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DESCRIPTION CN114853468A

A high-dielectric- and low-loss doped barium calcium titanate ceramic and its preparation

method

—E T BRRFEE A AR NS ENRERIE A

[0001]

Technical Field
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ARG

[n0001]

This invention relates to the field of inorganic non-metallic material preparation, specifically
to the field of ferroelectric ceramic materials technology. It provides a high-dielectric-
strength, low-loss doped barium calcium titanate ceramic and its preparation method. The
method employs a traditional solid-state reaction method to prepare a lead-free, non-
volatile, and non-toxic barium calcium titanate modified ceramic with high dielectric strength
and low loss. Specifically, it is a low-temperature sintered Ba<sub>0.70</sub>Ca<sub>0.30<
/sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>
ceramic, suitable for preparing high-energy-density memory and large-capacity capacitors. Its
preparation process is simple, low-cost, and environmentally friendly, aligning with the
development direction of dielectric materials. Compared with currently used lead-based,
BiFeO<sub>3</sub>based, and Bi<sub>0.5</sub>Na<sub>0.5</sub>TiO<sub>3</sub>based

dielectric ceramics, it has higher industrial application value.

KEBSRENIEEBMEGIETR, BETNREBEBEEEMERARIY, RE—FeS N BEREES
KRN EREGIEAZE, RAEHENENMRNEFIESEITH. TEAMBLTSTENSNMER
PFEN KBRS SR, BAE2—MEBR4EBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-

x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>f%&, EF&FHl&
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SREEEFMSBENATERRS, HEEIZES. BRE. FBFFR, FEMEMHNLZES

T}

, SERIEAEE. BiFeO<sub>3</sub>E#HBi<sub>0.5</sub>Na<sub>0.5</sub>TiO<sub>3<

[sub>ETEEEEAEL, BEAERESHNITINAIE,

[0003]

Background Technology

BREA

[n0002]

The rapid development of the economy and technology, the control of toxic elements by the
WEEE Act and RoHS Act, and the strategic need for sustainable development have led to
higher requirements for the electrical performance and environmental protection of ceramic
application devices. For example, high energy density memory and large capacity capacitors
require dielectric materials to have both high dielectric constant, low dielectric loss and good

dielectric thermal stability.

ZFNMBHRRIEE &R, WEEESAZREMROHS AR B S TRYILNER UM AIFFEKL B GHESF
X, MHNEEN BRI ESEENFMRERETESHER, NSEREFMEBISNARERSE

EXRMEMARASTEBH. {7 EHREN RIFHNTEAREE.
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Currently, research on lead-free dielectric ceramics is mostly focused on high Curie point lead-
free ceramics such as BiFeO<sub>3</sub>based, Bi<sub>0.5</sub>Na<sub>0.5<
/sub>TiO<sub>3</sub>based ceramics. However, the high-temperature volatility of Bi and Na
pollutes the environment, so the development of environmentally friendly lead-free ceramics

with high dielectric properties has important industrial application value.

Bel, THRNTEEAENARARZEFTFSEE S LRMEENBIFeO<sub>3</sub>&. Bi<sub>0.
5</sub>Na<sub>0.5</sub>TiO<sub>3</sub>E%&, EBIFINaNERIELYTHRINE, HIERIF
BE St TnEEN R BEEER T AMME,
In recent years, BaTiO4-based lead-free ceramics have become important candidate materials
for applications such as filters, resonators, sensors, high-energy-density memories, and
capacitors due to their high chemical stability, excellent dielectric properties, and tunable
piezoelectricity. However, their room-temperature relative permittivity e<sub>r</sub>is
usually below 4000, e<sub>r</sub> varies greatly near their polycrystalline phase transition
point, their dielectric properties have poor temperature stability, and their sintering
temperature T<sub>s</sub> is relatively high (>1350°C). These shortcomings limit their

applications.

27-01-2026 - Page 4



IEFR, BaTiO<sub>3</sub>EFLHMAELUESUFEREME. LRV RIEEMEBMERTIERIIE
KEE. JEREE. TSR, SREEREFHSN RSB VANERFEME, AMEEEENTEEN
e<sub>r</sub>@HE{KXTF4000, EFEZEEERTRMEe<sub>r</sub>THXK, TEMEFNEERE
ME, RERET<sub>s</sub>{R=(>1350°C), XLEGR = PRHI T HL A,

In practical applications, changes in ambient temperature and the heat dissipated by
equipment cause fluctuations in the operating temperature of dielectric materials, resulting

in significant changes in their dielectric constant and dielectric loss. This can easily lead to
interruptions in the signal transmission of electronic devices. Effectively improving the room
temperature dielectric constant, reducing dielectric loss, and enhancing the thermal stability
of dielectric properties of BaTiO2-based ceramics is a current technical bottleneck in the

research of BaTiO2-based dielectric ceramics.

SERR IR, AEMERENEUNISERLAAENENSETEMENTIERERERE, HNE
BRMNTEREMZ R EEXRZENEZSFHBFEGIIFESEHTE, NAENNES
BaTiO<sub>3</sub>EMEZENERNTEBEHR. FENBRFENAENTBERNARE S, BRI

BaTiO<sub>3</sub>E T BEEHR RPN — AR,

[0005]

Summary of the Invention

27-01-2026 - Page 5



RARE

[n0003]

To address the technical problem that BaTiO2-based lead-free ceramics cannot
simultaneously achieve high dielectric constant, low loss, good thermal stability, and high
temperature stability, this invention provides a doped barium calcium titanate ceramic with
high dielectric constant, low loss, and high temperature stability, and its preparation method.
The BaTiO024CaTiO25TiTiO26(NbTiO27FeTiO28)TiO30 ceramic prepared using this method
exhibits a high eNER31 value (up to 4869) at room temperature, a dielectric loss (tand) below
0.037, and good dielectric constant stability from room temperature to 200°C (the rate of

change of dielectric constant with temperature, AeNER32/eNER33, is <35%).

X _EIABaTiO<sub>3</sub>ETLHEEL ZRMETE. KFE. RIFHAREMEMT<sub>s<
[sub>REMRAREE, KLBRE—MENTEER. BHME. SEEREMENSRUABRINSEENR
HEIZAE, ARG EEIFERBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>Pa&EE = E Fe<sub>r<
/sub>EiA4869, EBIFEtandIEF0.037, ER~200°CENMBEHREERF(NMBEHBERE

BIZS (k= Ae<sub>r</sub>/e<sub>r</sub><35%),

[n0004]
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This invention provides a high dielectric and low loss doped barium calcium titanate ceramic
with the chemical formula Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>, where x is the number of
moles of (Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup> doped in the compound, and

0.04<x<0.06.

REPRE—FESNT BERFEESRHRBRIGEE, EEFEXIBa<sub>0.70</sub>Ca<sub>0.30<
/sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>,
Hex R &¥Hi52(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup>HIE/RE, 0.04

<x<0.06,

[n0005]

The above-mentioned method for preparing high-dielectric- and low-loss doped barium

calcium titanate ceramics is carried out according to the following steps:

ER—FES T BRRFEE A RRINSEENGESE, BRUTTEHRT!

[n0006]

(1) Analytical grade BaCO, CaCO, TiO, FeO, and MnO powders and 98% purity MnO powder

were weighed according to the stoichiometric ratio of the chemical formulas BaCO, CaCO,
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TiO, FeO, and MnO powders. Where 0.04<x<0.06; the powder is mixed with anhydrous
ethanol medium, and wet-milled for 20-24 hours using a planetary ball mill at a speed of 150-
175 rpm with agate grinding balls as the grinding medium. The mixture is homogeneous, and
the mass ratio of anhydrous ethanol medium to the total mass of powder is (1.1-1.5):1. The
grinding balls used are composed of agate balls with diameters of 20mm, 10mm and 6mm in a

number ratio of 1:11:16. The slurry is then dried.

(1)1 ZFEH Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>gkF it ELLFRE DT ALK 5T
BaCO<sub>3</sub>. CaCO<sub>3</sub>. TiO<sub>2</sub>. Fe<sub>2</sub>0O<sub>3<
/sub>#EIF198% LEEFIMnO<sub>2</sub>#3#l, EHA0.04<x<0.06; FMHENIINTKZEEREE
B, UIBESEIKAIKEN FRA1TENEKENLI150~ 1755/ minfViRR /B AEKEE20~24hE 518
5], HPTKZEERNBRESHEERENECLEA(1.1~1.5):1; FRABIKEERRN20mm,

10mmF6mmBYIBESERIZ N EREL1:11:1648R%, SAIEHETIREL;

[n0007]

(2) Add 5-8 wt% deionized water to the obtained powder according to the weight of the raw
materials, press it into blocks at 9-11 MPa for 1-2 min using a tablet press, heat it to 900-930°C
at a rate of 3-5°C/min and hold it for 3-4 h for pre-sintering, and cool it to room temperature

with the furnace to obtain pre-sintered tablets.
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2)FFr M EHRFMREREENMNS~8Wt% N EBFK, AERNMEI~1IMPaREL~2min#1T
[E3R, LL3~5°C/minfiREFHEEI00~930°CAH{R:E3~4hiH1TTR, FEFLEEER, FEIFkE

gHER;

[n0008]

(3) The pre-sintered compressed tablets are pulverized and ball-milled at a speed of 150-175
rpm for 20-24 hours using a wet ball milling process. The mixture is then dried in a drying
oven. A polyvinyl alcohol solution binder with a mass concentration of 6-8% is added. The
amount of binder added is 3% of the mass of the Ba<sub>0.70</sub>Ca<sub>0.30<
/sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0_NER63 powder.
~6%, then aged for 22-24 hours, granulated, sieved, and pressed into thin round preforms at 4-
7 MPa for 1-3 minutes using a tablet press. The preforms were then buried with powder of the
same composition, heated to 600°C at a rate of 3-5°C/min, held for 2 hours to remove the
plastic, and cooled to room temperature in the furnace to obtain Ba<sub>0.70<
/sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x<

/sub>0<sub>3</sub> preforms.

() FIREER #1E, RAEAEEAIKELZLA150~175%% /minlV55RIkE20~24hR 53945, BETF

BRPRT, MAREREN6~8WHNRIIGEABRMET, FMARLLETRIMNEIBa<sub>0.70<
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/sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x<
/sub>0<sub>3</sub>MMERERI3~6%, SAGMRIL22~24h, &k, I7H, AERVIELI~TMPafR
F1~3min[EpGERF IR A, BHERASMEHEE, U3~5°C/minREHRZE600°CEYfR:E2hHF
B, RIS EIEE BB EIBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.

5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>f%{%;

[n0009]

(4) The Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.
5</sub>)<sub>x</sub>0<sub>3</sub> preforms were sintered in an air atmosphere using a
three-stage stepped heating method: the temperature was increased to 600°C at a rate of 2-
4°C/min and held for 2h, then increased to 900°C at a rate of 1.5-3°C/min and held for 2h, and
finally increased to 1230-1300°C at a rate of 1-2°C/min and held for 4-5h. The preforms were
then cooled to room temperature in the furnace to obtain barium calcium titanate ceramic

preforms.

(4)RA=EBMEFA BN A EEBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>

(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>F AT =S RE L : UL
2~4°C/minBYREFBZE600°CR{FR:E2h, BLL1.5~3°C/minEEFHEZE00°CHR{F:E2h, &EU
1~2°C/minBERE AR E1230~1300°CA{RIB4A~5hixss, MEIP2EHEERIRSIERARINTGEE

REAK;
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[n0010]

(5) The obtained barium calcium titanate ceramic is annealed at 950-1000°C and cooled to
room temperature in air in the furnace to obtain the high dielectric and low loss doped

barium calcium titanate ceramic.

(5)FAS B A RER NS ETEI50~1000°CHITIR A, EXSHFRIFRMEER, FISARST

FE{RPFES BRI TS R

[n0011]

Advantages of this invention:

&R R:

[n0012]

This invention broadens the tetragonal working temperature range of BaTiO<sub>3</sub>

ceramics by introducing A-site Ca partial substitution to maintain its T_NERT79 essentially
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unchanged (~128°C), improves the dielectric temperature stability of BaTiO<sub>3</sub>
ceramics, and introduces donor Nb<sup>5+</sup>ions and acceptor Fe<sup>3+</sup>ions
to achieve a coexistence of room-temperature ferroelectric tetragonal phase and dielectric
orthorhombic phase in Ba<sub>0.70</sub>Ca<sub>0.30</sub>TiO_NER The 85 ceramic was
subjected to B-site composite doping. The increase in the concentration of composite ions
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup> reduced the sintering temperature of
the ceramic by 110°C. The prepared Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub> ceramic samples
exhibited a perovskite structure with pseudocubic-orthorhombic two-phase coexistence, and

the density was higher than 94%.

& BR@IE EBaTiO<sub>3</sub>fgE&EAH 5| AALCaZf BV EE T<sub>C</sub>E AR T
(~128°C), AT THMUAHEIIERX, K& T BaTiO<sub>3</sub>EMNNEBEREM, H5IA
FMEENb<sup>5+</sup>B FFZ EFe<sup>3+</sup>BF I =B EEBEIYHE-TEIERXERALE
BIBa<sub>0.70</sub>Ca<sub>0.30</sub>TiO<sub>3</sub>fg&H#H{TBNIE L%, EABF
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup>8 2R ENIR = B EN RE BEERKT
110°C, #l&BIBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>{g & ¥ & 2B /5-1F X FRIBHE1ZAIF5EEE

g, BEENET4%;
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[n0013]

The Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5<
/sub>)<sub>x</sub>0<sub>3</sub> ceramics prepared by this invention have a room
temperature e<sub>r</sub>>4100 and tan5<0.037, wherein Ba<sub>0.70</sub>Ca<sub>0.30<
/sub>Ti<sub>0.94</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)_NER1 The 09_O_NER110
ceramic exhibits the best room temperature dielectric properties and dielectric temperature
stability, with T<sub>s</sub>=1230°C, e<sub>r</sub>and tand being 4869 and 0.037,
respectively. In the temperature range of room temperature to 200°C, the rate of change of
g<sub>r</sub> with temperature, Ae<sub>r</sub>/e<sub>r</sub>, is <35%, indicating
significant application potential in the fabrication of high-energy-density memory and large-

capacity capacitors.

& BRHIERIBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>fa&MN = Re<sub>r</sub>>4100,
tan8<0.037, EHBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>0.94</sub>(Nb<sub>0.5<

/sub>Fe<sub>0.5</sub>)<sub>0.06</sub>0<sub>3</sub>fE&EMNE BN EBIEREMN T EEERTEM
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B1E, T<sub>s</sub>=1230°C, e<sub>r</sub>#tand%3%!794869%10.037, 1EZ=;E~200°C:EE
SEEIAN, e<sub>r</sub>FEREMNTHEAe<sub>r</sub>/e<sub>r</sub><35%, T=REERERF

SN ATERRTSHE T EERERANAR

[n0014]

The ferroelectric-paraelectric phase transition characteristic temperature T_NER123 of the
Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5<
/sub>)<sub>x</sub>0<sub>3</sub> ceramics prepared in this invention monotonically
decreases with increasing (Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup> doping
concentration, and T_NER127 decreases from 128°C for undoped Ba<sub>0.70<
/sub>Ca<sub>0.30</sub>Ti ceramics to 45°C for Ba<sub>0.70</sub>Ca<sub>0.30<
/sub>Ti<sub>0.94</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>0.06</sub>0<sub>3<
/sub> ceramics. (2.0 mol% (Nb<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub> ceramics) Doping with
37FeNER138NER139 results in the best room-temperature ferroelectricity of
BaNER140CaNER141TiONER142 ceramics. Excessive doping (x=0.02) reduces the ferroelectric

performance parameters (maximum polarization intensity P_NER143, remanent polarization
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intensity P_NER144, and coercive field E_NER145) of the samples. In the composition range of
0.04<x<0.06, BaNER146CaNER147TiNER148(Nb_NER149Fe_NER150)NER1510NER152
ceramics exhibit good dielectric temperature stability (Ae_NER153/e_NER154<35%) in the

temperature range of room temperature to 200°C.

A& BRHI&BIBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>F &M & E-REEETIFIERET<sub>m<
/sub>F&EE (Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup>i5 Zx £ #91% A L@/,
T<sub>m</sub>E*ki5ZBa<sub>0.70</sub>Ca<sub>0.30</sub>Tifg&Er128°C[EZEBa<sub>0.
70</sub>Ca<sub>0.30</sub>Ti<sub>0.94</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>0.
06</sub>0<sub>3</sub>fE&EI45°C, 2.0mol%(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)
<sup>4+</sup>£ZfFBa<sub>0.70</sub>Ca<sub>0.30</sub>TiO<sub>3</sub>fE & =B ELH
MERE, FTEER(=>0.02)EHFmiVkB SRS H(IRKEBERAEP<sub>max</sub>. FIRIRK
o B P<sub>r</sub>F&FfiiHE<sub>C</sub>)f&{fk, 0.04<x<0.064H5EEMBa<sub>0.70<
/sub>Ca<sub>0.30</sub>Ti<sub>0.94</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>0.06<
/sub>0<sub>3</sub>fEEZEE~200°CREX 8 2 RIFHN B RERE M (Ae<sub>r</sub>

/e<sub>r</sub><35%),

[n0015]
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The high dielectric and low loss doped barium calcium titanate lead-free ceramic obtained by
this invention has a simple preparation process, no volatile elements, is green and
environmentally friendly, has a sintering temperature below 1300°C, is low in cost, and is easy
to mass-produce in industrial applications. It has high dielectric, low loss and good dielectric
thermal stability, and has great practical potential in high energy density memory and large

capacity capacitor applications.

FRPFRGHSMREREAASAURBRINGTHEENGIE I ZEER, TEAMTER, B8R, RE
mERT1300°C, MARER, HTTIUEHEES, RESHE. REEMNRFNNTERZENL,

ARREEREFHESNATERRRNATEEEEARLRE.

[0019]

Attached Figure Description

P35t RE

[n0016]

27-01-2026 - Page 16



Figure 1 shows the powder X-ray diffraction (XRD) pattern of the Ba<sub>0.70</sub>Ca<sub>0.
30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0_NER161
ceramic (0<x=<0.12) prepared according to Specific Embodiment Six; Figure 2 shows the
Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5<
/sub>)<sub>x</sub>0_NER16 ceramic prepared according to Specific Embodiment Six. Figure
8 shows surface backscattered electron microscopy (SEM) images of ceramic samples (x =
0.004, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08, and 0.12); Figure 3 shows the surface
backscattered electron microscopy (SEM) images of Ba<sub>0.70</sub>Ca<sub>0.30<
/sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0_NER175
ceramic samples (x =0.004, 0.01, 0.02, 0.03, 0.04, 0.0) prepared according to specific
embodiment six. The relative permittivity e<sub>r</sub> and dielectric loss tangent tand of
(5,0.06,0.08, and 0.12) are shown as curves of temperature variation. Figure 4 shows the
characteristic temperature T<sub>m</sub> and the dielectric anomalous peak full width at
half maximum (FWHM) of the Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub> ceramic sample
prepared in specific embodiment six as a function of temperature (Nb<sub>0.5</sub>Fe_N
Figure 5 shows the dielectric relaxation characteristic analysis curves of the Ba<sub>0.70<
/sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x<
/sub>0<sub>3</sub> ceramic samples prepared according to specific embodiment six,
including the dielectric relaxation characteristic analysis curves according to the Vogel-
Fulcher formula f=f<sub>0</sub>exp[-E<sub>a</sub>/k<sub>B</sub>(T<sub>m</sub>-
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[T<sub>f</sub>], modified Curie-Weiss law 1/e<sub>r</sub>-1/e<sub>m</sub>=(T-T<sub>m<
/sub>)y/C, AT<sub>relax</sub>=T<sub>m(100kHz)</sub>-T<sub>m(1kHz)</sub> fitted and
calculated T<sub>m</sub>-Inf curve, In(1/e<sub>r</sub>-1/e<sub>m</sub>)-In(T-T<sub>m<
/sub>) curve, Vogel-Fulcher freezing temperature T<sub>f</sub> -x curves and dielectric
relaxation index y and characteristic temperature variation with frequency AT<sub>relax<
/sub>as a function of (Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup> doping amount x;
Figure 6 shows the room temperature dielectric properties e<sub>r</sub>and tand as a
function of (N<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub> ceramic samples prepared according
to specific embodiment six. Figure 7 shows the variation curve of doping amount x for
Ba<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup>. Figure 7 also shows the room-
temperature ferroelectric hysteresis loop (P-) of the Ba<sub>0.70</sub>Ca<sub>0.30<
/sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>
(x=0, 0.004, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08 and 0.12) ceramic samples prepared
according to specific embodiment six. E) and displacement current density-field strength
relationship curve (J-E); Figure 8 shows the room temperature ferroelectric performance
parameters P<sub>max</sub>, P<sub>r</sub> and E<sub>C</sub> of the Ba<sub>0.70<
/sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x<
/sub>0<sub>3</sub> ceramic sample prepared in specific embodiment six as a function of

the doping amount x of (Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup>.
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Bl A EAELEA R/ SFHIEBBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>Fg%& (0 <x<<0.12) A9¥3 Rk X5+
AHT5EIE(XRD); B2 A BASEMA R/ Hl#&Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-
x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>pg&# 5 (x=0.
004,0.01,0.02,0.03,0.04,0.05,0.06,0.08F10.12) (YR E S B ST 13 BIR B A (SEM); BER3NEAEL S
75l Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>fg & (x=0.
004,0.01,0.02,0.03,0.04,0.05,0.06,0.08%10.12) BY4BXI 77 BB ' & e<sub>r</sub>H 7T BiFE A EVIE
tanSREEENT L X R4, B4HREKLES7SH&FEIBa<sub>0.70</sub>Ca<sub>0.30<
/sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>}4
A mBFIERET<sub>m</sub>fN B R EIEF % (FWHM)BEZE (Nb<sub>0.5</sub>Fe<sub>0.
5</sub>)<sup>4+</sup>iBZEXNT VX RAMLL, ESHEALIES R/ HIFHBa<sub>0.70<
/sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x<
/sub>0<sub>3</sub>fa&EF MV T BMFRIFIEDTELE, B3F1RIEVogel-FulcherA=
f=f<sub>0</sub>exp[-E<sub>a</sub>/k<sub>B</sub>(T<sub>m</sub>-T<sub>f</sub>)]. &
FMER-IMIER]/e<sub>r</sub>-1/e<sub>m</sub>=(T-T<sub>m</sub>)y/C.
AT<sub>relax</sub>=T<sub>m(100kHz)</sub>-T<sub>m(1kHz)</sub>#\&F1itESZIH
T<sub>m</sub>-InfEi%%. [n(1/e<sub>r</sub>-1/e<sub>m</sub>)-In(T-T<sub>m</sub>)h%k.

Vogel-FulcherF&5RE T<sub>f</sub>-x#iZA T BB FRIEEE Ry DR EMIIRE N E
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AT<sub>relax</sub>F(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup>8 L ExH T L x
HZHh%L; BeNEARLMA R/ HI&EMBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>fa& ¥ BN =BT B LS
#e<sub>r</sub>Ftan8KE(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup>EZExH T
X R ; BTRHEAERLHA /N EIEBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x<
/sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>(x=0,
0.004,0.01,0.02,0.03,0.04,0.05,0.06,0.08%00.12) f & +¥ b = 'R £ B8 FB i [B] 4% (P-E) (U2 BB IR -
e xZ %% (J-E); B8AEMALHS N/ HIEIBa<sub>0.70</sub>Ca<sub>0.30<
/sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>[4g
RN E RSB MEESEP<sub>max</sub>. P<sub>r</sub>#1E<sub>C</sub>kE&

(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup>8 L ExH T X R L,

[0021]

Detailed Implementation

BiALER

[n0017]

The technical solution of the present invention is not limited to the specific embodiments

listed below, but also includes any combination of the specific embodiments.
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KEABADERBRTLATAYIZERAKS RS, TEEZAEFLHESNENEEAS.

[n0018]

Specific Implementation Method 1: The chemical formula of a high dielectric and low loss
doped barium calcium titanate ceramic in this implementation method is Ba<sub>0.70<

/sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x<
/sub>0<sub>3</sub>, where x is the molar ratio of (Nb<sub>0.5</sub>Fe<sub>0.5</sub>)

<sup>4+</sup>in the compound, and 0.04<x<0.06.

BELEAR—: LA —ME T BRFES R RERINIEEERN M F N 9Ba<sub>0.70<
/sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x<
/sub>0<sub>3</sub>, EHxRHKEYIH (Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup>

HIEE/RELL, 0.04<x<0.06,

[n0019]

Specific Implementation Method Two: This implementation method provides a method for
preparing high-dielectric- and low-loss doped barium calcium titanate ceramics, which is

carried out according to the following steps:
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AL AN= LA —METBREEEARERISEENGIE 7%, RUTIRHET:

[n0020]

(1) Analytical purity grade pharmaceutical powders BaC0263, CaC0264, TiO265, Fe266, and
Mn0O267 were weighed according to the stoichiometric ratio of their chemical compositions
BaC0263, CaC0264, Ti0265, Fe266, and 0267, and 98% purity Mn0263 was also weighed.
268_Powder, where 0.04<x<0.06, the weighed powder is mixed and placed in anhydrous
ethanol medium. Using agate grinding balls as the grinding medium, a planetary ball mill is
used for wet ball milling at a speed of 150-175 rpm for 20-24 hours to mix evenly. The mass
ratio of anhydrous ethanol medium to the total mass of powder is (1.1-1.5):1. The grinding
balls used are composed of agate balls with diameters of 20mm, 10mm and 6mm in a number

ratio of 1:11:16. The slurry is dried.

(1)U F AR Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>R1LF it = LL ¥R E D LR 58924 mip
BaCO<sub>3</sub>. CaCO<sub>3</sub>. TiO<sub>2</sub>. Fe<sub>2</sub>0<sub>3<
/sub>F198% A ERIMNnO<sub>2</sub>##l, HH0.04<x<0.06, FIFEFIMERS, AL
IKZERIRRT, LAIBESEEIKAIKEE T B 1T E VKN A150~ 17558 /minAYAL IR IR IAIKEE20~24hiE
81594, HPKZEERNRESMHESRENACLEA(1.1~1.5):1; FrRAEBIXKABEREN20mm.

10mmA6mmAYIBESERIR N EREL1:11: 164088, TR,
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[n0021]

(2) Add 5-8 wt% deionized water to the obtained powder according to the weight of the raw
materials, press it into blocks at 9-11 MPa for 1-2 min using a tablet press, raise the
temperature to 900-930°C at a heating rate of 3-5°C/min and hold for 3-4 h for pre-firing, and

cool it to room temperature with the furnace to obtain a pre-sintered preform.

(2B FRSHRHZFTR R EEMANS~8WtN I EEFIK, AERVIEI~1IMPatREL~2mini#
1TER, LA3~5°C/minByARIERAEI00~930°CRim3~4hTikE, FEIFLHINER R, SRITRS

REAR;

[n0022]

(3) The pre-sintered green body is crushed and ball-milled at 150-175 rpm for 20-24 hours
using anhydrous ethanol as the medium. The mixture is then dried in a drying oven. A 6-8%
polyvinyl alcohol solution binder is added. The amount of binder added is Ba<sub>0.70<
/sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x<
/sub>0<sub>3</sub>powder. The amount of 3-6% is aged in air for 22-24 hours, granulated by
sieving through 100 mesh and 150 mesh, and the 150 mesh powder is pressed into thin round

blanks at 4-7 MPa for 1-3 minutes. The blanks are buried with powder of the same
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composition, held at 600°C for 2 hours to remove the plastic, and cooled to room temperature
in the furnace to obtain Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.

5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub> blanks to be sintered.

) FURGEMR A T, RAREKELZUTKZENERIAL150~175%% /minAY4%EIkEE20~24h
BEIA, BRHETTEREMT, MAREREN6~8NMNRZIGIEZARMET, AEFIBIMN
= ABa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5<
/sub>)<sub>x</sub>0<sub>3</sub>¥{AFREHI3~6%, TKHFENK22~24h, IFH1I00BF1150
Bi&f, BX150B#ME, E4~TMPafREF1~3minERSEERE R RAE, RHERADMEHEE, £600°C
FRE2hHEE, MBIFSEIEZRR, 8%IBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>

(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>#F/FLE LI ;

[n0023]

(4) Stack the obtained Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub> blanks to be sintered, cover them with
powder of the same composition, and sinter them in air using a three-stage stepped heating
method: heat up to 600°C at a rate of 2-4°C/min and hold for 2h, heat up to 900°C at a rate of

1.5-3°C/min and hold for 2h, and finally heat up to 1230-1340°C at a rate of 1-2°C/min and hold
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for 4-5h. Cool to room temperature in the furnace to obtain barium calcium titanate ceramics.
The temperature nodes of the three-stage stepped heating method in step (4) are 600°C,

900°C and 1230-1340°C respectively.

(4)¥Fr1§89Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>{F/RLERAE I, FERLEDFEHEE,
RAZEBRAMBFEEN A EET SRS L2~4°C/minfiREFHEE600°CAHERE2h, 1.5
~3°C/mMinEEFAREI°CHRE2h, &=EUI~2°C/minBIREHEE1230~1340°CH{RR
4~5hixss, REIFRAEERRFEFMBRITEEE, FEA)PMARZEAMGEHEAEZNEET R

4352600°C. 900°C#H11230~1340°C,

[n0024]

(5) The obtained barium calcium titanate doped ceramic is heated to 950-1000°C at a rate of
1.5-3°C/min and held for 2-3 hours for annealing treatment. It is then cooled to room
temperature in the furnace to obtain the high dielectric and low loss doped barium calcium

titanate ceramic.

(S FR1SIE R ABRINISPEE LA 1.5~3°C/minBYREFHEE950~1000°CRY fRiE2~ 3hi# TIR A AL IR,

FEFRANEER, RISFIRSTBRRFEE S RERISIEE,
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[n0025]

Specific implementation method three: The difference between this implementation method

and specific implementation method two is that in step (1), x=0.06 and x = 0.08.

BAEHAN=. AELHAANSEKLHEAN_FRNZ: TE(1)Fx=0.06, x=0.08,

Everything else is the same as in Specific Implementation Method Two.

HESEMFRLER V1R,

[n0026]

Specific implementation method four: This implementation method differs from specific
implementation methods two or three in that: the heating rate of the pre-sintered embryo in

step (2) is 2-3°C/min, and the pre-sintering condition is 950°C for 4 hours.

B@&ELEARNE: ALEARSEALEAR —H=FRNE: TEQ)PIGLEHENFRRER
2~3°C/min, FikEZH/9950°CIR:E4h,

The rest is the same as in specific implementation method two or three.
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HESAEAFLHA R S =R,

[n0027]

Specific implementation method five: This implementation method differs from one of the
specificimplementation methods three to four in that the sintering parameters in step (4) are

1230°C and held for 4 hours.

BARLHARE: AEHAXSEALHARN=E0Z—FANZE: TE@E)PHRESEN1230°CIR
m4h,

The rest is the same as in one of the specificimplementation methods three to four.

HeSAEALEARN=EMZ—HER,

[n0028]

Specific Implementation Method Six: A method for preparing a high-dielectric- and low-loss
doped barium calcium titanate ceramic according to this embodiment is carried out

according to the following steps:
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BRI ARk —E T BRRFEE A ARINSEENGE LA, BRUTIEH

/—

17:

[n0029]

(1) BaC0297, CaC0298, Ti0299, and Fe3000NER301 powders of analytical purity were
weighed according to the stoichiometric ratio of their chemical compositions (Ba<sub>0.70<
/sub>Ca<sub>0.30</sub>Ti<sub>0.94</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>0.06<
/sub>0<sub>3</sub>). The raw material and 98% pure MNO_NER302_ powder were mixed in
anhydrous ethanol medium and wet-milled for 24 hours at 150 rpm using a planetary ball mill
with agate grinding balls as the grinding medium. The mixture was dried and the slurry was
dried. The ratio of ethanol mass to total powder mass was (1.1~1.5):1. The grinding balls used
were composed of agate balls with diameters of 20 mm, 10 mm and 6 mm in a number ratio of

1:11:16.

(1) F AR Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>0.94</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>0.06</sub>0<sub>3</sub>f{tF i+ E L FFE D LELR7IH
BaCO<sub>3</sub>. CaCO<sub>3</sub>. TiO<sub>2</sub>. Fe<sub>2</sub>0O<sub>3<

[sub>#3 1 F198% L EFIMnO<sub>2</sub>##l, FMEMATKZERRES, MISHEIK K
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AR

i

N RAITEREKENI L1503/ minfViiR T EIKE240ESIS, TR, EREBRESHE
BREBMNELLH(1.1~1.5):1; FFAEKAERN20mm. 10mmIM6mmAyIDESTkiR Mtk 1:11:1648

B

[n0030]

(2) Add 5-8 wt% deionized water to the obtained powder according to the weight of the raw
material, press it into blocks at 9 MPa for 2 min using a tablet press, raise it to 900°C at a rate
of 4°C/min and hold it for 4 h for pre-firing, and cool it to room temperature with the furnace

to obtain a pre-sintered preform.

(2P S HRHZFTR R EEMANS~8WtN I EBEFIK, AEAVIEIMPafRE2MIn#EITEIR,

H4°C/minBERRFAEI00°CIRIE4hTIR, FENFLINEER, FEITURLEIE;

[n0031]

(3) The pre-sintered green body prepared in step (2) is crushed and ball-milled at 150 rpm for
24 hours using anhydrous ethanol as the medium to mix evenly. The slurry is dried and a
polyvinyl alcohol solution binder with a mass concentration of 8% is added. The amount of
binder added is Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub> powder. 6% by mass, aged in air for 24

hours, granulated by sieving through 100 mesh and 150 mesh, take the 150 mesh powder,
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press into thin round blanks at 6 MPa for 1 minute, cover with powder of the same
composition, hold at 600°C for 2 hours to remove plastic, cool to room temperature in the
furnace to obtain Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<

/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub> blanks to be sintered;

i

(LR (2)HIFHITURGER AR E, FAIEEKELZ UL KZEENER L1505/ minay5E R IkE
24hBES, BEREET, MARSRENSUNRZIFEARMET, METRMAERN
Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5<
/sub>)<sub>x</sub>0<sub>3</sub>¥{&FREHI6%, TKHFENK24h, STF1008F1508 18,
EX1508#%}, E6MPafRIF1IminERCER A A, RREDHEHEE, T600°CRE2hHZEE, FEIF
BEEER, 58%FIBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<

/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>{F/RLEF{4 ;

[n0032]

(4) Stack the obtained Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub> blanks to be sintered, cover them with
powder of the same composition, and sinter them in air using a three-stage step heating

method: heat up to 600°C at a rate of 3°C/min and hold for 2h, heat up to 900°C at a rate of 2°C
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/min and hold for 2h, and finally heat up to 1230°C at a rate of 1°C/min and hold for 4h for
sintering. Cool to room temperature with the furnace to obtain barium calcium titanate

ceramic.

(4)¥Fr1§89Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>{F/RLERAE I, FERLEDFEHEE,
FRAZEBRRAMBFHENAAET SR L3°C/minfiEEFBEZE600°CAR:E2h, LL2°C/miniE
EFRZE0°CERE2h, REMULC/mMInBEEAREL230°CRRE4ANHITIHRG, MIFLHNEER

RIFERURBRINTSFEE,

[n0033]

(5) The obtained barium calcium titanate doped ceramic was heated to 1000°C at a rate of 2°C
/min and held for 3h for annealing treatment. It was then cooled to room temperature in the

furnace to obtain the high dielectric and low loss doped barium calcium titanate ceramic.

(ST FR1SEE R ARG E LL2°C/minfYREFHE E1000°CRHREShHITIR AR, FEIFRAEE

im, fSFMASTBRSFEE A RERINISEE.
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In addition, in the chemical formula Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>, x was taken as 0, 0.004,
0.01,0.02,0.03, 0.04, 0.05, 0.06, 0.08 and 0.12 respectively, and experiments were conducted

according to the method of this embodiment.

5346, kR Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>Hx5#351EX0. 0.004. 0.01. 0.02. 0.03.

0.04. 0.05. 0.06. 0.08%00.12, ¥ZERASCHEG TRV EFHI TR,

[n0035]

The room-temperature XRD pattern of a high-dielectric- and low-loss doped barium calcium
titanate ceramic prepared in this embodiment is shown in Figure 1. The single peak (121) near
20 =33° and the split peak (002)/(200) near 26 = 45° indicate that the Ba<sub>NER332<
/sub>Ca<sub>NER333</sub>Ti<sub>NER334</sub>(Nb<sub>NER335</sub>Fe<sub>NER336<
/sub>)<sub>NER337</sub>0<sub>NER338</sub> (0<x<0.04) sample exhibits a composite
perovskite crystal structure with the coexistence of ferroelectric tetragonal (T) and dielectric
orthorhombic (O) phases. As the doping concentration x increases, the substitution of B-site
Ti<sub>NER341</sub> by Fe<sub>NER339</sub> and Nb<sub>NER340</sub> ions with larger
ionic radii leads to the expansion of the sample's unit cell volume, suppressing the tetragonal

phase structure. The double peaks near 20 = 22°,46°, 52°, and 57° are observed. The peaks
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merge into a single peak near x =0.05 as the doping concentration x increases, indicating that
the Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5<
/sub>)<sub>x</sub>0<sub>3</sub>(0.05<x<0.08) sample has a pseudocubic (PC)-
orthorhombic (O) two-phase coexistence structure. In the XRD pattern, 20 =22°, 4 The sharp,
narrow single peaks near 6°, 52°, and 57°, along with subsequent dielectric spectroscopy and
ferroelectric hysteresis loop analysis, indicate that the Ba<sub>0.70</sub>Ca<sub>0.30<
/sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>
(0.08<x=<0.12) sample is a composite structure with cubic (C) and orthorhombic (O) phases

coexisting.

KA HE—ME T BEREE A AR AN EXRDEEMNE LR, 260=33<sup>°<
/sup>MHIAY &A1 (121)F020 =45°KF1TA9(002)/(200) B2 24I& R BABa<sub>0.70</sub>Ca<sub>0.30<
/sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>
(0=<x<0.04)FmEABIUGH(T)F/TBIEZME(O)MBHEFNE 5N RIAEN, MEIEFEE
K, BABFHEFEBFe<sup>3+</sup>FHINb<sup>5+</sup>BXLBITi<sup>4+</sup>SE ¥ mHy
EREREFREAK, TUAHEEMMESR], 20=22° 46°. 52°FN57°HMHEBINIEIFEEIS R EXHIE KT
x=0.05HEEFHNEIE, FTABa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>(0.05<x<0.08) ¥ fa &1L
75 (PC)-1E3Z(O)MitEH 174540, XRDEIFEH20=22° 46°. 52°FN5T°MHMAYREL. TRAEBIE K 54

BRI A S B BB R E] 42 MR 9 4R EEBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>
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(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>(0.08<x<<0.12)¥ NI

(C)-IE3Z(O)MiEHFHIE 54514,

[n0036]

Figure 2 shows the surface backscattered SEM image of the ceramic sample with the chemical
formula Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>(0.004<x<0.12). B-site composite
substitution reduced the sintering temperature of the sample by 110°C. SEM test results show
that the ceramic prepared in this embodiment has good crystallinity, full grains, clear grain
boundaries, and dense structure. All samples include two grains of different sizes. The larger
tetragonal phase (white) grains are dispersed among the smaller orthorhombic phase (black)

grains, which is consistent with the XRD test results.

kZFBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.
5</sub>)<sub>x</sub>0<sub>3</sub>(0.004<x<0.12)fI & RN RE S EETISEMB K WNE2FR
T, BUEaB UMk EERE T 110°C, SEMNIXERRIBAL A XTI SFHBEEERR
4, @A, mAEMW, SMRE, AEF@YEERMAONEINGR, mEE(E®)RARE
SRS MEERME(RE) NG ZE, SXRDMRERYIS,

Furthermore, the average grain size of both the orthorhombic and tetragonal phases first

increases and then decreases with increasing doping concentration.
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[n0037]

The upper and lower surfaces of the Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>(0.004<x<0.12) ceramic
sample were coated with silver electrodes. The samples were then fired at 600°C for 1 hour to
achieve full electrode coverage. The electrode dimensions were 10-13 mm in diameter. An
Agilent 4284A impedance analyzer and temperature control device were used to collect data
on the unpolarized Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb_N) ceramic
sample prepared in this embodiment within a temperature range of -90 to 200°C. Figure 3
shows the dielectric thermograms of the ceramic samples (0.004<x<0.12) at frequencies of
1kHz, 10kHz, and 100kHz. Figure 4 shows the phase transition temperature T<sub>m</sub>
and the full width at half maximum (FWHM) of the dielectric anomalous peak as a function of
the doping amount x (Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup>. It can be seen
from the figure that all samples exhibit a dielectric anomalous peak in the temperature range
of -90 to 200°C, corresponding to the characteristic temperature T<sub>0.5</sub>Fe<sub>0.5<
/sub>NER375_0<sub>3</sub>(0.004<x<0.12). The NER381 and a small amount of
(NbNER382FeNER383)NER384 doped samples (0<x<0.04) exhibit sharp dielectric anomalous

peaks. Their eNER385 and tand dopants do not change with the test frequency f, indicating no
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frequency dispersion or dispersion phase transition. This suggests that the
BaNER386CaNER387TiNER388(NbNER389FeNER390)NER3910NER392 (0<x=<0.04) ceramics
are normal ferroelectrics, and their TNER393 decreases monotonically with increasing x. The
increase of doping amount x (x==0.05) in the Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+<
/sup> strengthens the dielectric relaxation of the ceramic sample, and the T<sub>m</sub>
monotonically decreases below room temperature. The dielectric anomalous peak gradually
broadens and flattens, changing from a sharp peak to a relatively gentle "bump". The full
width at half maximum (FWHM) of the peak gradually increases, and FWHM increases sharply
near x=0.05. As the test frequency f increases, its e<sub>r</sub> gradually decreases. The
dielectric anomalous peak shifts towards higher temperatures. That is, the frequency
dispersion and dispersion phase transition characteristics indicate that the 0.05<x<0.12

sample transforms into a relaxor ferroelectric.

¥ Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5<
/sub>)<sub>x</sub>0<sub>3</sub>(0.004<x<0.12)f & ¥ @M Lt TREHBIREBR, 1£600°C
RBLIhGHEIHEBR, BRRTAERLIO~13mm, RARRECI284ARSHESTNARIEEET-
90~200°C:RE X B)SREA L 5 Tl EFHI R L Ba<sub>0.70</sub>Ca<sub>0.30<
/sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>
(0.004<x<0.12)Fg &M RIESNE N 1kHZ,10kHzF1100kHZzAI 7 B B ENE3FR, FRIGHERMAT

BET<sub>m</sub>H 7 B Kk E &M ¥ 5% (FWHM)BE(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)
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<sup>4+</sup>ZHRExHN T WA INE4FRR, MEFA, 1£-90~200°CRECEMMAFmYZE
W—NTEREE, XN FEE-IREETFIEEE T<sub>m</sub>, L& (Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sup>4+</sup>£Z(0<x<0.04) F R EM RGN ER BIE, H
g<sub>r</sub>FtandARFEMIASARIAZT, EILIMBERATEETZTINR, FKEEBa<sub>0.70<
/sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x<
/sub>0<sub>3</sub>(0<x<0.04)MIENIEEEEBIK, HT<sub>m</sub>Haxi% K L FREK,;
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup>8ZExi& K (x=0.05)FEEEE RN B
BIZENIR, T<sub>m</sub>RFFREZFRELUT, MEREEZFHEENTE, BRMAERTH
BRAFEN ‘B8 , BNFETEFWHMZEIE A, FWHMTEX=0.05KHEREE, FENLMELLE K,
He<sub>r</sub>Z#ia/)\, MEREERSES RS, RISHEREEMIRHIEEFERA0.05

<X<O0. 128 A TR B R AR IR,

[n0038]

The dielectric relaxation characteristics of the Ba<sub>0.70</sub>Ca<sub>0.30<
/sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>
(0=<x=<0.12) ceramic sample prepared in this embodiment were analyzed in detail.
Specifically, the dielectric relaxation characteristic analysis curve was obtained by fitting the
dielectric spectrum 3, as shown in Figure 5. This includes the analysis based on the Vogel-
Fulcher formula f=f<sub>0</sub>exp[-E<sub>a</sub>/k<sub>B</sub>(T<sub>m</sub>-
T<sub>f</sub>)] and the modified Curie-Weiss law 1/ The curves obtained by fitting and

calculating e<sub>r</sub>-1/e<sub>m</sub>=(T-T<sub>m</sub>)y/C, AT<sub>relax<
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/sub>=T<sub>m(100kHz)</sub>-T<sub>m(1kHz)</sub>, T<sub>m</sub>-Inf curve, In(1
/e<sub>r</sub>-1/e<sub>m</sub>)-In(T-T<sub>m</sub>) curve, Vogel-Fulcher freezing
temperature T<sub>f</sub>-x curve, and the curves showing the relationship between the
dielectric relaxation index y and the change in frequency f AT<sub>relax</sub> as a function
of the composition; it can be seen from the figures that the sample The Vogel-Fulcher freezing
temperature T<sub>f</sub> decreases monotonically with increasing x, and drops sharply
near x = 0.05, indicating that the sample has transformed into a relaxor ferroelectric at this
point. Especially at x =0.06, T<sub>f</sub> drops to 41°C, close to room temperature,
indicating that the 6 mol% B-site (Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup>
doping in Ba<sub>0.70</sub>Ca<sub>0.30</sub>TiO<sub>3</sub> transforms it from an
ergodic relaxor phase to an ergodic relaxor phase. The relaxation index y and AT<sub>relax<
/sub> as a function of composition in Figure 5 show that (Nb_NER43... Increasing the doping
amount x of 3_Fe<sub>0.5</sub>)<sup>4+</sup> causes y and AT<sub>relax</sub>to
increase monotonically. The y values at x=0.06, 0.08 and 0.12 are 1.67, 1.87 and 1.90,
respectively, indicating that the Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>(0.06<x<0.12) ceramic
samples prepared in this embodiment are transformed into relaxor ferroelectrics. The defect
dipole effect introduced by composite doping induces the enhancement of the dielectric
relaxation degree of the ceramic, which is beneficial to improving its dielectric temperature

stability.
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AL RS R EIEIBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>(0<x<<0.12) & R TR FRIFIEHTT
RN, B ERIEEH#HITING 2R RN Bt HE D L AN EISFRR, BNEIEIRIE
Vogel-Fulcheraz{f=f<sub>0</sub>exp[-E<sub>a</sub>/k<sub>B</sub>(T<sub>m</sub>-
T<sub>f</sub>)]. BIEMIER-IMAERE]/e<sub>r</sub>-1/e<sub>m</sub>=(T-T<sub>m<
/sub>)y/C. AT<sub>relax</sub>=T<sub>m(100kHz)</sub>-T<sub>m(1kHz)</sub>i}{&Fi+&
BRI T<sub>m</sub>-InfiiZk. In(1/e<sub>r</sub>-1/e<sub>m</sub>)-In(T-T<sub>m</sub>)
HhZk. Vogel-Fulchen&k4E BE T<sub>f</sub>-xpi£EFN 7T BB TG IZEIE$ v T<sub>m</sub>FE4T
RN THUEAT<sub>relax</sub>FEA I E WX REL; MEIFRILIESL, #FmAVogel-Fulcher
L BE T<sub>f</sub>FaExtg A EMRE, 7Ex=0.05KHERERE, RAFULLATHERELZET HMSRE
BBiE, LHEX=0.0680T<sub>f</sub>pEE41°C, EEER, &RIHBa<sub>0.70</sub>Ca<sub>0.
30</sub>TiO<sub>3</sub>A16mol%HIB{iL(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+<
[sup>EREEBIRBHMIGEE T NIBHMEGE, ES5HtEIZEIEEYFAT<sub>relax</sub>k&
AT X RBZRE(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup>£ Z Ex8 A fFy
FAT<sub>relax</sub>EiAE A, x=0.06. 0.08F10.12%by{E#51791.67. 1.87F11.90FKBEA S
AR EIERIBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.5<
/sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>(0.06 <x<<0.12)fa& ¥ i T Hthi& R &

iR, EGE8RSINNRBEBRVAIFFEENTEMBRIZEER, GFTENEEEREMNR

»
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Using the formula [e<sub>r</sub>(T)-e<sub>r</sub>(RT)]/e<sub>r</sub>(RT), the rate of
change of e<sub>r</sub> with temperature for Ba<sub>0.70</sub>Ca<sub>0.30<
/sub>Ti<sub>0.94</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>0.06</sub>0_NER453
ceramic samples in the temperature range of room temperature to 200°C is calculated to be

<35%, indicating that they have good dielectric thermal stability.

FAAR [e<sub>r</sub>(T)-e<sub>r</sub>(RT)]/e<sub>r</sub>(RT)it &5 Z|Ba<sub>0.70<
/sub>Ca<sub>0.30</sub>Ti<sub>0.94</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>0.06<
/sub>0<sub>3</sub>fA&F RIEEE~200°CREEEMEe<sub>r</sub>pERENTKE

Ae<sub>r</sub>/e<sub>r</sub><35%, REAHBBRFHITEBMREEE,

[n0039]

The room temperature e<sub>NER464</sub> and tand of the Ba<sub>NER457<
/sub>Ca<sub>NER458</sub>Ti<sub>NER459</sub>(Nb<sub>NER460</sub>Fe<sub>NER461<
/sub>)<sub>NER462</sub>0<sub>NER463</sub> (0<x<0.12) ceramic prepared in this
embodiment were measured using an Agilent 4294A impedance analyzer, as shown in Figure
6. The test results show that B-site (Nb<sub>NER465</sub>Fe<sub>NER466</sub>)
<sub>NER467</sub> doping of less than 6 mol% can significantly improve the performance of
Ba<sub>NER468</sub>Ca<sub>NER469</sub>TiO<sub>NER463</sub>. The room-

temperature relative permittivity of R470 ceramics, in the composition range of 0.04<x<0.06,
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is e<sub>r</sub>>4100 and tan&<0.037. The rate of change of e<sub>r</sub> with
temperature, Ae<sub>r</sub>/e<sub>r</sub><35%, may be due to the combined effects of
increased B-site (Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup> doping, resulting in
suppression of the tetragonal phase structure, grain refinement, reduced oxygen octahedral

stability, establishment of internal electric field, and lattice defects.

RALRRECA4294AE S PRI ITCNIA AL T & RIBa<sub>0.70</sub>Ca<sub>0.30<
/sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>
(0<x<0.12)FERTE1KHZBYH = Re<sub>r</sub>FtandaNE6Fr, MidERFRABETFO6mMol%EIB
fiL(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup>$8 # 1] E EiR=Ba<sub>0.70<
/sub>Ca<sub>0.30</sub>TiO<sub>3</sub>fAEMN =BT EEL, T0.04<x<0.06¢47CEH
A mBe<sub>r</sub>>41008tan8<0.037, e<sub>r</sub>FEREMNZ kT Ae<sub>r</sub>
/e<sub>r</sub><35%, H\“EBM4FtGIEERIEREFT<sub>m</sub>IFE{ERIEER B FB1iL
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup>8Zx21E K3 | AN HBLEMNES. &

R, S/ \EFREMRR. NBHNELMBREMREIHERER.

[n0040]

Figure 7 shows the hysteresis loop and displacement current density-field strength (J-E)
curves of the samples measured using a TD-88A ferroelectric comprehensive tester at room

temperature, 10 Hz, and 50 kV/cm electric field. Figure 8 shows the corresponding room-
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temperature ferroelectric performance parameters (maximum polarization intensity
P<sub>max</sub>, remanent polarization intensity P<sub>r</sub>, and coercive field
E<sub>C</sub>) as a function of doping concentration. From the figure, it can be seen that
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup> Increasing the doping concentration x
causes the hysteresis loop of the sample to gradually become "taller" and "fatter," and its
displacement current-field strength curve exhibits a sharp peak near the coercive field,
indicating that the sample with 0 < x < 0.04 is a normal ferroelectric. The optimal room-
temperature ferroelectric performance is obtained at x = 0.02: P<sub>max</sub>=12.8 uC
/cm<sup>2</sup>, P<sub>r</sub>=6.1 uC/cm<sup>2</sup>, E<sub>C</sub>=6.0 kV/cm.
When x increases above 0.05, the hysteresis loop becomes "thinner" and "fatter." The sharp
peaks near the coercive field in the J-E curves of samples with x < 0.08 disappeared and
became flatter. The maximum position of the Ba<sub>0.70</sub>Ca<sub>0.30<
/sub>Ti<sub>1-x</sub>(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>
(x=0,0.004,0.01,0.02,0.03,0.04,0.05,0.06,0.08) ceramic samples prepared in this embodiment
was measured during positive cycling. The transfer current densities J<sub>max</sub> are
0.0103 mA/cm<sup>2</sup>, 0.0176 mA/cm<sup>2</sup>, 0.0216 mA/cm<sup>2</sup>,
0.0290 mA/cm<sup>2</sup>, 0.0161 mA/cm<sup>2</sup>, 0.0164 mA/cm<sup>2</sup>,
0.0102 mA/cm<sup>2</sup>, 0.0069 mA/cm<sup>2</sup>and 0.0046 mA/cm<sup>2</sup>.
The changes in ferroelectricity are consistent with the PC-O multiphase structure and the
enhanced relaxation characteristics of the samples. This may be due to the combined effects
of grain size effect, the clamping effect of the internal electric field on the domain walls, phase
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transition, and lattice structure distortion.

KEATD-88AE A MIRNIEER. 10Hz. 50kV/cmEEiZ TN S AV B S R A8 B E -1
BBRAR(J-E)HZNETAIR, EXMNMNANERXEMESH(IREEBERAEP<sub>max</sub>. Fl&R
WAL sRE P<sub>r</sub>fIFHHE<sub>C</sub>)EEIE X EMNT X R UNESFrR, MEHT
&, (Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sup>4+</sup>Z+Ex8 A EE A A &L E T
‘& M B, HuUBBER-ZRMAEFSTIZNNMIZ2IMARHIE, REAOSXx<0.04FmNEETK
K, 1Ex=0.020REREEBEEMAEP<sub>max</sub>=12.8uC/cm<sup>2</sup>,
P<sub>r</sub>=6.1uC/cm<sup>2</sup>,E<sub>C</sub>=6.0kV/cm, xi&AZ0.05.L _EAJ[EI%
TE € B “BE , 0.05<x<0.081FmMJ-ERILLHFIIZMARRBIEEEL, TEFER, ERE
RS A 32 75 Tl & BYBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>1-x</sub>(Nb<sub>0.
5</sub>Fe<sub>0.5</sub>)<sub>x</sub>0<sub>3</sub>(x=0,
0.004,0.01,0.02,0.03,0.04,0.05,0.06,0.08) P&+ mAVER A iI#% B E E J<sub>max</sub>735!7
0.0103mA/cm<sup>2</sup>,0.0176mA/cm<sup>2</sup>,0.0216mA/cm<sup>2</sup>,0.0290
mA/cm<sup>2</sup>,0.0161mA/cm<sup>2</sup>,0.0164mA/cm<sup>2</sup>,0.0102mA
Jem<sup>2</sup>,0.0069mA/cm<sup>2</sup>and 0.0046mA/cm<sup>2</sup>, HEBEMTK
S5t mAPC-OEREMMMIRIFEILRIMKEVIS, XeIRERERRIRTMN. NEZRIFERX

RN, BT, SREHBTERHEEER,

[n0041]
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As shown in Figures 1 to 8, the Ba<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>0.94</sub>
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>0.06</sub>0_NER513 ceramic samples prepared
in this embodiment possess high dielectric constant, low loss, and good temperature stability.
Their comprehensive electrical performance parameters are: e<sub>r</sub>=4869, tand=0.
037, T<sub>m</sub>=45°C, P<sub>max</sub>=8.0uC/cm<sup>2</sup>, P<sub>r</sub>=1.
9uC/cm_NER519 E<sub>C</sub>=3.1kV/cm, the rate of change of relative permittivity with
temperature [e<sub>r</sub>(T)-e<sub>rm</sub>(RT)]/e<sub>rm</sub>(RT)<35%, the Vogel-
Fulcher freezing temperature T<sub>f</sub>=41°C, the relaxation index y=1.67, its high
dielectric constant, low loss, good dielectric thermal stability, T<sub>s</sub> below 1300°C,
simple preparation process, lead-free and free of volatile elements, indicate that it has high
commercial application value in high energy density memory and large capacity capacitor

applications.

HEL1ZEESHEH, ALhEAEIEIBa<sub>0.70</sub>Ca<sub>0.30</sub>Ti<sub>0.94</sub>
(Nb<sub>0.5</sub>Fe<sub>0.5</sub>)<sub>0.06</sub>0<sub>3</sub>fa&EmIBEE ST E.
ERFENRFIREREY, HEGBMRSHA: e<sub>r</sub>=4869,tan5=0.037,
T<sub>m</sub>=45°C,P<sub>max</sub>=8.0uC/cm<sup>2</sup>,P<sub>r</sub>=1.9uC
Jcm<sup>2</sup>,E<sub>C</sub>=3.1kV/cm B3I/ B B EEEN T L= [e<sub>r</sub>(T)-
g<sub>rm</sub>(RT)]/e<sub>rm</sub>(RT)<35%, Vogel-Fulcher&4&:BET<sub>f<

[sub>=41°C, tIRIEEsERYy=1.67, HENHE. R, RIFHTEMZEME. T<sub>s</sub>
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ffF1300°C. HIETZER. THELELIETER, RAEESREREFMESNATEBSREN

BArEaAERERLNAMME,
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