ((008), (107), (110), (114) and (203)) using MTEX software.’” ** The
relative volume orientation of the crystallites with respect to 00/ axis with increasing theta angle (polar
coordinates) was subsequently extracted and plotted in Figure 7. The steps in theta are made in such a
way, that they present a constant integrated volume of a sphere, when going from the pole to the
equator. The extracted data shows that within the volume irradiated by X-rays ~50% of the crystallites
are oriented within 25° of the 00/ direction, 80% are oriented within 45°, and practically 100% are
oriented within 75°. This indicates a high degree of texture, where the platelets are not perfectly
horizontal in the compacted pellet, but with a preferred tilt between 15° and 30°.
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Figure 7: Oriented volume fraction of SPS-1 with increasing Theta angle obtained from the extracted ODF, and comparison
with the value corresponding to a randomly oriented specimen.

Magnetic Hysteresis at Room Temperature

Compaction of the as-synthesized powders through SPS gives rise to a huge enhancement of the
magnetic properties. Not only are the coercivity, saturation and remanent magnetization drastically
enhanced; but also the hysteresis curves become highly rectangular, with M,/M ratios of 0.76 — 0.86.
Figure 8 (a) shows the hysteresis curve of SPS-1 (solid blue line) and of the as-synthesized powder
FLOW-1 (dashed blue line). By comparison with the hysteresis of the as-synthesized powder, SPS causes
the remanent magnetization to increase by more than 300%, and the coercivity by ~250%. This results in
an energy product 30 times larger than that of the corresponding powders. The two insets of Figure 8 (a)
show the second quadrant of the hysteresis curves of the other two powder samples and their

corresponding SPS pellets.
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Figure 8: Magnetic hysteresis curves (Magnetization, M, vs. Effective Field, H.s) of (a): powder samples and their
corresponding SPS pellets and (b): comparison between the hysteresis curves of the three SPS pellets.

Comparison of the hysteresis curves from the three SPS samples is shown in Figure 8 (b), and numeric
values of energy product, remanent magnetization, saturation magnetization, M,/M; ratio and coercivity
are given in Table 2.

The knowledge obtained from X-ray diffraction analyses explains the differences in the hysteresis curves
of Figure 8. The squareness of the hysteresis loops of the SPS pellets is a consequence of the highly
oriented distribution of the nanoplatelets within the pellet. More than 80% of the maximum
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magnetization is retained upon removal of the field in SPS-1 according to the hysteresis loop (M./M; =
0.86). The 20% of the sample that does not retain the magnetization is in accordance with the ODF,
where 20% corresponds to the volume of platelets with an angle larger than 45° between their ab-plane
and the horizontal plane of the pellet.

The transformation of FeOOH into SrFe;;,0:9 and y-Fe,03 during SPS explains the enhancement of the
saturation and remanent magnetization of SPS-1 and SPS-4, while the large amount of hematite in SPS-2
diminishes the magnetization of this sample compared to the other two. The larger amount of impurity
in SPS-2 also explains the “kink” in the hysteresis at around +90 kA m™, typically observed in multi-
phased samples.

The increase in crystallite size is the direct origin of the enhanced coercivity of the SPS pellets with
respect to the powders. Those containing the largest nanocrystallites have the largest coercive values
suggesting that the crystallite growth of the initial powders caused by SPS has not yet reached the
critical diameter for multi-domain formation. This is also in agreement with the calculations made by Zi
et al. and Luo et al., who estimated the maximum diameter for single domain particles of SrFe;,045 to be
about 650 nm and 516 nm respectively.>* * Furthermore, the noticeable lower coercivity of SPS-4 with
respect to the other two pellets is most likely caused by the presence of the magnetically soft y-Fe;0,
phase, exclusively observed in this sample.

The large enhancement of magnetic properties after SPS gives rise to a maximum energy product of 26
k) m™ for SPS-1, due to its high purity and larger crystallite size compared to the other two samples. An
energy product of 21 kJ m™ is obtained by SPS-4, whereas a considerably lower value of 12 kI m™ is
observed for SPS-2.

Post-SPS Annealing

The SPS pellet with the highest BH.x, SPS-1, was cut in smaller pieces of equal dimensions, which were
annealed at 850 °C for different times (2 h, 4 h, 8 h, 16 h and 24 h). Magnetic hysteresis curves were
subsequently measured on the pieces of SPS-1 to study the influence of post-SPS annealing on the

magnetic properties. The variation of energy product with increasing annealing time is shown in Figure
9. An improved energy product is attained when increasing the annealing time up to 4 hours, where the
maximum energy product of 28.4 kJ m™ is reached. Further increase in annealing time leads to a gradual
decrease in the energy product to a value of 23.5 ki m™ after 24 hours of annealing; thus, attaining a
lower value than the observed for the initial SPS-1 pellet. The detected 11% increase in BH,,,, after 4
hours of annealing suggests that the SPS compaction can still be optimized to reach larger energy
products. The reasoning behind the observed trend in energy product with annealing time needs further
investigation.
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Figure 9: Variation of maximum energy product with post-SPS annealing at 850 °C and varying time for SPS-1.

Discussion
Hydrothermal syntheses of SrFe;,0.9 have previously been reported in literature. However, in the
majority of studies only the size along the ab-plane of the platelets is reported, and is obtained

19:22,3639 Only a few studies on the strontium hexaferrite contain

exclusively from microscopy techniques.
refinements of the powder diffraction data to obtain further information than phase identification by
peak indexing.** *® However, these studies do not consider the anisotropic platelet-like shape of the
crystallites in the refinements, and therefore report a single size obtained by modeling isotropic

crystallites.

The presented study is, to the best of our knowledge, the first study employing platelet modeling of
nanocrystallites by Rietveld analysis of powder diffraction patterns to investigate SrFe,,0.4 morphology.
Furthermore, the presence of the ferrihydrate FeOOH phase can also be observed in the powder
patterns from previously reported SrFe;;,044 syntheses.41 However it is easily misinterpreted or ignored
due to the pronounced broadening of the diffraction peaks. Darinka Primc et al. carried out electron
diffraction on the FeOOH platelets and observed interplanar distances of ~0.95 nm in the c-axis, which
match our refined value of the unit-cell c-axis of the FeOOH phase. Yet, their observation was
interpreted as being ultrafine nanoparticles of SrFe;,044, despite the disagreement with the interplanar
distances of SrFe;,044 along the c-axis.”*

The magnetic properties of previously reported hydrothermally as-synthesized SrFe;,0,4 platelets show

21, 42

values ranging from negligible coercivity and remanent magnetization, to values similar to ours for

the as-prepared powders.”" * Higher remanent magnetization values than ours are reported by other
groups like Lee J.H. et al. for their autoclave synthesis (48 Am?* Kg™). Their obtained higher magnetization

is due to the formation of larger crystallites, of several micrometers along ab-axis.

Hydrothermally synthesized and subsequent calcined SrFe;;0,9 samples attain similar saturation
magnetization as our samples, with values of 76 Am?* kg*,*® and 65 Am?” kg™.** However, the remanent
magnetization values (35 Am’ kg’1 and ~37 Am’ kg'l) are much lower, with a M,/M; ratio of about 0.5 as
expected for unaligned platelets. The high M, of our samples is due to the high alignment of the
nanoplatelets achieved by SPS. This high alignment is of key importance in order to achieve high energy

products.' On the other hand, the reported coercive field values cover a very wide range, from around

15



Nanoscale

100 kA m™ to 444.5 kA m™.3% *** The differences in coercive fields are due to different heating rates,
calcination temperatures and times, yielding different crystallite sizes and microstructures. It is hard to
rationalize the different reported coercivities, as the literature suffers from a general lack of detailed
structural characterization. A low coercivity value may be due to insufficient or excessive crystallite
growth. It seems, however, that calcination processes often lead to very large crystallites, exceeding the
critical size value for single magnetic domain systems. The small size of the crystallites synthesized in the
present study, and more specifically the small thickness of the starting nanoplatelets is the main
strength of the method reported here, resulting in a larger margin for crystallite growth to occur before
domain wall formation starts. Compaction of nanoplatelets through SPS entails fast densification with
minor crystallite growth, accompanied by an induced alignment of the magnetic platelets.

Conclusions

SrFe;,0,9 hexagonal nanoplatelets have been synthesized by the supercritical hydrothermal flow
method. The combined analysis of Rietveld refinement of X-ray diffraction data, TEM, and AFM
demonstrates that purity, particle size and diameter/thickness ratio of the nanoplatelets can be tuned
by varying the Fe/Sr ratio in the precursor solution.

Spark Plasma Sintering of the hydrothermally synthesized powders leads to bulk magnets with highly
orientated nanocrystallites without the need for an externally applied magnetic field. This high degree of
alignment is a consequence of the platelet-like morphology of the initial nanoparticles. This gives rise to
single-crystal-like properties, which could also be of interest in other systems where physical properties
have a high directional dependency, like piezoelectric effects, thermoelectric materials and
superconductors. All samples exhibit crystallite growth during SPS compaction, especially along the
direction of magnetization (the c-axis), enhancing the magnetic properties without reaching excessively
large sizes, i.e., above the multi-domain region.

A direct relationship between the magnetic and structural properties is drawn for all samples.
Controlling the nanostructure throughout the process allows tailoring of the magnetic properties in the
final product. The highest resulting maximum energy product is BH,., = 26 kJ m>, starting from BH,,qx =
0.84 k) m?in the as-synthesized powder.
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