Ceramics International 50 (2024) 6388-6394

Contents lists available at ScienceDirect
Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

Check for

Effects of BioO3—CuO additives on microstructure and microwave properties | W&
of low-temperature-sintered NiCuZn ferrite ceramics

Tiantian Zeng *”, Lijun Jia®"", Zhihao Chen ™", Mingchao Yang*”, Rui Luo "

2 State Key Laboratory of Electronic Thin Film and Integrated Devices, University of Electronic Science and Technology of China, Chengdu, 611731, China
b School of Electronic Science and Engineering, University of Electronic Science and Technology of China, Chengdu, 611731, China

ARTICLE INFO

Handling Editor: Dr P. Vincenzini

Keywords:

NiCuZn ferrite ceramics
Low-temperature sintering
Microstructure

Microwave properties

ABSTRACT

In this study, (Nig.2Cug.2Znoe0)1.03(Fe203)o.97 ferrite ceramics with low microwave loss were synthesized
through low-temperature sintering and doped with low eutectic mixture Bi;O3-CuO. Additionally, the influence
of Bi;O3-CuO doping amount on phase composition, microstructure, and microwave performance of NiCuZn
ferrite ceramics was systematically explored. It was found that all samples exhibited pure spinel phase. Moreover,
scanning electron microscopy analysis revealed that appropriate doping amount of the Bi;O3-CuO mixture
promoted grain growth and densification, leading to dense dual microstructure in NiCuZn ferrite ceramics.
Notably, this microstructure significantly enhanced microwave properties of the material. For BioO3-CuO doping
amount of 0.5 wt % and at sintering temperature of 910 °C, the NiCuZn ferrite ceramics exhibited low ferro-
magnetic resonance linewidth (AH ~ 90 Oe), minimal dielectric loss (tans, ~ 2.73 x 10~%) at 9.3 GHz, and high
saturation magnetization (4nMs ~ 3644 Gauss). These results highlight the potential of Bi;03-CuO as promising

sintering aid, which could support the application of NiCuZn ferrite ceramics to microwave devices.

1. Introduction

With the rapid development of microwave and millimeter-wave in-
tegrated technologies, the demand for microwave ferrite devices in
passive phased array systems has been steadily increasing. These devices
require high-frequency operation, miniaturization, and integration, and
low insertion loss characteristics are crucial for achieving a good per-
formance [1]. To satisfy these requirements, microwave devices are
expected to have low insertion loss characteristics. Notably, NiCuZn
ferrite ceramics, which are critical materials for microwave ferrite de-
vices, exhibit low microwave magnetic and dielectric losses, effectively
reducing the insertion loss of microwave devices [2,3]. Additionally, the
good saturation magnetization and dielectric constant of NiCuZn ferrites
are beneficial for the miniaturization of electronic components [4,5].

Microwave magnetic loss, which is typically measured in terms of the
ferromagnetic resonance linewidth (AH), is primarily determined by
magnetocrystalline anisotropy broadening (4H,) and pore-induced
broadening (4H,) in polycrystalline ferrite ceramics. NiCuZn ferrites
possess a negative magnetic anisotropy constant (K;). By introducing
ions with positive K; (such as Co®" ions), or adjusting the iron defi-
ciency, the K; of NiCuZn ferrite ceramics can be effectively reduced,

thereby decreasing AH, [6-8]. For example, Sun et al. [8]. investigated
the impact of iron deficiency on the microstructure and AH of NiCuZn
ferrite ceramics and found that optimizing the degree of iron-deficiency
resulted in improved density and reduced K;, leading to a low AH (120
Oe) at a high sintering temperature of 1040 °C. Additionally, a detailed
analysis revealed that AH, exerted the most significant influence on AH,
highlighting the significance of pore distribution in NiCuZn ferrite ce-
ramics. Moreover, an appropriate degree of iron deficiency can hinder
the formation of Fe?* ions, contributing to reducing the dielectric loss in
NiCuZn ferrite materials [9,10].

To achieve miniaturization and integration of microwave ferrite
devices using low-temperature co-fired ceramic (LTCC) technology, it is
common to incorporate low-melting-point oxides or glass into NiCuZn
ferrite ceramics to reduce the sintering temperature to around 900 °C
[11-16]. However, research on NiCuZn ferrite ceramics has been mainly
limited to the radiofrequency (RF) range [17]. Therefore, it is of para-
mount importance to investigate the microwave properties of NiCuZn
ferrite materials. Further reduction in the microwave losses and versa-
tility in NiCuZn ferrite are crucial to enhancing the performance of
electronic components and facilitating the processing of circuit systems.
For instance, Liu et al. [18]. studied the impact of Bi;O3 doping on the
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Fig. 1. XRD patterns of NiCuZn ferrite ceramics with different Bi;O3—CuO contents.

microwave performance of NiCuZn ferrite ceramics sintered at 900 °C
and found that at a BipO3 doping amount of 3.0 wt %, the samples
exhibited a AH of (200 Oe). Ji et al. [19]. discovered that doping with a
certain amount of Bi;O3 promoted grain growth but also resulted in the
formation of abnormal grains. Furthermore, Zheng et al. [20]. found
that incorporating a suitable amount of low-melting-point BizOs.
-ZnO-B,03 (BZB) glass in iron-deficient (Nig2Cug 2Znge0)1.03(-
Fes03)0.97 promoted grain growth and densification, leading to the
formation of NiCuZn ferrite ceramics with a uniform and dense micro-
structure consisting of fine grains. However, under low-temperature
sintering conditions, the ferromagnetic resonance linewidth of NiCuZn
ferrite remained high (150 Oe), and its dielectric properties were not
studied.

In a previous study, we discovered that incorporating a low eutectic
mixture can effectively control the grain and pore size distribution in
ferrite ceramics [21-25]. BizO3 and CuO are good sintering aids, which
have different melting points. During the sintering process, the BiyO3.
—CuO mixture first forms a eutectic compound and then melts to form a
liquid phase, facilitating the movement and arrangement of grains in the
sintering process, which results in a dense dual microstructure. This is
expected to significantly reduce AH,, in ferrite materials [21]. To achieve
alow AH, low dielectric loss, and high saturation magnetization (47Ms),
in this study, (Nig.2Cug.2Zng ¢0)1.03(Fe203)9.97 was selected as the pri-
mary composition, and the low eutectic mixture Bi;O3-CuO was selected
as the sintering aid. We investigated the influence of the amount of
added Bi;03-CuO on the phase composition, microstructure evolution,
densification process, and microwave properties of NiCuZn ferrite
ceramics.

2. Experimental
2.1. Sample preparation

Composite microwave ferrite samples, here denoted as
(Nig.2Cug.2Zng.60)1.03(Fe203)g.97 with x wt % BisO3—CuO mixture (x =
0.00, 0.25, 0.50, 0.75, 1.00, 1.25), were prepared. First, the raw mate-
rials were weighed according to the chemical formula; the purity of all
raw materials was greater than 99 %. Next, the powder was mixed with a
suitable amount of deionized water and subjected to one round of ball
milling in a planetary ball mill. The resulting slurry was dried and
pre-fired at 875 °C for 2 h. Then, a fixed mass ratio of Bi,O3 and CuO
(0.21:0.29) was added to the pre-fired powder, which was then sub-
jected to a secondary ball milling step and drying. Approximately 10 wt
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% of polyvinyl alcohol binder was added to the dried powder for gran-
ulation, and the mixture was pressed into toroidal samples with di-
mensions of 18 mm X ¢ 8mm x h 3 mm. Finally, the samples were
sintered at 910 °C for 2 h.

2.2. Testing and characterization

Phase composition of all samples was analyzed via X-ray diffraction
(XRD, DX-2700). The cross-sectional microstructure was observed via
scanning electron microscopy (SEM, JOEL JSM-6490LV). The shrinkage
of the sample was calculated by measuring the sample diameter before
and after sintering for different sintering times. The shrinkage of the
sample was then calculated as follows:

@

where L is the diameter of the sample before sintering, and L; is the
diameter of the sample after sintering. The density of the samples was
measured using the Archimedes drainage method with kerosene as the
medium. The density was calculated as follows:

shrinkage = In ((Lg - L1)/Lo)

)7m1 X Po
mp — ny

(2)

where p, represents the density of kerosene, m; is the mass of the
sample in air, my is the mass of the sample after being fully immersed in
the liquid and after removing the air trapped in its interior, and mg is the
mass of the sample immersed in the liquid. Moreover, the porosity (P) of
the samples was calculated based on the theoretical density and actual
density using the following expression:

-

where d, is the theoretical density of spinel ferrite, obtained from XRD
analysis. The Curie temperature (Tc) of the samples was determined
using thermogravimetric analysis. The magnetic hysteresis loop and
saturation magnetization were measured using a vibrating sample
magnetometer (VSM-220). The ferromagnetic resonance linewidth of
the samples was evaluated using the perturbation method in a TE106
resonant cavity at 9.3 GHz. The microwave dielectric properties of the
ferrite materials were characterized in the X-band following the IEC
standard.

1- d£>x100%

x

3
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Fig. 2. Rietveld refinement of undoped NiCuZn ferrite ceramics (x = 0.00).

Table 1
Refined structural of NiCuZn ferrite ceramics with different Bi,O3~CuO contents.
x = 0.00 x =0.25 x =0.50 x=0.75 x =1.00 x=1.25
a(A) 8.4153 8.4167 8.4171 8.4175 8.4182 8.4197
Ryp 12.11 13.19 12.54 13.97 12.90 13.53
R, 9.74 9.62 9.95 10.15 10.13 10.62
1.89 1.59 1.20 2.21 1.23 2.28
14 (/?\3) 595.96 596.25 596.33 596.43 596.56 596.89

3. Results and discussion
3.1. Analysis of phase, microstructure, and sintering behavior

Fig. 1 presents the XRD patterns of NiCuZn ferrite samples sintered at
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910 °C with different amounts of the low eutectic mixture BioO3-CuO.
To better understand whether other phases are formed in NiCuZn ferrite
due to the presence of the Bi;O3-CuO mixture, the intensity of the XRD
peaks was represented in logarithmic form. The patterns reveal char-
acteristic peaks of the spinel phase, namely (220), (311), (222), (400),
(422), (511), and (440) peaks, without any additional diffraction peaks.
It is worth noting that the (311) diffraction peak, shown in the inset of
Fig. 1, shifts slightly toward smaller angles with increasing BioO3—CuO
doping amount. This shift can be attributed to the lattice expansion
resulting from the partial substitution of Fe>* ions (r = 0.67 A) in the
ferrite lattice structure with larger-radius Bi®* ions (r =1.08 108) and
Cu®" ions (r=0.72 f\) [26].

Further analysis of the XRD data was conducted using GSAS-II soft-
ware, and the refinement results are presented in Fig. 2. All diffraction
peaks of the samples match well those of the standard PDF card (JCPDS
#48-0489), indicating that all samples consist of a single spinel phase.
The detailed refinement results are listed in Table 1, showing low values
of Ryp, Rp, and ;(2, which confirms the reliability of the refinement results
[27]. With an increase in Bi;03-CuO doping amount, the lattice constant
of the spinel ferrite gradually increases. The increased lattice volume
activates lattice particles, facilitating the occurrence of solid-phase re-
actions in the NiCuZn ferrite ceramics.

Fig. 3 displays SEM images of NiCuZn ferrite samples doped with
different Bi;O3-CuO doping amounts. In Fig. 3(a), the sample without
any sintering aid exhibits a loose and porous fine-grain structure. As the
amount of BizO3-CuO mixture increases, the ferrite grains gradually
become larger. Notably, a dense and uniform microstructure (large grain
size ~3 pm; small grain size ~1.3 pm) was clearly visible in the samples,
as shown in Fig. 3(c). This dual microstructure significantly improves
the densification of the ferrite materials [25,28]. However, a substantial
increase in the amount of Bi;O3-CuO mixture results in significant grain
growth, as indicated in Fig. 3(d)-(f), with some grain sizes exceeding 50
pm. Additionally, these enlarged grains contain numerous pores,
resulting in the deterioration of the densification of the samples. This
can be attributed to the fact that upon increasing the amount of the
Bi»O3-CuO mixture, the sintering process is mainly governed by the
liquid-phase sintering mechanism. This, combined with capillary force
and lattice distortion of the ferrite, leads to the formation of abnormal

Fig. 3. SEM images of NiCuZn ferrite ceramics with different Bi;O3-CuO amounts. (a) x = 0.00, (b) x = 0.25, (c) x = 0.50, (d) x = 0.75, (e) x = 1.00, (f) x = 1.25.
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Fig. 4. Relative densities and porosities of NiCuZn ferrite ceramics with
different Bi,O3-CuO contents.

Fig. 5. Relationship between shrinkage rate and heating time for NiCuZn
ferrite ceramics with different Bi,O3—-CuO contents.

grains [29,30]. Fig. 4 shows that as the doping amount of Bi;O3—CuO
mixture increases, the relative density of the samples also increases,
reaching a relatively high value, while the porosity follows the opposite
trend. When the doping amount of Bi;03—CuO is x = 0.50, the porosity
of the samples is significantly reduced, which is consistent with the re-
sults of the microstructure changes depicted in Fig. 3.

The crystallization kinetics of samples with different BipO3-CuO
contents under isothermal conditions are compared in Fig. 5. At x =
0.50 wt %, the logarithm of the shrinkage shows a linear relationship
with the logarithm of the heating time, indicating that the sintering
process is primarily governed by solid-state sintering mechanisms [31].
By contrast, at x = 0.75 wt %, a significant inflection point appears in the
shrinkage rate curve. This can be attributed to the joint influence of
capillary forces generated by low-melting-point liquid phases at grain
boundaries and the lattice distortion of the ferrite, which promotes
material transport and grain growth processes, leading to abnormal
grain growth phenomena.
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Fig. 6. Magnetic hysteresis loops of NiCuZn ferrite ceramics with different
Bi»,03-CuO contents.

Fig. 7. Saturation magnetization (4tMs) and Curie temperature (Tc) of NiCuZn
ferrite ceramics with different Bi,O3—CuO contents.

3.2. Analysis of magnetic properties

The magnetic hysteresis loops of the NiCuZn ferrite ceramic samples
with various BiO3-CuO doping amounts are shown in Fig. 6. As the
magnetic field strength approaches ~1200 Oe, the magnetization of the
sample aligns with the external magnetic field direction, approaching
saturation. The hysteresis loops exhibit soft magnetic characteristics
typical of ferrite samples. From Fig. 6, it is evident that the saturation
magnetization (Ms) initially increases and then declines with increasing
doping amount of the Bi;O3—CuO mixture. At x = 0.75 wt %, the Ms
reaches its peak value. This phenomenon can be attributed to the
enhanced completion of solid-state reactions facilitated by the BiyOs.
—CuO sintering aid, which effectively promotes the densification process
and grain growth, leading to an increase in Ms of the samples [17].

Fig. 7 illustrates the variations in saturation magnetization (47Ms)
and Curie temperature (Tc) of the NiCuZn ferrite ceramic samples. The
4nMs value of spinel ferrites is primarily affected by sample density,
grain size, and the superexchange interaction between tetrahedral (A-
site) and octahedral (B-site) ions [32,33]. At lower Bi;O3—CuO contents,
the mixture enhances sample densification, resulting in an increase in
the 4nMs value with increasing density. As the doping amount of
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Fig. 8. Dielectric constant ¢, and dielectric loss tans, of NiCuZn ferrite ceramics
with different Bi,O3-CuO contents.

Bi»03-CuO increases, result in a continuous decrease in the porosity of
ferrites, as well as a gradual increase in grain size. leading to an increase
in the 4nMs value. At x = 0.75 wt %, 4ntMs reaches its peak value (~3700
Gauss). With the further addition of the Bi;O3—CuO, which substitutes
some Fe>' ions at B-sites with non-magnetic Bi>" ions and weakly
magnetic cu®t ions, reduce the total magnetic moment (Mg) of the
B-sites of the ferrites. This weakens the superexchange interaction be-
tween A- and B-sites and leads to a decrease in 4nMs. In addition, being
an intrinsic parameter, the Curie temperature (Tc) is mainly influenced
by material properties [34]. At low doping amounts, an appropriate
amount of the sintering aid promotes the completion of solid-state re-
actions, resulting in a slight increase in Tc. However, with further in-
creases in the Bi,O3-CuO content, the substitution of B-site Fe* jons

Ceramics International 50 (2024) 6388-6394

weaken the superexchange interaction, leading to a reduction in Tc.

Fig. 8 presents the impact of Bi;O3—CuO mixture doping on the
dielectric properties of the NiCuZn ferrite samples. At microwave fre-
quencies, the dielectric constant (¢,) of spinel ferrites is usually around
13, and it is mainly determined by material density. The dielectric loss
variation is primarily associated with the concentration of Fe?* ions and
porosity [1,19]. From Fig. 8, it can be seen that with increasing Bi;O3.
—CuO content, the dielectric constant of the samples first increases
slowly from around 11 to around 14, and then it remains constant at
stays around 14 as the doping amount of the BisO3-CuO mixture in-
creases further. Additionally, due to high-temperature oxygen defi-
ciency during sintering, the following chemical reaction occurs within
the ferrite:

Fe’* @ Fe’' +e.

@

This reaction enhances electron conduction and reduces the re-
sistivity of the ferrite, resulting in increased dielectric loss [35]. In
summary, the addition of an appropriate amount of Bi;O3-CuO effec-
tively improves both the completion of solid-state reactions and density,
leading to a reduced dielectric loss. At x = 0.50 wt %, the samples
exhibit the lowest dielectric loss tangent (tans, = 2.73 x 10~*4). How-
ever, further addition of sintering aids may result in the concentration of
FeZ" ions becoming the primary factor affecting the dielectric loss value.

To investigate the influence of Bi;O3-CuO mixture doping on the
concentration of Fe?' ions, the Fey, energy spectrum of the NiCuZn
ferrite samples was analyzed by means of X-ray photoelectron spec-
troscopy (XPS). The binding energies of Fe?* in the 2p; /> and 2ps 2 peak
regions are known to be 724.2 and 710.5 eV, respectively, while those of
Fe®* in the 2p;/; and 2ps» peak regions are 726.8 and 712.5 eV,
respectively [36]. The analysis in Fig. 9 indicates that as the Bi;O3-CuO
doping amount increases, a gradual increase in the area ratio of the Fe**
to Fe?* peaks, with corresponding values of 0.6817, 0.7267, 0.7394,
0.7976, 0.8111, and 1.2965, respectively. During high-temperature
sintering, some Cu?" ions substitute Fe>* ions at the B-sites of ferrites,

Fig. 9. Fe 2, XPS spectra of NiCuZn ferrite ceramics with different BiO3-CuO contents.
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Fig. 10. Ferromagnetic resonance line width (AH) of NiCuZn ferrite ceramics
with different Bi,O3—CuO contents.

resulting in a minor increase in the concentration of Fe®" ions [37]. In
summary, NiCuZn ferrite ceramics doped with an appropriate amount of
Bi03-CuO are expected to have low dielectric loss values due to their
high density and low Fe?" concentration degrees.

The magnetic loss in polycrystalline ferrites is characterized by AH,
which can be expressed as [38].

a

477,'M5

AH = AH, + AH, + AH;= 2.07( ) + 1.5(4nMs)P + AH, 4

where, AH,, 4H,, AH; and P denote magneto-crystalline anisotropy,
porosity-induced linewidth broadening, intrinsic linewidth, and
porosity of grains, respectively. Given that AH; is typically significantly
smaller than the other factors contributing to linewidth broadening, we
primarily focus on analyzing the contributions of AH, and AH, [39].
Fig. 10 presents the variation in microwave magnetic loss (4H) of
NiCuZn composite ferrite samples with different Bi;O3-CuO contents.
With increasing Bi;O3—CuO doping amount, AH initially experiences a
rapid decrease, and then increases gradually.

Without the addition of sintering aids, the sample is characterized by
a small grain size and many pores at grain boundaries, leading to
reduced density and an increase in AH,,. With an increase in the doping
amount of BioO3-CuO mixture, the pore content in the sample decreases,
and the saturation magnetization increases, leading to a decrease in both
AH, and AH,. At x = 0.75 wt %, the samples exhibit the lowest AH (~70
Oe). In conclusion, an appropriate doping amount of the Bi;O3—CuO
mixture effectively improves both the completion of solid-state reactions
and density, resulting in an excellent AH of NiCuZn ferrite ceramics
during low-temperature sintering processes.

4. Conclusions

This study highlights the positive effect of incorporating the low
eutectic mixture BipO3—CuO for optimizing the microstructure and
enhancing the magnetic properties of NiCuZn ferrite ceramics. Through
careful tuning of the Bi;O3—-CuO ratio and doping amount, the solid-
phase reaction and densification process are facilitated, resulting in
NiCuZn ferrite ceramics with exceptional magnetic properties and low
microwave loss at a low sintering temperature. Specifically, when the
Bi»03-CuO doping amount was 0.50 wt % and the sintering temperature
was 910 °C, the NiCuZn ferrite ceramics exhibited remarkable magnetic
characteristics, including high 4nMs (~3644 Gauss), low AH (~90 Oe),
and minimum dielectric loss (tand, ~ 2.73 x 10’4). Therefore, the low
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eutectic mixture Bi;O3-CuO emerges as a promising sintering additive
for enhancing the magneto-electric properties of NiCuZn ferrite mate-
rials, facilitating their application to microwave ferrite devices.
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