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Reveling the Structural, Electric, and High-Frequency Dielectric Properties of Residue
Doped-CaWO, Flexible Multilayer Ceramic Sheets
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The mineralization process to reach Tungsten (W) involves several steps to reduce the impurities
(residues), which makes the process more expensive. However, it is possible to explore the pure
scheelite (CaWO),) and residue doped-CaWO, on flexible sheets using the Tape Casting technique. In
particular, the high frequency dielectric properties of flexible multilayers have an increased appeal in
the electronics industry. In this study, we present a systematic investigation of structural, morphological,
electrical and high-frequency dielectric properties of flexible ceramics sheet multilayers composed of
pure CaWO, and residue-doped CaWO4. Our findings demonstrate that the dielectric constant has a
small dependence on the residue amount, but a remarkable modification in the dielectric constant as
the number of layers increases. Here we achieved a 34% increase in the dielectric constant for pure
CaWO, flexible ceramic sheets when the number of layers increased from 1 to 3.
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1. Introduction

The dielectric constant (¢) is a fundamental physical
parameter that characterizes the ability of a material to
respond to electromagnetic waves or an applied electric
field, influencing its performance across a wide range of
applications'. Ceramic films, sheets, and dielectric multilayers
have emerged as critical components in modern electronics,
with their most prevalent applications being in capacitors?,
energy storage systems*, piezoelectric devices®’. More recently,
these materials have been explored for their potential in
advanced technologies, including devices designed for 5G
communication systems®’. The combination of ceramics
with polymers has attracted considerable interest in the field
of dielectric applications, as it synergistically integrates the
flexibility and cost-efficiency of polymers with the superior
dielectric properties of ceramics®. Nevertheless, most studies
investigating the dielectric properties of these materials have
predominantly focused on low-frequency regimes (MHz),
highlighting the pressing need for further exploration of
their behavior and potential applications in high-frequency
domains (GHz)’.

Simultaneously, the depletion of fossil fuel reserves and
the growing demand for sustainable energy solutions have
underscored the necessity of developing renewable energy
technologies and efficient energy storage systems'’. In this
context, advanced materials, such as tungsten-based compounds,
have garnered significant attention for their exceptional
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physicochemical and electrochemical properties. These
materials have found applications in various technological
domains, including solar cells, supercapacitors, batteries,
smart windows, and sensors'’. The convergence of these
advancements highlights the critical role of innovative
material systems, such as ceramic-polymer composites
and tungsten-based materials, in addressing the challenges
of modern energy and electronic systems while paving the
way for sustainable technological progress.

Within this context, Scheelite (CaWO,) stands as a
primary ore for tungsten extraction, a metal prized for its
elevated melting point and exceptional hardness. Tungsten
finds widespread application in the production of robust
alloys, notably tungsten carbide, which serves pivotal
roles in the crafting of cutting tools, drill bits, and various
high-wear implements. It’s worth noting that tungsten is
not naturally encountered in its metallic state; rather, it is
commonly found in association with other elements. The two
predominant mineral forms in which tungsten occurs in
nature are Wolframite and Scheelite'?.

Nevertheless, the mining of tungsten comes with
environmental challenges. Tungsten mining can lead
to environmental consequences, including soil and air
pollution. Additionally, noise and visual disturbances arise
from mining operations such as crushing and blasting.
These environmental impacts underscore the importance of
adopting sustainable practices and mitigating measures in
extracting and processing tungsten resources'®. Notably,99%
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of the scheelite beneficiation process generates residues,
with only 0.8% of the ore destined for commercial
use. In recent years, several authors have explored the
utilization of mining residues such as scheelite residue
within the construction sector. Their aim is twofold: to
reduce production costs by employing such by-products
as raw materials and to reduce environmental impacts
associated with the uncontrolled disposal of these residues.
The results have proven promising, as the inclusion of
scheelite residue in formulations not only fulfills the
objectives but also enhances the properties of the resulting
materials'*!3

From an electrical property perspective, scheelite exhibits
remarkable potential application as a ceramic electrolyte for
solid oxide fuel cells'®'®. However, the electrical features,
including dielectric properties, strongly depend on the
material concentration, including impurities originating
from the mining process. Moreover, the search for ceramic
materials that are easy to mold on a given surface brings
to light the need to explore the cited properties of flexible
systems. Tape Casting seems to be a promising technique
to produce scheelite flexible ceramics sheets for electrical
and dielectric applications within this context. The process
primarily involves creating slurry with pseudoplastic behavior
by blending ceramic powders, solvent, binder, plasticizer,
and other additives, and the slurry is subsequently cast onto
a carrier substrate, with the shape and thickness determined
by a doctor blade. The green sheets produced can undergo
further processes, such as cutting, lamination, and thermal
treatment'**’

However, there was an absence of studies in which
the dielectric properties of CaWO, at high frequencies are
explored for future technological applications. This high-
frequency property is fundamental in integrating ceramic
sheets as the base of integrated electronic devices, mainly
for capacitors, telecommunications and energy storage
systems. Motivated by this challenge, we investigated
the structural, electrical, and dielectric properties of a
heterostructure comprising concentrated scheelite (CS) and
residual scheelite (RS) in multilayer ceramic sheets. This
study lays the foundation for potential applications in the
dynamic realm of electronics. Our findings demonstrate
the dependence of electric and dielectric properties
considering the purity of the flexible heterostructure
ceramics sheet composed of scheelite material. Moreover,
we demonstrate that the scheelite residue can be added to
the flexible ceramic sheets for high-frequency technological
applications. The multilayer structure demonstrates an
exciting route to tune the dielectric constant of flexible
ceramic sheets.

2. Experimental Procedure

To produce the ceramics sheets was considered
concentrated scheelite (CS) (WO,-rich material) and the
scheelite residue (SR) (CaO-rich material) from Brejui Mine,
Brazil. In Particular, northeast of Brazil, more specifically the
state of Rio Grande do Norte, has a strong mineral activity
in scheelite production. This issue has been explored by
distinct research groups with the intention of promoting a
lower environmental impact from waste during production.
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For this purpose, the scheelite powders were dried in an oven
at 120 °C and sieved to < 74 um (200 mesh).

We prepared flexible heterostructure ceramic sheets
with compositions ranging from 0 to 100 wt.% of 25 wt.%
increments. The sheets were named 100C, 75C, 50C,
25C, 100R, corresponding to 100 wt.% CS, 75 wt.%
CS and 25 wt.% SR, 50 wt.% CS and 50 wt.% SR,
25 wt.% CS, and 75 wt.% SR, 100 wt.% SR, respectively.
The mixing of concentrated scheelite and the scheelite
residue occurred similarly to the work carried out by
Alves et al.?!. The suspensions were prepared in two
stages. First, distilled water, ethyl alcohol, triton X-114,
and ceramic powder were mixed in a ball mill for 24 h.
Subsequently, 16.6% hydrolyzed Poly (Vinyl Alcohol)
(PVA), glycerol, coconut diethanolamine, and antifoam
were added to the mixture and homogenized for 24 h.
The sequence used in adding the suspension components
was carefully carried out to avoid adsorption competition
between the dispersant and binder on the surface of the
particles? The compositions used to prepare ceramic
suspensions are presented in Table 1.

The suspensions were cast using a Mistier TCC-
1200 tape caster (Tape Casting Warehouse, Inc.) at room
temperature, with a speed of 20.2 cm/min. The leveling
blade was adjusted to 650 um and the ceramic sheets were
dried in the equipment at room temperature and controlled
atmosphere for 24 h.

The chemical composition of CS and RS powders was
analyzed through X-ray fluorescence spectroscopy (XRF)
to determine the chemical composition using a Shimadzu
EDX-700 equipment. Suspension viscosity measurements
were acquired using a Haake Viscotester-Thermo Fischer
Scientific model viscometer with cone/plate geometry at
room temperature and with shear stress between 0 and
1000 s'. Thermogravimetric analysis (TGA) of the ceramic
sheets was carried out in a Shimadzu DTG-60 analyzer in
an argon atmosphere, with a flow rate of 50 mL/min and a
temperature ranging from 25 °C to 600 °C with a heating
rate of 5 °C/min. The structural properties were done by
X-ray diffraction measurements, a Rigaku Miniflex II
diffractometer with Cu-Ka radiation, and 6 — 20 Bragg-
Brentano geometry was used. Rietveld refinement of the
XRD data was performed, thus providing information on
the crystalline phase content, lattice parameters, and quality
factors. Moreover, Scanning Electron Microscope (SEM)
with field emission gun (SEM-FEG) images were observed
using the Zeiss Auriga 40 model. The electrical properties
(electrical resistivity) were verified by using I vs. V curves
with a 4-point configuration. For this purpose, a Keithley
238 source was used, and the measurements were realized
at room temperature.

High-frequency dielectric characterizations of the
ceramic sheets were obtained from multilayer sheets.
In particular, the multilayer allows the improvement
of the dielectric constant since this property is strongly
dependent on the studied thicknesses. Here, we provide
a systematic study in multilayer composed of 1, 2, and
3 sheets. The dielectric measurements were performed
using an Agilent E4991A RF impedance/material
analyzer with a dielectric measurement module at room
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temperature. In particular, we considered a frequency
range between 0.15 GHz and 1.5 GHz for this technique.
The calibration process was performed with a Teflon plate
0.77 mm thick and a standard dielectric constant of 2.1.
In this case, the real and imaginary &' components of the
electrical permittivity were acquired simultaneously in
the experiment. The dielectric constant corresponds to
the real component of the permittivity, and the dielectric
loss is defined as €"/¢’. It is important to point out that
all the structural, morphologic, electric, and dielectric
properties were performed at room temperature. This
feature is important to verify the effective potential of
technological applications of the studied material.

3. Results and Discussion

The chemical compositions measured through XRF
are summarized in Table 2. In particular, the table presents
the wt.% for the CS and SR powder used to produce the
heterostructure flexible sheets. From the results, we observed
that the CS is composed predominantly of WO,, with a content
of 68.30 wt.%, followed by CaO, with 14.30 wt.%. Fe,O,,
MoO,, SO,, ALO,, P,O,, and BaO oxides represent about
16.20 wt.% of CS. This result agrees with the literature for
similar systems>*.

Regarding the RS, we noticed a high amount of CaO
in the chemical composition, representing 47.90 wt.%,
followed by SiO, (22.3 wt.%), Fe,0, (15.6 wt.%), and
Al O, (5.80 wt.%), and smaller amounts of MgO (2.3 wt.%),
WO, (1.9 wt.%), SrO (1.1 wt.%) and MnO (0.9 wt.%).

We verified a sharp decline in the amount of WO, present
in the RS compared to the CS, confirming the efficiency of
the mineral beneficiation process*+

Figure 1(a) depicts the viscosity curves as a function
of the shear rate for the five ceramic suspensions.
The suspensions show non-Newtonian fluid behavior,
with a decrease in viscosity as the shear rate increased,
characterizing pseudoplastic behavior, a fundamental
issue to produce a homogenous flexible sheet?”-5.
Figure 1(b) depicts the Weight loss as a function of the
temperature (TGA analysis). The results show a similar
trend for all studied materials with a total weight loss of
approximately 22.44 wt.%. The first weight loss occurs
between temperatures of 106 °C and 248 °C with 2.18 wt.%,
attributed to the elimination of water molecules”. The second
and third weight loss occurs between the temperatures
0f 248 °C — 372 °C and 372 °C — 472 °C with 15.76 wt.%
and 4.50 wt.%, respectively. These losses are associated
with the decomposition of organic constituents in the
ceramic sheets®*?!

The refined XRD patterns verify the structural properties
of the pure ceramic sheets and those doped with scheelite
residue, as seen in Figure 2. The diffraction peaks are
related to the phases: CaWO, (ICSD-15869, tetragonal
symmetry and space group 141/a: 1), CaCO, (ICSD-
40113, trigonal symmetry and space group R-3c: H)* and
MnSiO, (ICSD-34343, triclinic symmetry and space group
P-1)3. The lattice parameters, phase quantifications, and
quality factors (R, R, and ¥?) are shown in Table 3.

Table 1. Parameters used in the two-step preparation of ceramic suspension.

Steps Material Role wt.%
Distilled water Solvent 25.0
1o Ethyl alcohol Solvent 13.0
Triton x-114 Dispersant 2.0
Ceramic powder Powder 29.0
Polyvinyl alcohol (PVA)* Binder 25.0
20 Glycerol Plasticizer 4.5
Coconut diethanolamide Surfactant 0.5
Antifoam A Antifoam 1.0

* Weigher PVA powder was dissolved in distilled water at 60 °C and the solution was stirred for 1 hour to provide PVA solution 16 (%w/v).

Table 2. XRF results for the CS powder and RS powder.

Concentrated scheelite (CS)

Residue scheelite (RS)

Oxides Content (wt.%) Oxides Content (wWt.%)
WO, 68.3 CaO 479

CaO 14.3 Sio, 223
Fe,0, 5.2 Fe O, 15.6
MoO, 39 ALO, 5.8

SO, 39 MgO 2.3
AlLO, 1.5 WO, 1.9

P,0, 1.2 SrO 1.1

BaO 0.5 MnO 0.9
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Figure 1. (A) Viscosity as a function of shear rate for the studied samples. (B) TGA behavior of 100C, 75C, 50C, 25C and 100R ceramic

sheets.

Through the quality factors, we verified a good agreement
between the values calculated via refinement and the
experimental values via XRD. Furthermore, we observed
that the 100C sheet only presents the CaWO, phase.
On the other hand, the sheet containing only the scheelite
residue (100R) exhibits CaCO, and MnSiO, phases. These
results agree with the data reported in FRX. According
to the Rietveld refinement, we noticed an increase in
the CaCO, phase with increasing SR content, where the
diffraction position of the (104) plane located at 20 =
29.28 for CaCO, presents greater intensity in the 25C
sheet® Also, we noticed in 75C, 50C, and 25C sheets
that the main CaWO, peak is located at 26 = 28.72,
corresponding to the crystalline plane (112)%.

The morphological aspects of the flexible ceramic sheets
are shown in Figure 3(a-¢). From the images, it is possible
to verify that the powder particles are dispersed in the
polymeric matrix. Also, it is possible to observe particles
with varied sizes and irregular geometries since, after the
dispersion of the scheelite powder in the polymeric matrix,
these particles tend to agglomerate to minimize the surface
energy. Our results demonstrate the efficiency of the tape-
casting technique in obtaining the proposed morphology,
offering a versatile means to control chemical and physical
properties. This includes the manipulation of parameters
like electrical and dielectric constants which will be further
discussed.

The electric properties, measured by using the 4-point
technique, are depicted in Figure 4. Considering the high
electrical resistivity of the flexible ceramic sheets, the low
current range was considered. Figure 4(a) depicts the electric
I vs. V curves for all studied flexible ceramic sheets. From
the curves, it is evident a slight modification of the electric
properties with the CS amount increases. However, all the
samples present similar behaviors. It is important to point
out, that the present characterization has the contribution
of the organic components of the flexible ceramic sheets,
which contribute to the increase of the electrical resistivity
of the sheets. Figure 4(b) shows the electric resistivity of
the studied sheets as a function of the CS amount. From the
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Figure 2. Refined XRD patterns of the ceramic sheets.

results, we observe a slight increase in the electric resistivity
for the 100C flexible sheet. This result is expected since we
verified a considerable increase in the WO, amount for the
100C flexible sheet, which agrees with the structural results
presented before.

The changes in the electric properties modify the charge
mobility in the proposed heterostructure. Consequently,
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Table 3. Parameters obtained from the Rietveld refinement.

Agreement factors

Sample Phase wt. (%) Latt. Par. (A)
R, (%) R, () X
a=b=5.2464(9)
100C CaWo, 100 _— 16.06 9.87 1.62
¢ = 11.3844(7)
a=b=5.2465(6)
Cawo, 7549 @ o——
¢ = 11.3839(9)
a=b=49878(4)
CaCo, 1792 @ ———
75C ¢ =17.0609(1) 14.85 10.95 1.54
a=6.7193(6)
MnSiO, 6.59 b =7.6015(3)
¢ = 17.4508(8)
a=b=52444(2)
CaWo, 41.31 N
¢ =11.3786(8)
a=b=49851(9)
CaCoO, 31.08 _—
50C ¢ =17.0668(8) 13.90 10.53 1.32
a=6.735203)
MnSiO, 17.61 b=7.6385(2)
¢ = 17.4320(9)
a=b=52459(1)
CaWo, 25.76 _————
¢ = 11.3824(9)
a=b=4.9870
CaCo, 47.36 %
25C ¢ = 17.0467(7) 16.21 10.08 1.41
a=6.6554(1)
MnSiO, 26.88 b =7.6082(2)
¢ =17.3807(6)
a="b=4.9860(5)
CaCo, 60.36 B —
: ¢ = 17.0456(4)
100R a=6.6718(7) 18.88 10.03 1.88
MnSiO, 39 .64 b =7.6342(6)

¢ =17.5414(9)

these modifications can reflect on the dynamics of electric
response. To verify this issue, we provide a systematic
study of the dielectric measurements at a high-frequency
regime. Charge dynamics, measured through dielectric
measurements can bring interesting information about the
applicability of these materials for future devices. Based
on this feature, Figure 5 shows the dielectric constant
measured at a high-frequency regime (0.1 up to 1.5 GHz),
at room temperature. It is important to point out that, for
this frequency regime the main mechanism acting on
the dielectric constant modification is the dipolar one.
This mechanism leads to a considerable reduction in the
dielectric constant, in comparison with that one verified
at a low-frequency regime (tens of MHz).

Moreover, in our case, it is important to mention the
presence of organic material in the flexible ceramic sheets,
which may lead to a reduction of the dielectric constant of

the heterostructure. However, all the studied flexible ceramic
sheets present the very same organic material, which leads
to a similar contribution, regardless of the CS concentration.
This feature allows us to realize a comparison between the
dielectric constants verified for our ceramic sheets.

Figure 5(a) shows the dielectric constant for a single
layer of flexible ceramics sheet for distinct concentrate
Scheelite amount. With concern to the CS we observe a weak
modification on the dielectric constant. It is remarkable the
similarity of the dielectric constant between the 100R and
100C flexible sheets. This feature is directly connected with
the morphology of the samples and the dielectric constant
of the WO,, Ca0, and SiO,. For low CS values the CaO and
SiO, dominate de material concentration of the alloy (see
XRF results). Consequently, the dielectric constant of the
flexible ceramic sheets should reflect the characteristics of
the CaO and SiO,”.
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¥

To enhance the dielectric constant by reducing the energy
loss, we increase the number of layers from 1 to 3. The results
show that with the increase of the flexible ceramic layers,
we observe a remarkable increase in the dielectric constant,
irrespective of the concentrate Scheelite amount. This
feature is expected, due to the increase of the thicknesses,
of'the analyzed material as well as with the biggest material
contributing to the electric polarization. These values are
consistent with that one observed in the literature, which
verified a value of 7.2 for the CaWO, for measurements
realized at a similar frequency regime®. Considering the
Loss factor, depicted in Figure 6, we verified a low loss for
all studied material. However, these values increase as the
layers rise. As expected, with an increase in the thickness of
the flexible ceramic sheets, the overall volume through which
the electric field extends also increases. This larger volume
provides more pathways for the dissipation of electrical

Materials Research

energy, leading to higher dielectric losses. Thicker materials
exhibit a higher likelihood of internal interfaces, defects, or
variations in morphology as present in SEM results, Figure 3.
These factors contribute to additional loss mechanisms, such
as interfacial polarization, resulting in increased dielectric
losses. Considering the frequency-dependent nature of
dielectric losses, thicker materials exhibit more significant
losses at higher frequencies due to the limited mobility of
the charge carrier.

Figure 7 shows the mean values of the dielectric constant
calculated between 0.2 and 1.5 GHz, as a function of the
concentrate scheelite amount. This representation allows us
to verify the evolution of the dielectric constant as a function
of the number of flexible layers on the multilayer. From
the results, we observe a tiny modification in the dielectric
constant as the CS increases. However, the remarkable results
are verified by comparing the means dielectric constant as a
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function of layer on the system. The considerable increase
in the dielectric constant for the multilayer is evident.
Considering the 100C sheet, in which we have pure CS the
dielectric constant increases from 6.2 for a single flexible
layer to 10.2 for the multilayer composed of three sheets.
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This modification characterizes an increase of around 34%
on the dielectric constant. These results open a new route to
tune the dielectric constant of these flexible ceramic sheets
for distinct technological applications.

4. Conclusion

This study systematically examined the structural,
electrical, and dielectric properties in the high-frequency
regime of multilayer ceramic sheets composed of Concentrated
Scheelite (CS) and Scheelite Residue (SR) produced by
the Tape Casting method. The incorporation of SR, often
regarded as a by-product with no commercial value, is
shown as a viable alternative for reducing production costs
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while mitigating the environmental impacts associated with
tungsten mining. The dielectric properties of the sheets
remained notably stable regardless of the incorporation of
residue, highlighting the potential for integrating sustainable
materials into production processes without compromising
product functionality. One of the most significant findings
of this research is the ability to tune the dielectric constant
by incorporating multilayer structures. By adding flexible
ceramic layers, the dielectric constant increased by 34%.
This enhancement can be attributed to the combined effects
of increased material thickness and greater polarization,
underscoring the crucial role of multilayer configurations
in optimizing dielectric performance.

Furthermore, the low dielectric losses observed across
all samples point to the strong suitability of these materials
for high-frequency applications, such as capacitors,
telecommunications, and energy storage systems. This study
not only advances our understanding of the properties of
flexible ceramic sheets but also demonstrates a sustainable
approach to utilizing mining residues. These findings pave
the way for the development of high-performance and
environmentally friendly materials for technology and
advanced electronic systems.
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