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Abstract

The formation of W-type hexaferrite magnets was investigated using in situ synchrotron X-
ray powder diffraction. Both the holding time and precursor composition were investigated
to evaluate the effect on phase purity and crystallite size using Rietveld refinements. Based
on the refinements, it was found that the formation of W-type hexaferrites initiates shortly
after reaching 1200 ◦C and happens within a few seconds. M-type hexaferrite was formed
at a lower temperature before being transformed into W-type hexaferrite. Despite the short
holding times, at elevated temperatures, the crystallite sizes along the a,b-axis exceeded
the detection limit of the powder diffraction data, as the peak widths associated with the
a,b-planes became too narrow to resolve changes as function of time. Magnetization data
recorded from the in situ prepared samples revealed a higher saturation magnetization
in the W-type hexaferrites relative to conventional M-type hexaferrites. No appreciable
coercivity was found, which can be attributed to different effects: (1) reduced anisotropy
constant, (2) large crystallite growth resulting in multi-domain crystallites, or (3) exchange-
coupling with soft spinel ferrite found in the sample. Based on this study, we conclude
that W-type hexaferrites can be formed after a few seconds at 1200 ◦C and that crystallite
growth happens subsequently after the formation of the W-type hexaferrite structure.

Keywords: permanent magnet; in situ diffraction; rapid sintering

1. Introduction
The properties of functional materials are defined by their composition and structure.

Understanding the structure on the atomic scale and nanoscale is crucial for designing
and optimizing new materials. Various external stimuli such as temperature, pressure,
and atmosphere affect the material’s structure and composition. The influence of the pro-
cessing steps can have a marked influence on the resultant material’s functionality. The
structure and functionality are usually studied ‘post-mortem’, making property optimiza-
tion a ‘black-box’, i.e., a trial-and-error process. Maintaining nanostructures at elevated
temperatures is challenging, because crystal growth is happening on a short time scale
at temperatures > 1000 ◦C. In situ ultrafast high-temperature sintering (UHS) allows for
opening the ‘black-box’ by combining fast heating rates and high temperatures together
with fast data acquisition, offering an ‘operando’ approach. This makes it possible to look
into the chemical processes as they happen. Fast data acquisition is crucial for following
the phase transformation and crystallite growth at high temperatures.
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To open the ‘black-box’, we have developed a novel setup—the Aarhus Rapid Ohmic
Sintering (ARΩS) Furnace [1] inspired by Wang et al. [2]. This allows us to follow processes
at high temperatures > 1200 ◦C on a <0.1 s time scale using a highly penetrating, hard
X-ray synchrotron beam. The in situ investigated sample can be easily retrieved for further
investigations of its physical properties with complementary techniques like EBSD, VSM,
etc. Here, we demonstrate the capabilities for an in situ diffraction study following the
formation of permanent magnets, specifically the W-type hexaferrite SrZnNiFe16O27.

Permanent magnets are key materials for electrification of society and the
two most widely used magnets, M-type hexaferrites (SrFe12O19) and neodymium magnets
(Nd2Fe14B), make up 99% of the market. Hexaferrites are rare earth element-free magnets,
and the cost per magnetic power ((kJ/m3)/$) is lower for hexaferrites [3], leading to their
widespread use. In general, the energy product (BHmax) of a permanent magnet scales
proportionally to the remanent magnetization (Mr) squared, if the material has sufficient
coercivity. The best commercial ferrite magnets have BHmax = 44(2) kJ/m3, which is limited
by their magnetization (Mr ~ 74(2) Am2/kg) as long as the coercivity (Hc) is high enough
Hc > ½Mr. In order to improve properties beyond the best commercial magnets it is thus
necessary to achieve Mr > 75 Am2/kg while retaining a high coercivity (Hc > 191 kA/m).

Substitution of divalent metal ions in SrFe12O19 such as Co2+ or Zn2+ have shown
great possibility for tuning both the magnetic anisotropy field (Co2+; [Ar]3d7) [4] and
the magnetic saturation (Zn2+; [Ar]3d10) [5]. However, substituting Fe3+ by a divalent
transition metal requires additional substitution elsewhere in the unit cell either; Fe3+ by
a tetravalent ion (e.g., Ti4+), or Sr2+ by a trivalent ion (e.g., La3+). There are limits to the
amount of divalent elements that can be substituted into SrFe12O19. The improvement by
Zn2+ can be rationalized by the fact that SrFe12O19 is a ferrimagnet and has five distinct
crystallographic sites for Fe3+; ↑ (2a, 4e, 12k) and ↓ (4f 1, 4f 2), where 2a, 12k and 4f 2 is
octahedrally coordinated and 4f 1 is tetrahedrally coordinated and 4e is half occupied with
trigonal bipyramidal coordination. By inserting the Zn2+ ([Ar]3d10) onto the 4f 1 tetragonal
site it is possible to enhance the magnetization by reducing the number of antiparallel
atomic magnetic dipolar moments. A comparison of the crystal structures of MHF and
WHF is shown in Figure S1 of the Supplementary Materials.

The W-type hexaferrites (SrFe18O27) are a potential candidate for an even better perfor-
mance, because they already contain two Fe2+ that can be substituted with a non-magnetic
2+ ion such as Mg2+ or Zn2+. The W-type structure has seven distinct crystallographic sites
for iron; ↑ (4f 1, 6g, 12k 4f 2) and ↓ (4e, 4f 3, 4f 4), where 4f 1, 6g, 12k and 4f 3 are octahedrally
coordinated while 4e, and 4f 4 have tetrahedral coordination and 4f 2 is half occupied on
a trigonal bipyramidal site. This gives now two sites for Zn2+ to enter into the structure.
Combined substitution of Co-Zn in W-type hexaferrite causes a change in the magnetic
structure from uniaxial to planar [6].

In ideally aligned permanent magnets, the remanent magnetization is limited only
by the saturation magnetization. Magnetic saturation in ferrites can be tuned with transi-
tion metal (TM) substitution as previously shown for spinel ferrites TMxZn1−xFe2O4 [7,8],
(Ni0.5Zn0.5Fe2O4) [9], M-type hexaferrites (Sr0.5La0.5Zn0.45Fe11.55O19,) [5] and W-type hex-
aferrites (SrZnLi0.5Fe16.5O27, 91 Am2/kg) [10], (SrZnFe17O27, 88 Am2/kg) [11,12], and
(SrNiZnFe16O27, 80 Am2/kg) [13].

To achieve a high coercivity it is a necessity to have a high magnetocrystalline
anisotropy. According to experiments and theoretical calculations, W-type hexaferrites
(SrFe18O27) have similar magnetocrystalline anisotropy energy to M-type hexaferrites
(SrFe12O19) [14–16] which should make it possible to achieve similar coercivity. Neverthe-
less, there are no reports of small crystallite sizes and high coercivity in W-type hexaferrites.
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Synthesizing W-type hexaferrites is challenging, because the phase only forms at high
temperatures in a relative narrow temperature range from 1350 to 1440 ◦C according to the
Sr-Fe-O phase diagram [17]. At elevated temperatures Fe3+ reduces to Fe2+, due to oxygen
leaving the sample. Unfortunately, M-type hexaferrite exhibits abnormal grain growth
at an onset temperature of about 1260 ◦C [18,19]. The formation temperature of W-type
hexaferrite and onset of abnormal grain growth makes it very difficult to prepare small
crystallites of W-type hexaferrites. Exaggerated grain growth is detrimental to the magnetic
properties, especially the coercivity [20].

It is possible to lower the formation temperature from 1350 ◦C to 1200–1250 ◦C in
SrFe18O27 by substituting Fe2+ with transition metal ions preferring the 2+ oxidation
state. This was demonstrated for Co2+/Ni2+/Zn2+ [13,21]. Here we have chosen to focus
on Ni2+/Zn2+ as this is reported to have Ms ~ 80 Am2/kg and relatively low synthesis
temperature around 1250–1300 ◦C.

The rapid and ultra-high-temperature sintering furnace ARΩS is ideal for following
the phase formation and crystallite growth of W-type hexaferrites in situ. The in situ inves-
tigations are paramount for realizing whether it is possible to form the W-type hexaferrite
before the abnormal grain growth initiates. This is to the best of our knowledge the first
study of W-type hexaferrites’ formation in situ.

2. Experimental
2.1. Synthesis

A sol–gel precursor was prepared for making SrNiZnFe16O27 hexaferrite. The metal
nitrates (Sr(NO3)2, Ni(NO3)2·6H2O, Zn(NO3)2·6H2O, Fe(NO3)3·9H2O) were dissolved in
~125 mL water. Citric acid was dissolved in ~75 mL water and added to the metal nitrate
solution. Subsequently the pH was adjusted to ~7 with NH4OH. The W-type hexaferrite
can be thought of as a mixture of M-type hexaferrite and spinel ferrite.

SrFe12O19 + x(Ni0.5Zn0.5)Fe2O4 = Sr(Ni0.5Zn0.5)xFe12+2xO19+4x

For the study varying the holding time t at the temperature 1200 ◦C, the stoichiometry
was kept at x = 1.9 using slight surplus of Sr. Meanwhile, in the second series, the holding
time t was fixed at 15 s and the stoichiometry was varied. Three different ratios were
prepared and investigated: x = 1.8, 1.9, or 2.0.

All gels were dried at ~100 ◦C for 24 h. The resulting powder was combusted in a
convection oven at 350 ◦C for 30 min resulting in a loose powder which was subsequently
crushed. The crushed powder was pressed into pellets of approximately 0.15 g with 6 mm
diameter and 1 mm thickness. The compaction was done in a steel matrix at 1.0 GPa for
5 min and the pellets were later cut and placed into quartz capillaries with ø~3–4 mm and
0.01 mm wall thickness.

2.2. Powder Diffraction

The powder diffraction experiments were carried out at beamline P02.1 at DESY using
a Varex XRD 4343CT detector (Varex Imaging, Salt Lake City, UT). Capillaries containing
pellets were placed inside the felt in the ARΩS furnace [1] (see the Supplementary Materials
for more information about the ARΩS furnace (Aarhus University, Aarhus, Denmark)
where the following heating ramp was used for the experiments:

RT 50◦/s→ 300◦C, 30s 50◦/s→ 600◦C, 30s 50◦/s→ 1200◦C, ts(t = 0, 15, 30, 60, 120)

Individual experimental runs will be referred to by their dwell time, t, throughout
the discussion. Powder diffraction data were collected continuously during heating and
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cooling. The X-ray energy used for penetrating the sample was 60 keV (λ = 0.2066 Å)
with a sample-to-detector distance of 1011.6 mm, full diffraction rings were collected up to
Q = 6.0 Å−1 and integrated using MatFRAIA v2022 using a 2θ step size of 0.005◦ [22]. To
calibrate the sample to detector distance and describe the instrumental broadening, NIST
Standard Reference Material 660b (LaB6) powder in a similar pellet-like/sample geometry
was also measured.

2.3. Vibrating Sample Magnetometry

The magnetic data was collected using a Quantum Design Physical Properties Mea-
surement System with the Vibrating Sample Magnetometer option (PPMS-VSM, Quantum
Design, San Diego, CA) with an applied magnetic field of ±3 T at 300 K. The saturation
magnetization (Ms) was determined from the law of approach to saturation, while the
coercivity (Hc) and remanent magnetization (Mr) were extracted by linear interpolation.

3. Results and Discussion
Collected data alongside with the temperature profile from t = 120 s experiments is

shown in Figure 1. The heatmap reveals the different phase transitions occurring in the
sample. The heatmaps for the various samples are more or less identical; only the holding
time varies. Initially a precursor phase of spinel can be seen in the diffraction pattern; there
is no evidence of any Sr-containing phases. The spinel peaks are very broad, suggesting
small crystallite or a highly defective structure. In all experiments a clear transition is seen
near the 1 m 15 s mark as exemplified in Figure 2. Here the temperature is raised from
600 ◦C to 1200 ◦C, initiating the formation of M-type hexaferrite, which is rapidly converted
to W-type hexaferrite, once the temperature approaches 1200 ◦C. This paper is concentrating
on the formation and growth of W-type hexaferrite; therefore, the focus will be on the time
stamp 1 m 15 s and onwards. The M-type hexaferrite formation will be used to estimate
the sample temperature, because the temperature reproducibility of the furnace appears
to be around +/−10% of the set temperature; see Figures S2 and S3 and Table S1 of the
Supplementary Materials for further details.

Figure 1. D heatmap of diffraction data (2θ, File #, where # is the number) left, and temperature
profile (◦C, min:ss) right.

To obtain quantitative information describing the formation and growth during the in
situ experiment, the integrated diffraction data was Rietveld-refined using TOPAS v7 [23].
The structural model is based on the structure reported by Mørch et al. [21] and is also
found in the ICSD database as entry 38996. Figure 2 shows an example of a Rietveld
refinement 3 min into the experiment, where the sample has been held at 1200 ◦C for almost
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2 min. At this point W-type hexaferrite is the dominant phase with a considerable phase
fraction of spinel and slight amounts of M-type hexaferrite.

Figure 2. Three minutes into the 120 s experiment. Observed, calculated and difference plot along with
the phase contributions from: MHF = SrFe12O19, WHF = SrNiZnFe16O27 and Spl = (NiZn)0.5Fe2O4.

Two studies were carried out: one investigating the effect of the holding time and a
second looking at the effect of different ratios between M-type hexaferrite and spinel ferrite.
The extracted information from the powder diffraction data is the phase fraction of the
different observed crystalline phases and the crystallite size along the a,b-axis (width) and
the c-axis (thickness). The size along the ab-axis very quickly grows out of the instrument
resolution, which was determined from the NIST LaB6 standard to be around 100 nm.
Reliable information about the crystallite size along the a,b-axis cannot be extracted from
the diffraction data and it is therefore not plotted or reported, but the size is expected to
be ≫100 nm. The reported crystallite size along the c-axis represents a theoretical minimum
crystallite size as all peak broadening effects are attributed to size, this is done to minimize
cross correlations. The absolute value of the size along the c-axis cannot be trusted, but the
trends as function of time are reliable.

3.1. Holding Time

Five different holding times were investigated (t = 0 s, 15 s, 30 s, 60 s, and 120 s) to
study the reproducibility of the temperature in the furnace and the reproducibility of the
phase formation, alongside the effect of different holding times on the final growth of the
phases. Figure 3 shows the extracted weight fraction of SrNiZnFe16O27 plotted alongside
the crystallite thickness (size c [nm]) versus time as extracted from the TOPAS refinements.

The slow formation of SrNiZnFe16O27 in the 60 s experiment, and rapid increase
in phase and size in the 30 s experiment hinted that the sample temperature could be
different than the control temperature in the thermocouple. By comparing the refined lattice
parameters of SrFe12O19 in the time interval 01 m 20 s–01 m 35 s to thermal expansion
coefficients, it could be reasoned that the sample temperature was ~100 ◦C lower in the
60 s experiment and ~150 ◦C higher in the 30 s experiment. More details are given in
Figures S4 and S5 and Table S1 of the Supplementary Materials.

In the experiments with sufficient temperature and time (15 s, 30 s, and 120 s) the
formation of W-type hexaferrite occurs in ~15 s of reaching the W-hexaferrite formation
temperature of 1200 ◦C (from 1 m 20 s to 1 m 35 s). In the two other experiments (0 s, and
60 s) the phase never fully forms, either due to too short time (0 s) or insufficient temperature
(60 s). Textbooks often describes solid-state reaction to be “slow” with “prolonged periods”
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of heating being necessary [24]. Here the reaction occurs very fast, due to the nanoscale
dimensions of the precursor, causing shorter diffusion pathways and consequently faster
reaction kinetics. Fast reactions are paramount if the nanostructure is to be maintained at
these elevated temperatures.

Figure 3. Weight% and crystallite thickness for SrNiZnFe16O27 vs. time. Horizontal line indicates the
resolution limit. Colored vertical lines indicate when power is switched off. Colors denote the five
different holding times, as given in the legend, and the grey shaded area marks the region above the
instrument resolution limit (~100 nm), in which crystallite sizes cannot be reliably determined.

The rapid formation in the 30 s experiment is followed by a marked decrease in the
observed phase fraction of W-type hexaferrite (~70 wt% → ~60 wt%); this is seen from
1 m 30 s to 1 m 52 s followed by a sharp increase from 1 m 52 s to 1 m 55 s. When looking
at the growth in the refined crystallite thickness (size c [nm]) the higher temperature of
the 30 s experiment markedly accelerates the growth. A sharp reduction in crystallite size
is subsequent with an increase in W-type hexaferrite phase fraction that occurs around
1 m 52 s–1 m 55 s coinciding with the furnace being switched off. It is likely that at higher
temperatures (1200 ◦C + ~150 ◦C), the phases begin to slowly melt and only recrystallize
when the heating is turned off. This is corroborated by the scale factor tailing off and
coming back up as the temperature is switched off; a figure of this is shown in Figure S7
of the Supplementary Materials. In the 120 s experiment the refined crystallite thickness
grows much slower, but also increases outside of the resolution by the 2 m 10 s mark in the
experiment. However, for the other experiments the apparent size along the c-axis remains
below ~35 nm. The refined final phase fractions for the different experiments are given in
Table 1 along with the magnetic properties for the different samples.

Table 1. Magnetic properties and refined weight fractions of the five samples of SrNiZnFe16O27 with
different holding times and the three different M-type/spinel ratios.

Time (t) 0 s 15 s 30 s 60 s 120 s 15 s 15 s 15 s

Ratio (x) 1.9 1.9 1.9 1.9 1.9 1.8 1.9 2.0

WHF (wt%) 26.7(4) 72.0(6) 70.3(5) 57.8(6) 64.6(4) 81.6(4) 72.0(6) 74.2(5)

MHF (wt%) 45.0(6) 12.1(3) 0 17.4(4) 0.76(8) 1.1(1) 12.1(3) 3.12(2)

SPL (wt%) 28.3(8) 15.9(6) 29.7(5) 24.7(69) 34.6(4) 17.3(4) 15.9(6) 22.7(5)

Ms
(Am2/kg) 73.61(2) 75.78(1) 78.68(2) 76.59(1) 77.38(2) 78.52(1) 75.8(1) 76.29(1)

Mr
(Am2/kg) 26.36(1) 9.06(2) 2.74(2) 9.63(4) 3.48(3) 4.25(2) 9.06(2) -

Hc (kA/m) 117.3(8) 30.3(4) 5.93(9) 18.8(6) 5.14(12) 10.9(2) 30.3(4) -
Values in parentheses are the estimated standard uncertainties on the last digit of the preceding value.
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The experiments with different holding times reveal that both time and temperature
have a big effect on both the formation and growth of W-type hexaferrite where too high
temperatures accelerate both growth and decomposition, but too low temperatures causes
an incomplete transformation. As evidenced by the 120 s experiment, the bulk phase
formation takes place in a matter of seconds, while growth continues over the next ~2 min.
The temperature should be controlled better ±50 ◦C, which at 1200 ◦C means within ~4%
error margin and the time should be controlled better than ±15 s at these temperatures.

3.2. Ratio Between M-Type and Spinel

Besides the study of holding time, three different precursor ratios were investigated
to look at the effect of the final phase composition. The 2.0 ratio represents the ideal
stoichiometry, while the excess Sr in the off-stoichiometry ratios 1.8 and 1.9 have previously
been reported to improve the phase fraction of W-type hexaferrite produced [25,26]. The
heating ramp was the same as the first experiments, and a holding time of t = 15 s was used.
In Figure 4 the refined crystallite thickness (apparent size c [nm]) along with the weight
fraction of SrNiZnFe16O27 are plotted for the three different precursor ratios.

Figure 4. Temperature, weight fraction and crystallite thickness for the three different precursor
compositions. The shaded region indicates estimated standard uncertainty.

In agreement with the experiments with different heating periods (15 s, 30 s, and
120 s), described in “Section 3.1, Holding Time”, the majority of the SrNiZnFe16O27 is
formed within 15 s. The predominant growth in apparent crystallite size takes place after
the phase formation. In other words, it appears that the formation of SrNiZnFe16O27 is
decoupled from the crystal growth and that it should be possible to obtain small crystallites
of the W-type hexaferrite. However, this window of opportunity is small as short time
spans, high temperatures (~1200 ◦C) and the correct chemical composition is needed to
produce phase pure samples. The highest refined weight% of W-hexaferrite is observed
for the x = 1.8 ratio, along with the largest refined crystallite thickness. The refined weight
fractions are tabulated in Table 1 together with the magnetic data. The ratio 1.8 achieves
a phase purity of 81.6(4) wt% of W-type hexaferrite. From the refined lattice parameters
of SrFe12O19 there is no indication of a considerable difference in temperature between
the three experiments varying the ratio between M-type and spinel. The relative short
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dimensions along the c-axis suggest that it is possible to form W-type hexaferrite with small
crystallites potentially within the range necessary for having nonzero coercivity.

3.3. Magnetic Data

This paper focuses on the saturation magnetization (Ms) and coercivity (Hc). The
saturation magnetization is a simple arithmetic sum of the mass phase fraction multiplied
by the mass saturation magnetization of the individual phases: Ms,tot = Σmphase × Ms,phase.
The M-type hexaferrite SrFe12O19 has a saturation magnetization of Ms,MHF = 74 Am2/kg,
while the spinel phase Zn0.5Ni0.5Fe2O4 has Ms,spl = 62 Am2/kg [27] and SrZnNiFe16O27

has been reported to have Ms,WHF = 80 Am2/kg [13]. For the 0 s and 15 s experiments, the
expected Ms,tot would be 72 and 76 Am2/kg, respectively, which align well with the values
obtained from the magnetization data and the law of approach (tabulated in Table 1).

Coercivity, however, is not a simple arithmetic sum. It depends on crystallite size, and,
in multiphase systems, it is influenced by exchange-coupling between the individual phases.
If the phases are uncoupled, the hysteresis loop exhibits discontinuous behavior, reflecting
when an applied field is sufficient to rotate the magnetization in the individual phases. In
exchange-coupled samples, the phases interact, resulting in smooth magnetization data in
the second quadrant.

The M-type hexaferrite, when sufficiently small, has a coercivity in the range of
200–500 kA/m, while the spinel phase (Zn0.5Ni0.5Fe2O4) is soft (Hc ~ 0 kA/m). The
coercivity of SrZnNiFe16O27 is unknown; Knudsen et al. reported a value of 2 kA/m [13],
but this was for a very large-grained sample.

Holding time: Following the in situ experiments, magnetization data were measured
on the sintered samples. Figure 5 shows the 1st and 2nd quadrants illustrating the high
saturation magnetization in all cases. All samples appear to have smooth hysteresis curves,
suggesting that the three magnetic phases, W-type (SrZnNiFe16O27), M-type (SrFe12O19)
and spinel (Zn0.5Ni0.5Fe2O4), are perfectly exchange-coupled. The samples have no ap-
preciable coercivity, except the 0 s experiment. The 0 s, 15 s and 60 s holding times have
comparable growth of the c-axis of the W-type phase, but with different phase fractions
of SrFe12O19 45, 12 and 17 wt%, respectively, and resulting coercivities of 117, 30 and
19 kA/m, which can be attributed to either SrFe12O19 or SrZnNiFe16O27, as spinel is a soft
magnet. The 30 s and 120 s have <1% SrFe12O19, but around 30 wt% spinel. with coercivities
dropping below 6 kA/m. This is either due to multi-domains in the SrZnNiFe16O27 and/or
exchange-coupling with the soft spinel phase reducing the coercivity.

Figure 5. Hysteresis of the five samples of SrNiZnFe16O27 with different holding times.

In Table 1 the magnetic properties extracted from the magnetization data are presented.
All samples except t = 0 s have a saturation magnetization exceeding 75 Am2/kg, i.e., the
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produced W-type hexaferrite phase has the potential to obtain a larger BHMAX compared
with conventional M-type hexaferrites such as the theoretical BHMAX = Ms

2/4µ0, where µ0

is the permeability of free space (4π × 10−7 H/m). However, the vanishing coercivity is
inhibitive for making the W-type hexaferrites into permanent magnets; to be able to fulfill
the theoretical BHMAX the coercivity should be Hc > Ms/2.

Ratio between M-type and spinel: Magnetization data were also measured for sam-
ples made from the three different precursor compositions and the 1st and 2nd quadrant
is shown in Figure 6. In all three cases the coercivity is vanishing, but a high saturation
magnetization is observed. The extracted magnetic properties and the refined weight
fractions from Rietveld refinements are collected in Table 1.

Figure 6. Hysteresis of the three different precursor compositions for SrNiZnFe16O27.

From the magnetic data it is evident that the sample from precursor ratio 1.8 has the
highest phase fraction of SrNiZnFe16O27 and shows the highest saturation magnetization,
which approaches the result by Knudsen et al., where a 90 wt% of W-type hexaferrite
SrNiZnFe16O27 was obtained with a Ms ~ 80 Am2/kg [13]. It is possible to calculate an
expected value for the Ms of SrNiZnFe16O27 phase based on the weight fraction of WHF,
MHF and SPL in Table 1 and the Ms,MHF = 74 Am2/kg and Ms,spl = 62 Am2/kg using
all the extracted values in Table 1; the expected Ms,WHF becomes 83(3) Am2/kg, in good
agreement with the values reported by Knudsen et al. [13].

3.4. Discussion

The smooth hysteresis curves of all the samples suggest that all three magnetic phases,
M/W-type hexaferrite and spinel, are exchange-coupled, i.e., acting as a single phase.
Due to the elevated temperature and the known abnormal grain growth of hexaferrites at
around 1260 ◦C, the vanishing coercivity is not an effect of superparamagnetism [28]. A
study on M-type hexaferrite has also revealed that crystallites as small as 3.5 nm thick and
48 nm wide had a coercivity of 68 kA/m [29]. The vanishing coercivity can therefore most
likely be attributed to three effects:

(1) W-type hexaferrites have intrinsically vanishing coercivity, due to a low magnetocrys-
talline anisotropy constant. Based on the present experiments it is difficult to reach
that conclusion, because the samples are not phase pure and size effects cannot be
excluded. Theoretical calculations and experiments with single crystals suggest that
the W-type hexaferrite (SrFe18O27) should have similar magnetocrystalline anisotropy
to M-type hexaferrites (SrFe12O19) [14–16]. Therefore, it should be possible to obtain
samples with coercivity. Furthermore, BaNi2Fe16O27 and BaZnFe17O27 still had a
lower although significant magnetocrystalline anisotropy constant [30].
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(2) The abnormal crystal growth has caused the crystalline grains of the M- and W-type
to become very large and thereby effectively introducing multiple magnetic domains,
which easily switch upon an applied external field. This is arguably the case for
t = 30 s and 120 s, where excessive temperature and time causes the crystallites to
grow out of resolution of the diffraction experiment. It should also be noted that
t = 30 s and 120 s have vanishing content of M-type hexaferrite < 1%, but relatively
large content of the spinel phase around 30 wt%. In all cases, the peak width is outside
the resolution of the diffraction experiment and the upper bound of stable single-
domain crystallites is generally outside the resolution limit of diffraction experiments.

(3) Based on the weight fraction and crystallite sizes extracted from the diffraction data
t = 15 s and 60 s it is difficult to conclude whether the W-type structure SrZnNiFe16O27

has intrinsically vanishing coercivity or the low coercivity is an effect of exchange-
coupling between the hard and the soft phases. It was recently experimentally and
theoretically reported that exchange-spring magnets can be dominated by the behavior
of the soft magnetic phase, i.e., the soft spinel phase dominates and short circuits the
W-type hexaferrite, causing the vanishing coercivity [31,32].

More investigations are necessary, preferably with phase pure samples of W-type
hexaferrite. Recent papers have reported that phase purity is highly dependent on the
oxygen content in the sintering atmosphere [33–37]. Unfortunately, the graphite filament of
the ARΩS furnace cannot allow oxygen in the reaction chamber as this would cause the
carbon filament to burn. Therefore, it is not possible with the present setup to make an in
situ test with different oxygen atmospheres.

4. Conclusions
The formation of W-type hexaferrites was successfully studied in situ for the first

time. The phase transformation took place over a time span of approximately 15 s at a
temperature > 1200 ◦C. From the in situ diffraction data it is clear that the phase trans-
formation and crystal growth are decoupled. The crystal growth takes place after the
phase transformation has occurred which strongly suggests the possibility of obtaining
nanocrystalline W-type hexaferrites. In conclusion it is possible to grow small sized W-
type hexaferrite. The produced samples with >70 wt% W-type hexaferrite in the in situ
experiment all showed saturation magnetization > 75 Am2/kg; however, all had vanishing
coercivity < 35 kA/m. Based on the results it was possible to extract a saturation magneti-
zation value for W-type hexaferrite SrNiZnFe16O27 corresponding to 83(3) Am2/kg. The
lack of coercivity can be attributed to three different features: (1) low magnetocrystalline
anisotropy constant for SrZnNiFe16O27 (W-type hexaferrite), (2) crystallite sizes producing
multi-domain grains, (3) exchange-coupling with soft spinel phase. Based on theoret-
ical calculations of the magnetocrystalline anisotropy and exchange-coupling between
hard–soft magnetic phases, the most likely scenario for the low coercivity can be attributed
to exchange-coupling between the W-type hexaferrite and the soft spinel phase. However,
with the present data we cannot rule out crystallite size effects causing multi-domain
magnetic structures.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cryst16080511/s1, Figure S1: Crystal structures of M-Type
(MHF) and W-Type (WHF) hexaferrites along with Wyckoff sites; Figure S2: Measured thermocouple
temperature for the five different holding times; Figure S3: Power draw of the filament during the five
different holding time experiments; Figure S4: Lattice parameter for the spinel phase (solid symbols)
vs. time, and the set temperature (shown in black and white line, only 120 s experiment plotted for
clarity) vs. time; Figure S5: Zoom on the refined lattice parameters for the five different holding
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times at two different parts of the experiment; Figure S6: Rwp vs. time for the different holding times;
Figure S7: Scale factor vs. time for the five different time experiments; Figure S8: Rwp vs. time for the
three different precursor compositions; Table S1: Calculated offset temperature for the five different
experiments, amm:ss is the unit cell parameters and ∆T,mm:ss is the offset at the given temperature
and time between the calculated temperature (TCal,mm:ss)–the measured temperature (TM,mm:ss).
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