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Influence of Particle Size on Microstructural and Magnetic

Properties of Yttrium Iron Garnet Ferrite
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Yttrium iron garnet ferrite using the chosen stoichiometry of (Y3)(MnxAlos.<Fes2)O12 with x = 0.1 and different
milling powder sizes were prepared through ball milling for various milling times to study the effect of powder
size reduction on the resulting microstructural and magnetic properties. Sintered yttrium iron garnet ferrites
were characterized by X-ray diffraction analysis and scanning electron microscopy. The particle size (Dso) of
as-milled calcined powder was decreased using ball milling (from 3.682 pm for a 0.5-h-long milling to 1.606 pm
for a 2.5-h-long milling). Scanning electron microscopy analyses confirmed that the sintered grain exhibited a
crystal size that was increased from initial values (average crystal grain sizes of 3.5 + 0.1pm for 0.5h of milling)
up to 6.2 = 0.1pm after 2.5 h of ball milling and the subsequent sintering process. The same sintered specimen
after 2.5 h of ball milling exhibited an obvious increase in saturation magnetization (47wM;), remanence (Br),
and squareness ratio (namely B./4nM;); it also caused a notable decline in coercivity (H.) and ferromagnetic
resonance line width (AH), which were attributed to the introduction of a smaller size of calcined powder after
milling and subsequently resulted in a larger sintered grain. Furthermore, a sufficient spin-wave line width
(AHy) and low insertion loss (|S21|) were obtained for the operation of the microwave device. The aforementioned
results are all beneficial to the use of yttrium iron garnet ferrite in microwave applications. A correlation
between the calcined powder size after milling, grain crystal size after sintering, and magnetic properties was
evident in this study. The strict control of calcined powder size after milling is critical in tailoring suitable
magnetic properties for yttrium iron garnet ferrite manufacturing processes.
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Loss (|S21]), Particle Size, Remanence (Br), Saturation Magnetization (47M;), Spin-wave Line Width
(AHx), Squareness Ratio (SQR), Yttrium Iron Garnet (YIG) Ferrite.

1. INTRODUCTION

Yttrium iron garnet (YIGQ) is a ferrite material with
excellent magnetic properties, making it a promising
candidate for use in high performance microwave and
electrochemical devices, such as circulators and latch-
ing-type phase shifters. This is due to its high resistivity,
Curie temperature (7¢), and chemical stability, in addi-
tion to its thermophysical, mechanical, and unique mag-
netic properties such as narrow ferromagnetic resonance
(FMR) line width (AH), and low dielectric loss!. YIG
possesses a cubic crystal structure with a general for-
mula of A3BsO; and specific formula of Y3FesO1,. The
unit cell of YIG comprises eight formula units forming
a complex cubic lattice constituted by 160 ions in spe-
cific lattice positions. Three sublattices are present in the
garnet structure; the dodecahedra c-site is occupied by
three Y37, the octahedral a-site is occupied by two Fe’*,
and the tetrahedral d-site is occupied three Fe*". The Y3*
and Fe*" present in the sites are trivalent, making YIG

exceptionally suitable for magnetic studies’>®. Notably,
the magnetic moment of Yttrium is insensitive to the
crystalline field, and the super-exchange anisotropy is
zero due to the absence of net orbital angular momentum
(usually denoted as L). The dominating super-exchange
interaction renders the magnetic moments of the a-site
and d-site antiparallel aligned, and determines the 7c.
Whereas the magnetic moments of two Fe’* from the
d-site are canceled out by that of the two Fe’* from the
a-site, the resultant magnetization of the Fe3* sublattices
is opposite to the magnetization of Y3*, giving rise to
ferrimagnetism. Thus, the magnetic moment of YIG is a
result of the surplus Fe** from the d-site.

YIG ferrites are often used in microwave phase
shifters for scanning radar beams®. To effectively
control the microwave properties for the devices applied,
the characteristics or the shape of the hysteresis loop and
the magnetic properties are critical”. However, the need
for a phase shifter that can be switched in a few micro-
seconds has placed a new emphasis on ferrite. Fast
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switching characteristics for phase shifters cannot be
obtained without a low coercivity (H.), such as from the
hysteresis properties of ferrite'?. In addition, square
hysteresis loops for ferrite are arranged in closed mag-
netic paths. The two remanent states of magnetization
corresponding to the two stable states are critical to the
phase shifter. A higher squareness ratio (SOR) (i.e.,
B./AnM;) leads to superior switching of the phase
shifter(!?. The bistatic characteristics of the phase shifter
render it an attractive component for application in
phase-array radar systems‘'?. For our study, the hystere-
sis characteristics of ferrite (e.g., 4nMs, approximately
650 Gauss, H. < 1.0 Oe, SOR > 0.85) are required for
S-band phase shifter applications®> 7 11-12),

Material composition is essential to the properties
of garnet ferrite, because the chosen stoichiometry force-
fully determines the magnetic properties of YIG ferrite
@10 Mn, Al-substituted YIG, which possesses a narrow
AH with a low H, at a relatively sufficient saturation
magnetization (4nMs and SOR could be employed for
latching-type phase shifters at S-band frequency ranges
(3-5 GHz)* 'V, By substituting Mn and Al, the interac-
tion between the sublattices of the YIG structure leads to
a modification of their properties. As a result, reducing
4nM; is desirable to achieve the required S-band phase
shifter through Al substitution, while maintaining high
SOR. However, an effort to obtain the required 4l
results in sacrificing SOR. We dealt with the property
modification of high SOR through Mn substitution; that
is, by increasing Mn** content. Replacing part of the pro-
portion of Al with Mn was performed to maintain the
value of B, while simultaneously achieving the required
4nM.

YIG has a complex structure; thus, obtaining a sin-
gle-phase YIG to achieve high magnetic properties is
challenging. Not only are the intrinsic properties of YIG
(composition of the material) notably relative to it mag-
netic properties, so too are the extrinsic properties (for
example, the microstructure of polycrystalline YIG after
sintering). Many properties of ferrites are related to their
microstructures. However, other than stoichiometry and
reaction temperature, the particle size of ferrite powder
before the sintering process is also crucial in the reaction
formation. Few studies have discussed the effect of the
particle size of ferrite powder used for pressing and sin-
tering. Most reactions during the sintering process,
which transforms a powder into a solid body using heat,
depend on particle collision; thus, the smaller the aver-
age particle size evaluated by the respective median
diameters Dso (i.e., a larger specific surface area), the
faster and more complete the reaction. A ball milling
process is a solid-state technique used to prepare garnet
ferrite!'3- 19, The effect of morphological changes on the
polycrystalline YIG and ameliorating magnetic proper-
ties have not yet been experimentally established for

microstructure evolution after sintering with finer-sized
as-milled calcined powders yielded by a ball mill. By
prolonging the ball milling time of calcined powders, a
reduced particle size and narrowed-down particle size
distribution can be produced, which are favorable for
obtaining sufficient 4nM;, SOR, spin-wave line width
(AHy), as well as low H., ferromagnetic resonance line
width (AH), and insertion loss (|S21]).

The purpose of this study is to track the grain size
evolution of sintering polycrystalline YIG with the
dependence of particle size of calcined powder after dif-
ferent ball milling times, and to determine its attendant
effects on magnetic properties (4nMs, B:, SOR, H., AH,
AHy, |S21]). Studies have rarely illustrated this type of
microstructure—property relationship.

2. EXPERIMENTAL METHOD

Mn and Al-doped particles were synthesized in pol-
ycrystalline form using a solid-state reaction technique
to form a mixture of raw materials (i.e., a-Fe2O3 [China
Steel Corporation (CSC)], iron oxide > 99.99%; silicon
oxide < 0.015 wt%; calcium oxide < 0.007 wt%), Y203
(99.99%), Mn304 (99.99%), and Al,O3 (99.99%). The
raw materials were weighed with an accuracy of 0.0001g
according to the chosen stoichiometry of (Y3) (Mn,Alos-
«Fear) O with x = 0.1 to achieve favorable magnetic
properties!” and then mixed in a ball mill for 3 h with
alcohol and 3 kg of ZrO, balls to ensure the slurry could
be mixed uniformly. The slurry was dried and then cal-
cined at 1200°C for 2 h in an air atmosphere with a heat-
ing rate of 5°C/min. The calcined powders were remilled
using a ball mill for five different corresponding milling
times: (1) Sample A (ball milling time = 0.5 h); (2) Sam-
ple B (ball milling time = 1.0 h); (3) Sample C (ball mill-
ing time = 1.5 h); (4) Sample D (ball milling time = 2.0
h); (5) Sample E (ball milling time = 2.5 h). The obtained
average particle sizes ranged from approximately 3.682
pm for 0.5 h of milling to 1.606 um for 2.5 h of milling.
After being milled, the calcined powders were pressed
into cylindrical molds. Cold isostatic pressing at 200
MPa was used to improve the uniformity and density of
the green bodies. The cold isostatic-pressed green com-
pact density was approximately 2.8 g/cm®. Next, the
green bodies were sintered at 1400°C for 6 h in an air
atmosphere with a heating rate of 5°C/min and furnace-
cooled to room temperature. The densities of the sintered
samples were then measured using the Archimedes
method. The theoretical density was taken to be 5.17
g/cm® as suggested by Chou et al.'>. Finally, the sin-
tered bodies were mechanically processed into rectangu-
lar toroids, rods, and pellets with specific sizes to meas-
ure the magnetic characteristics of the ferrites according
to IEC6055619). The specific size samples were polished
before testing.

The hysteresis loop characteristics (4nMs, B:, H.,
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SOR) of the toroidal samples that were 10 turns wound
were measured using a Yokogawa SK-130 B-H tracer
analyzer graph at room temperature under applied mag-
netic fields of 0-50 Oe. The relative dielectric constant
(er) and loss (tand) were detected using the modified
Hakki and Coleman approach!'”> '¥ in the TEo;; mode
using a network analyzer (Agilent ES071B) at a fre-
quency range of 2—4 GHz. The microstructures of the
sintered specimens were investigated using scanning
electron microscopy (SEM). The crystalline structures
of the ferrites were confirmed using an X-ray powder
diffraction (XRD) technique. A crucial parameter of
microwave magnetic material concerning magnetic
losses, AH, was also measured in accordance with
ASTM AS883/A883M-01. For YIG ferrite applied in
microwave devices above a certain microwave power
level, another vital parameter concerning the corre-
sponding power handling capability, AHy, was measured
using the cavity method. This is a traditional method for
measuring the AHy of YIG using a high-power micro-
wave source with an adjustable frequency, and a rectan-
gular cavity with a fixed frequency.

3. RESULTS AND DISCUSSION

3.1 Microstructure Analysis

The calcined powder microstructures of Samples
A-E after different ball milling times are presented in
Fig.1(a)—(e). The SEM micrographs were taken at ran-
dom with 5000X magnification. Fig.1 reveals that a

larger proportion of calcined powder after the longer ball
milling time consisted of fewer multigrain particles.
These images explain the discrepancy between the cal-
culated and measured average particle size value, that is,
the respective median diameters Dso; the longer the ball
milling time, the fewer the multigrain particles, and con-
sequently, the larger the corresponding specific surface
area (SSA). Compared with the milled powder of Sam-
ples A, B, and C, the multigrain particles were larger and
more uneven in Samples D and E. The morphology of
the as-milled particles was small and even in size after
longer ball milling times, which suggest favorability for
ceramic processing. Fig.2 shows the comparison of par-
ticle size distribution of calcined powder in Samples
A-E after different ball milling times. The data of aver-
age particle size (Dso) of the calcined powders after dif-
ferent ball milling times is shown in Fig.3. The smallest
average particle size, Dso, is obtained when applying a
longer ball milling time. The average particle size was
measured using a SYMPATEC laser scattering system
with a dry dispersion unit (System Rodos). Particle size
distributions have been traditionally calculated based on
sieve analysis results by creating an S-curve of cumula-
tive mass retained against sieve mesh size and calculat-
ing the intercepts for 10%, 50%, and 90% mass. The Dso
was used in this study to represent the midpoint and
range of the average particle sizes of a given sample. No-
tably, larger SSAs of calcined powder after ball milling
exhibit superior reactions in subsequent sintering pro-
cesses. In addition to particle size, a narrow particle size

Fig.1. SEM photographs at 5SKx magnifications of calcined powder after different ball milling times in (a) Sample A (0.5Hr),
(b) Sample B (1.0Hr), (c) Sample C (1.5Hr), (d) Sample D (2.0Hr), and (e¢) Sample E (2.5Hr).
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Fig.2. Comparison of particle size of the calcined powder of Samples A—E after different ball milling times.
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Fig.3. Data of average particle size (Dso) of the calcined powders after different ball milling times.

distribution is essential. The effects of different ball
milling times on the particle size of the calcined powder
of Samples A—E after different ball milling are also pre-
sented in Fig.2. A similar phenomenon has been ob-
served in different samples after prolonged milling, with
the narrowest particle size distribution obtained when
using a longer ball milling time. The average particle
size and distribution could be expected to be small and
narrow for a starting powder, which is typically used in
the ferrite-making industry and in a lot of studies on fer-
rites. To further investigate the magnetic properties of
Mn and Al-doped YIG ferrites, the samples with differ-
ent particle size after pressing were prepared and sin-
tered at 1400°C. The surface morphology was also

observed using SEM photographs at magnifications of
2Kx, as shown in Fig.4, after the sample was polished
using 0.03 um Al,O; powder and a hot corrosion pro-
cess. Gold coating sample surfaces were used to yield
SEM images of the microstructure. Microstructural
measurements such as average grain size and their dis-
tributions were obtained using the aforementioned
images. The size of the grains was obtained by taking at
least 100 different crystallite grain samples and estimat-
ing the mean diameters of each individual grain. J-image
software was used and calibrated with a scale bar during
sample measurements. These figures demonstrated that
as the ball milling time of the samples increased, the par-
ticle size decreased and thus the average grain size of the
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(d)
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Fig.4. SEM photographs at 2Kx magnifications of sintered specimens for different particle size in (a) Sample A, (b) Sample

B, (c) Sample C, (d) Sample D, and (e) Sample E.
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Fig.5. The grain size dependence on the particle size of the five sintered samples.

sintering crystallite increased. These results confirmed
that the sintered grain exhibited a crystal size that in-
creased from its initial values (average crystal grain sizes
of 3.5+ 0.1 um for 0.5 h of milling) up to 6.2 + 0.1 pm
after ball milling for 2.5 h and in the subsequent sinter-
ing process.

Fig.7 presents the XRD patterns of the sintered sam-
ples with Mn and Al substitutions, which revealed the
formation of (Y3)(Mng1AlpsFes2) O12 in different pro-
cess conditions. Because the ionic radii of Mn?* (0.067

nm) and AI**(0.0675 nm) are close to that of Fe>* (0.064
nm), the incorporation of Mn?" and AI** could not yield
a variation in the lattice parameters. Thus, from the iden-
tified XRD patterns, a single-phase (AlFes) Y30, without
extra phases, such as YFeO; and Fe,O3, was confirmed
for all the samples by the Joint Committee in Powder
Diffraction Standards reference code of 00-044-0228
regarding powder diffraction data, which indicated that
Crystalline YIG (YFeO3 + F6203—>Y3F65012) was
formed through ball milling at 1400°C sintering for 1 h(!?,
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Fig.6. The density and porosity of the sintered samples as a function of particle size.
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Fig.7. XRD patterns of the sintered samples for decreasing particle size with increasing ball m1111ng times.

This information is crucial because ultimately, only the
single phase of (AlFe4) Y301, is required for the samples
to achieve excellent magnetic properties. The YFeO3 or
Fe,O; phase only has weak ferromagnetism and there-
fore does not contribute to such excellent properties. The
XRD patterns in Fig.7 also demonstrated that the most
intense peak (420) became narrower and sharper with
decreasing the particle size, indicating the enhancement
of crystallinity, and grain size, also in  addition to the
release of internal strains after sintering. From the reduc-
tion of internal strains during sintering, the enhancement

of crystallinity, and the increase of crystallite grain size,
magnetic domain walls move more easily, yielding
higher magnetic permeability and magnetization of the
sample. These changes are caused by calcined powder
being milled for a prolonged time, and convert much of
the amorphous phase associated with surfaces of
nanometer-sized grains to the crystalline phase of the
micron-sized grains. This phenomenon is due to higher
reactivity between the finer as-milled calcined powders
yielded by the prolonged ball milling time and decreased
particle size.
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Notably, a mass transport mechanism began with
atomic surface diffusion and continued to occur through
particle grain boundary diffusion, resulting in contact
growth, pore elimination, and particle grain growth-29,
The evolution of a larger sintering grain size from a finer
size of as-milled calcined powder through a prolonged
ball milling time can be accompanied by the evolution
of magnetic order from superparamagnetism to ferro-
magnetism. This description of microstructure evolution
could be related to the results presented in Fig.5, where
the curves of the grain size in the sintering samples cor-
responding to different particle size were plotted. This
data indicated that in samples with prolonged milling
times, the particle size decrease and subsequently an
obvious increase of average grain size was achieved.
The density of the sintering samples increased from 4.97
g/cm® to 5.05 g/cm3, whereas the amount of porosity
decreased from 6.7% to 4.5% with an decreased particle
size, as shown in Fig.6, which suggests that all samples
were adequately densified.

The amount of porosity, P, shown in Fig.6 is calcu-
lated by (1) as follows®:

P = (1 = pexp/Prra) X 100%...ccrveeverrirnerrecns (1)

where pexp 1s experimental density determined from
the Archimedes method and pyq is the X-ray density V.

The X-ray density was calculated using (2) as follows
(o).

P 1 Y A < B Q)

where pxq is the X-ray density, M is the molecular
weight of a sample, N, is the Avogadro’s number, and a
is the lattice constant that was calculated by indexing the
XRD pattern. Paying more attention to the amount of
porosity (P) is crucial for achieving fewer pinning cen-
ters in the movement of the domain walls, thus decreas-
ing the demagnetizing effects in the sintering sample and
enhancing its magnetic permeability®”. Moreover,
porosity is a cause of microwave loss. The results in
Fig.6 should be viewed together with the larger sintering
grain size distribution in Fig.4. These distributions
appear to control the magnetic properties (4nMs, B,
SOR, H., AH), which is discussed in the next section.

3.2 Magnetic Properties

For a phase shifter design, an optimum YIG ferrite
can be selected for a frequency with the following rela-
tionship®®

YATIM /@ = 0.6 ..o 3)

where © =2.8 MHz/Oe is the gyromagnetic ratio of

the ferrite and w is the operation frequency. For a 3.2
GHz application, a sufficient 4nM; of less than 650
Gauss with an H_ of less than 1.0 Oe is desired. For YIG
ferrites, the magnetic properties are strongly dependent
on composition as well as on extrinsic properties, for
example the microstructure of polycrystalline YIG after
the sintering process. Therefore, the properties of hyste-
resis loop were first evaluated for Mn and Al-doped YIG
ferrite samples with different particle size. Fig.8 illus-
trates how the ball milling time of the as-calcined pow-
ders affects the 4nM;, remanence (B:), SOR (namely
B./AnM;), and H. of the sintered YIG samples. As shown
in Fig. 8, the samples exhibited a continual promotion of
4nM; and B,, and reduction in H, with a decreased parti-
cle size. This trend was in agreement with the increase
in crystallite grain size evidenced by the sintered sam-
ples depicted in Fig.4. These results explain the predom-
inant size reduction effect on the as-milled calcined
powders. As the calcined powder size decreases after
ball milling, the crystallite grain size increases after sin-
tering due to the higher reactivity between the finer
as-milled calcined powders (larger SSA) yielded by the
prolonged ball milling time. In the phase shifter, the SOR
has a vital influence on signal switching. It has been
noted that the Mn substitution of YIG is effective at
increasing B due to its smaller magnetostriction con-
stant (L;11)""29. The smaller the |;1, the higher B, will
be; thus, the SOR increases with the B,. The stoichiome-
try of (Y3)(MDXA10,8_XFC4,2)O12 with x = 0.1 used in this
study was chosen in order to achieve a high SOR(D, As
shown in Fig.8, the SOR was upgraded because the
increase in rates of 4nMs and B; were different. After 2.5
h of ball milling to obtain particle size=1.606 (m, the H.
reached 0.948 Oe; concurrently, the 4nMs and SOR of
the five samples were also considerably affected by the
milling process and varied in the 631-650 Gauss and
0.890-0.898 ranges, respectively, which met the specifi-
cation requirements of commercial latch S-band phase
shifter applications.

Regarding microwave materials, the losses were
related to the absorption effect (degree of interaction) of
microwaves in the materials, which mainly comprises
electrical loss and magnetic loss. First, the electrical loss
in material was related to the material’s complex permit-
tivity ¢ denoted by ¢ = &’-j¢”’, where the real part ¢’ is the
relative dielectric constant and the imaginary part &” is
the effective relative dielectric loss factor. The real part
of the relative permittivity has also been denoted by ¢,=
g’leo, where g is the permittivity of free space
(8.854®10°'? F/m). When microwaves penetrate and
propagate through a dielectric material, the internal field
generated within the effected volume induces transla-
tional motions of free or bound charges, such as elec-
trons or ions, and rotates charge complexes such as
dipoles. Inertial, elastic, and frictional forces resist these
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induced motions and cause losses, a consequence of
which is volumetric heating®. The loss tangent tand is
commonly used to determine these losses, which is
defined as tan™ =g/’ = o/ 2mfeoe’, where o is the total
effective conductivity (S/m) caused by ionic conduction
and displacement currents and f is the frequency. The
corresponding relative dielectric constant (&) and dielec-
tric loss (tano) for the samples with different particle size
are shown in Fig.9. The samples exhibited a continual
reduction in tand, and decreased particle size was asso-
ciated with the enhancement of &,. These results may be
related to the larger sintering grain size of YIG because
the reduction of the as-milled calcined particle size cre-
ated the more reactive surfaces of these powders.

The magnetic losses in materials affect the |S»i| of
the microwave device, which is related to the imaginary
part of the permeability of the positive polarization x”’,
which increases with the FMR line width, that is, AH.
Because the (Y3)(Mno 1Al 7Fes2)O012 ferrites sintered at
1400°C showed optimum magnetic properties, the criti-
cal parameter of microwave magnetic material concern-
ing the magnetic losses, AH, was also measured at 3 dB
of the absorption peak in accordance with ASTM A883/

A883M-01. In this study, AH was measured at a fre-
quency of 3.2 GHz using a nondestructive FMR spec-
trometer, based on the local excitation of magnetostatic
wave resonance in a small area of the film under a bias
magnetic field with a hole-like profile. The FMR curve
and AH trend for the five samples with different particle
size of the (Y3)(Mny 1Alo7Fe42)O12 ferrites are illustrated
in Fig.10 (a) and (b), respectively. The size reduction
effect of the as-milled calcined powder that contributed
to the larger sintering grain size could explain the afore-
mentioned results. The Mn and Al-doped YIG ferrite
experienced a 47% decline in the 3 dB line width of AH,
which was predominantly attributed to the sintering
grain size increasing from 3.5 £ 0.1 um at the beginning
to 6.2 £ 0.1 pm at the end of the 2.5-h ball milling
(particle size=1.606(m) and subsequent sintering. This
phenomenon is also consistent with the results of Figs.1—
4, which match the variation in the other magnetic prop-
erties (4nMs, Br, SOR, H.). The narrowest AH, deter-
mined to be 22.9 Oe at 3.2 GHz for Sample E, was still
sufficiently low for device purposes. The |S»i| can be
considered to be almost the same as the magnitudes of
S-parameter S,;. Regarding the Mn and Al-doped YIG
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Fig.9.
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ferrite of Sample E that was modularized in the latching-
type phase shifter, |Sy;| was evaluated using an Agilent

E5071B vector network analyzer at 3.2 GHz to be 0.9
dB, a value sufficiently low to meet the requirement of
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this microwave device.

For YIG ferrite material applied in microwave
devices above a certain microwave power level, nonlin-
ear phenomena lead to additional magnetic loss, which
rapidly becomes prohibitive in the devices. The nonlin-
ear effects are associated with the excitation of the spin
waves, the attenuation of which can be clarified through
AHy. Such nonlinear effects occur in the ferrite while the
applied static field exceeds the critical magnetic micro-
wave field /crit. The value of AH\ was extracted from the
spin-wave instability threshold field /., with a specific
relation as indicated in®®:

Perit = 2F AHp /Y Moo @)

The higher the value of AHy in the YIG ferrite
material, the greater the power handling capability of the
microwave devices. Regarding the five samples with dif-
ferent ball milling times of the Mn and Al-doped YIG
ferrites in this research, their AHy decreased from 5.9 Oe
to 3.5 Oe after 2.5 h of ball milling, which was a reverse
trend to AH. This drop in AHx was mainly attributed to
the smaller particle size and subsequent sintering. Small
grains, however, are superior to large grains for high-
power operations. This is because small grains produce
a larger AH due to transit time limitations®®). The AH
was determined to be 3.5 Oe at 3.2 GHz for Sample E,
which is still sufficiently low for low-loss phase shifters
and circulator applications®,

A careful analysis of corresponding properties for
the as-milled calcined particle sizes and sintering crystal
sizes in Table 1 exhibited a correlation with prolonged
ball milling time and decreasing particle size.

4. CONCLUSIONS

The strong dependence of the microstructure and
magnetic properties of single-phase Mn and Al-doped

YIG ferrites on ball milling times and related particle
size becomes evident at the microscale. After prolonged
ball milling, as-milled calcined powders exhibited a par-
ticle size reduction from Dsp= 3.682 pm to 1.606 pum.
Tailoring of magnetic properties was realized due to the
prevalence of different influences when sintered crystal
sizes are changed. The sintering crystal size increased
from 3.5 £ 0.1 pm to 6.2 + 0.1 pm after 2.5 h of ball
milling and the subsequent sintering process was attributed
to faster and higher reactivity between the finer as-milled
calcined powders yielded by the prolonged ball milling
time, as indicated from the analysis of the corresponding
SEM and more intense (420) peak of the XRD pattern.
Regarding Sample E, its 4l increased from 631 to 650
Gauss, B: increased from 562 to 584 Gauss, and SOR
increased from 0.890 to 0.898, whereas H. decreased
from 0.997 to 0.948, tand decreased from 1.38 x 10 to
1.20 x 10#, and AH decreased from 43.2 to 22.9 Oe after
2.5 h of ball milling for 1.606 (m particle size and the
subsequent sintering process. For Sample E, which
underwent 2.5 h of ball milling, AHx was determined to
be 3.5 Oe, whereas the insertion loss regarding the Mn
and Al-doped YIG ferrite modularized in the latching-
type phase shifter described by |S»i| was evaluated to be
0.9 dB. These were both confirmed to be sufficiently low
for low-loss microwave devices applications. A connec-
tion between the changes of sample microstructures as a
function of particle size and corresponding magnetic
properties was made. However, the intricate effects of
each variable on the intrinsic and extrinsic properties
could be further explored regarding Mn and Al-doped
YIG ferrites exhibiting an enhanced ferromagnetic phe-
nomenon, and the contributions thereof to magnetic
properties. From our study, the same principles could be
extended to ferrite process applied in a wide range of
low-frequency microwave devices if an appropriate
process condition and the composition of the ferrite
materials were selected.

Table 1 Summary of physical and magnetic properties with the relevant ball milling times and particle size.

Process Conditions

Physical Properties

Magneto-Electric properties

As-milled . . L
Milling  Calcined Sintering  Sintering Poros-
Sam . Crystal Density, . 40Ms B H. tand AH  AHx
Time Powder . ity SOR &r 4
ples . Size Pexp (€)] (€)) (Oe) (x10%)  (Oe) (Oe)
(Hr) Size, Dso (um) (gfom?) (%)
(um)
A 0.5 3.68 35 4.97 6.7 631 562  0.890 0.997 13.89  1.38 432 59
B 1.0 2.59 3.8 5.00 6.3 637 568 0.891 0977 14.02 1.35 376 5.7
C 1.5 2.33 4.5 5.02 5.6 638 570 0.893 0.969 14.17 1.30 343 5.2
D 2.0 1.95 5.2 5.03 5.1 645 577 0.895 0.961 14.27 1.26 28.5 4.8
E 2.5 1.60 6.2 5.05 4.5 651 584 0.898 0.948 14.32 1.2 229 4.5
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