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# 1 La203-B203-CaO-P205-R20 HIEHILA 7 (/R H)
Table 1 Composition (molar fraction x) of La203-B20s-

Ca0-P205-R20 glass x/%
Sample La,03 B,03 CaO P,0Os Na,O Li,O
LBCP 13.2 50.0 311 5.7
LBCP-N 13.2 50.0 311 5.7 2.0
LBCP-L 13.2 50.0 311 5.7 2.0

1.2 MRS

158 P [ AR AZ R AN 22 e i AR 23 W S At B 3 1)
45K, f# 1 Bruker AVANCE 111 600 4% 3t 4R
BAEAAE 14.1 T [RGB T It 5L il 35 35 1)
1ug A1 3P MAS NMR i, H i 1B fLiRMR N
192.5 MHz, Ff il %R 12 kHz, Bk Eh
0.5 ps (<m/12), JEIF LR WS [A] 4 1 s fF A 1 mol/L
(1) HsBOs /K ML 2= A0 75 255 . 3P i (1) LR A
2K 242.9 MHz, Ff i e # %y 12 kHz,
Q0 kB N 3.2 s Al 80 s fIEIK ZE R (1) # ik
3P MAS NMR 236 #H47 1H 48, 1H ZHE5RE N
80 kHz. f#iJf] 85% H3PO4 1 NS4, fiif
LabRAM HR Evolution %4 2 3 { (HORIBA)
BT AR ES e 350~1600 cmrt IR EOGIE, BOk
KA 633 nm. {8 STA 449F3 B 2R A9l B HUX
(NETZSCH)ll & Fhi ek 14 5 LTCC AR R 27
P EH(DSC) £k . {#iH D8 Advance %Y X 5 £k A7
S (XRD) DO 45 o i it AR ZE R, LA T i 35
AR S FH D EE I I B SOk A 5 K, SRR
VR TP J5 MK W BT B 3 S 1 B R S 4T
BEYIOG G, 13 FlexSEM 1000 11 244948 B 1 5 s
(HITACHI) WL S FE i A SO T 30, 4 e Xk
PELBE AN AR AT BE K BSE #5530, {4 Image)
B AL PR T B (SEM), RS ROUL S5 4
PG A5 2 AT FL R 28R ARFRAE i (1) = 4EFLFR 2 .
MEESBENLER 6 N adnE R, ORIk

1000 1% . f#i FH E5080B %l % & M 2% 4 #T 1%
(KEYSIGHT) 5T &7 3 35 AN AL i E 5 GHz
B A HLE BRI H AR AE
1000
800
. N\
B 600
£ 400 f
e 2 “C/min
200 + —— 5 C/min
— 8 'C/min
O 1 1 1 1 1
0 2 4 6 8 10 12
Time/h

K1 FEAERE TZ

Fig. 1 Sintering process of the sample
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Fig. 2 MAS NMR spectra of the glass samples
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Table 2 B MAS NMR spectral fitting parameters of glasses samples
Sample BB Jiso Cq /MHz Area Bl Jiso FWHM Area
LBCP BEhing 19.8 2.7 52.2 BM 1.7 2.82 36.0
Bls]non-ring 171 25 11.8
LBCP-N BBling 20.2 2.6 54.6 Bl 2.1 2.74 331
Bmnon—ring 17.3 25 12.3
LBCP-L BBling 20.2 2.6 53.7 Bl 2.1 2.75 338
Bmnon—ring 17.2 25 125

Note: Jis, denotes the chemical shift with an error margin of +(0.3x107%); Cq denotes quadrupolar coupling constant with an error margin of +0.3; Area
indicates the proportion of B unit with an error margin of +5%; FWHM refers to the half-peak width with an error margin of +(0.3x107).
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# 3 3P MAS NMR EMEIESH
Table 3 3P MAS NMR spectral fitting parameters of glasses samples

Sample Phosphorus species Jiso FWHM Area Phosphorus species Jiso FWHM Area
LBCP Q° 7.50 49 2.9 Q%s -1.1 6.0 51.8
Q% 2.50 5.4 243 Q! -5.6 6.4 18.8

QYs+Q? -11.0 6.8 2.2

LBCP-N Q° 7.21 48 34 Q%s -0.9 5.8 44.6
Q%La 2.60 55 324 Q! -4.7 6.7 19.8

LBCP-L Q° 7.30 4.9 2.9 Q%p -0.9 5.7 459
Q%La 2.70 5.6 315 Q! -5.0 6.7 19.7

Note: i, has an error margin of £(0.3 x107%); FWHM has an error margin of +(0.3 x1075); Area indicates the proportion of P unit with an error margin

of £5%.
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Fig. 3 Raman spectra of glass samples
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Fig. 4 DSC curves of the samples and the crystallization activation energy (Ep) of glass samples
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Table 4 Characteristic temperature values from DSC curves
Heating LBCP LBCP-N LBCP-L
rate/(‘C -min-1) T,/C To/C Tl C Ty/C T/ C Tl C T,/C To/C Tyl C
5 645.5 7525 817.1 627.8 7405 773.9 621.2 736.3 762.2
10 649.6 763.4 834.5 632.8 756.0 791.3 625.6 748.7 795.6
15 653.3 7713 848.6 633.9 764.9 804.2 627.5 756.3 812.8
20 655.0 776.9 860.3 635.9 770.9 814.6 630.2 761.6 824.1
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= " -~ . n| — |=——+ constan
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Fig. 5 XRD patterns of sintered glass samples
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LT-LaPO4 M IR BN T35 2 AT df g i X A
LBCP # LBCP-L f#] DSC HiZ&AI%E 1 AT i
LT-LaBOz I LT-LaPOs F 4T &b T U6 & FF 1M 1
LBCP-N % 1 M ah g A LT-LaBOs AT i,
It LBCP-N [ Epy ize /T LBCP 1 LBCP-L, LBCP-L
f) Epz it/NF- LBCP 1 LBCP-N.

LTCC P& FE i 1) XRD i 1 6 AT/ - LBCP/AI
b 3 B A AlLOs P # IR (ICDD 97-002-4005)
LaBOs. LaPO4. CaAly(BO3).0 (ICDD 97-008-6785),
WA CaB20s MIFFAE. X2 ket
CaB204 fil Al,O3 X N AE K T CaAlx(BO3)2088. 5| A
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*5 ATRIEE TRBH®FH&AE

/D ESHTAR LaAlL 03(B4010)00.54(ICDD 97-005-9318)%E

Table 5 Crystalline phases precipitated in glass samples at . Bl NagO J& , BT i 3 8 b 45 /b 5 LaAlOs (ICDD

different temperatures

Sample Temperature LT-LaBO; LT-LaPO, HT-LaBO3; HT-LaPO, CaB,04

97-018-0418). BgO (ICDD 97-061-5112) 1 AIPO4

LBCP 725 °C o o o o
750 C . ° o o
775 °C . . . o
800 C . . . o
825 C . . . °
850 C o o . .
LBCP-N 725 C . ) ) o
750 C . o o o
775 °C . . ) o
800 C . o . .
825 C . ) . .
850 C o o . .
LBCP-L 725°C . o o o
750 C . . o o
775 °C . . . .
800 C o ) . °
825 T o o . .
850 C o ) ) °

(ICDD 97-003-3750)4:/%. *Ftt 31.5°4t CaAlLB,0O;
IRTETIE, ARG\ NaO i CaAl(BOs)0 ¥4 K
CaAlLB,O7 W1 Ltb fl ¢ &, ¥ 8 Na & 7 5
CaAl2(BO3)20 HIA: i FEAH K - ¥ 4f o LBCP-N/AI
FEdl 800 °C A&k 7 2L By i U, DD T #r H (1)
CaAly(BO3):0 Fil CaAlB207 Fi#H

*LaBO, YLaPO, mAlLO, e CaAl,(BO;),0
2 LaAlO, %B,O  0AIPO, oCaAlB,0,
L] LaAlz.os(B4olo)Oo.54
? . LBCP-N/AI 8 ‘C/min

« LBCP-N/AI 2 ‘C/min

K
% | *© 1 "o *

B IS T N R \
- .

o0
L1e)

Intensity

*

o The crystal phase is present; o The crystal phase is absent.

. LBCP/Al 5 ‘C/min
It v v e v of *u oy : o

10 20 30 40 50 60
20/°)
Li.O 5B /bE =M AR CaAly(BO3).0 %48 A7N
. | [ S
J7 5 %) CaAlLB,O; (ICDD 00-019-0205). 2 F 5 Hl 6 bess LTCC FRAnfI XRD i3

SERAEF AR, WIREE CaAly(BOs)0 #riilf /b &
Li B 7 2E N AR B0 M B T AR o 73 Ahi

(a) LBCP

(¢) LBCP-L

Fig. 6 XRD patterns of sintered LTCC samples

a Kl 7 7 850 ‘Chesh/a rIBAEdh B RO LS

(b) LBCP-N

(d) Pores identified in the LBCP-L sample
using Imagel software

Bl 7 850 Cesh it il (¥ i 45 4
Fig. 7 Microstructural images of glass samples sintered at 850 C
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B . T HEX S s AR FFLER, A5 F T a4 B
BRI T B A O o A Imaged #1F4b
I SEM B 13 BURE S ) ALBR S E L FLIR R 5551 T
6. B 7d &2 Imaged 4B 5B s, A B
AT FLBR A B EAT 1 Anid . Ho i 1) 72 LaBOs
Fl LaPO4 di kL, VRE[I)JE CaB2O4 fhifii. 7E LBCP
W, BRI ki LaBOs, LaPOg ki B
B2 /T 1 pme B84 )8 S EY 5] A5G AHLE B
RIR B R AT, SRRLTE Be 2 I 72 h A B 2 B (]
A K, Fi LBCP-N Al LBCP-L 711 LaBOs ikt
& LBCP HRAREEMIENE, LaPOs HY&h LA
Ko AHAZ BRI SR AT N AE LBCP-N 1 LBCP-L
[ FLBR AR 5

] 8 J& 1845 J5 I LTCC BV RE S O T 30 R
18 F] Imaged #FALEE SEM R F 15 2IRE i 1O FLER %L
. L% T% 6. K 8a &1 Imagel iH%

SEM & 7 ALBR 7~ KE ) AlOs BURIIE K T 2
FACURAETIRE S, Af LTCC BT & 3 3 ) FL B
FIR . SFHFLBRI A K. LTCC B AL M
LaBO; fil LaPOg it L [ AE K 52 21 11 AlOs UKL
PR, DRICARAR /N T B3R b B di ok, IF HE
REAFI . Bl 8b & AE B = A5 % T Ik F
BRI, TR IS U 53] AlOs Fil
KL JZ A AL B B I AR VR A, 1A 2243 « AlOs
H1 CaAl2(BO3)20 dbiAd FEHLK, Yl B4 /N T3
flAH, PR AE TS0 AT B B ) — I 52 AT LA
R R ALOs FURL AR MR KR A K
CaAly(B0Os),0 #ki. LBCP-N/AI Al LBCP-L/AI 4L
R AE I FLBR AR #K T LBCP/AIL, X A2 HH T3
gl N REY S, PR AR, BT
) SR A ELAS T B4k . LBCP-N/AL 178 HEAR i 3%
HAIALLO3 s SAT a2, DRI LR 28 B 1y o

K18 850 ‘Chest LTCC #f i BAM S #I
Fig. 8 Microstructural images of LTCC samples sintered at 850 C

*6 IRIIBFAZN SR
Table 6 Properties of crystallized glass and LTCC

Sample Porosity/% Pore count(per 128 umx90 um) Average size/um?  Density/(g-cm) & tans/10-2
LBCP 2.66 923 0.379 3.488 8.03 497
LBCP-N 5.23 1975 0.368 3.415 7.77 481
LBCP-L 7.36 1335 0.659 3.339 7.49 3.97
LBCP/AI (5 C/min) 6.59 509 1533 3.156 7.18 1.24
LBCP-N/AI (5 "C/min) 9.88 476 2.520 3.070 6.89 0.92
LBCP-L/AI (5 "C/min) 7.94 491 1.887 3.085 7.05 1.39
LBCP-N/AI (2 “C/min) 11.38 498 2.740 2.975 6.70 0.80
LBCP-N/AI (8 ‘C/min) 10.99 667 1.951 3.082 6.96 1.20
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2.3 IrEEMHERE
SRR IS . LTCC ARRERRLE o ()% B AN r
REUNR 6 ATvm. A S AT B BRI F AR A AR (b 2
FHZ b Em A FRABEESAN . FLBS R 51 25 2 Fi A
I [FEE 45 B HT-LaBO3. HT-LaPO4 A1 CaB204
1) XRD i n b 73 A T 25.5°, 28.6°F1 29.6°,
18 Fi] Jade X+ XRD 1 i) 3 MITHFIEHE T IG B &,
W PR AR 3 5 FEE U A AN~ v B (FWHIM) 81 132 7 s
U PRI AR Zp S P R AR AR A, BB &R A AL I TN
AR T AT EE . LBCP-N A1 LBCP-L /1 4% i
AFAT S F) 2 v B S IH B R B, B ST
H A AERKER S, mARTERR. RN
&, HTAFEDRPIATEREAE, FARFE
L EL A4S e REL % L FH R L 5 A 2 2 R4k

R4 Lichtenecker JE & XHEUEN, B E5HEH
R ECS & TFARERR G LA IR O R

Ing, =Y vilng, (2)
i-1

H: o REEGMENBHEEG e AT BT
B ovi ATHRAR B FLBR A R Bagin 2
o 4R 1. BRARBEEMT SR JEFHESIG
N, 5 R, rHE R . I P-VAL
IS THEANBE LN 9.71, HT-LaPO4s £1K

6.28. CaB,04#%JN 6.18. LBCP-N 15 &) CaB,0s4
FNFLBR P, B 2D B FR AR B AR T (0 R U
fik. HESR LBCP-L ' LaPOs f1 CaB,0O4 (5T
LBCP, {H 2 i Ik AT 5 I F- w1 i 1t B LBCP-L 1 &y
KRS, RRPIAAED, SFaETE R
/b o [F]If LBCP-L HhFLBR 2N 7.36%, 1L /5 - LBCP
(1) 2.66%. ZFZEm N LBCP-L A &IKM/H
L

Z M B AEARGESRE A R R T BR
s A A KA T B AR S M BRI AL, 2 AH
PRI AR ST Ab 75 5 T A g P AR LT Al AL, 38 m
I HLARFE . FRARBIEA AR S L5 R 5 AE A XK =
(1 o s W AR S B o E— D 3 R/ R . BRAR
LBCP fLERHREAR, (H2HTamEs T4 K
TGy, AR RPIEAE L, FEHEREN
ke, T& B AT R, SRR
WK, PRI, FAERG. (R
BRI ZIAT I R S8 T E S AL, Sl
LBCP-N )/ H 4 FEAH T LBCP &4 W .3 .
BIR LBCP-L fLERZ &, HALBPFIRSR,
B PN AR R AR AR I FLBR . AET 7e i mT %23
VL AFART HT-LaBOs &k R FLBR, XSS B
FKIFSAH, M58 T LBCP-L HIJ B HE .

RT REHRE XRD HHEITHIERIAER
Table 7  Fitting results of diffraction peaks in XRD patterns for sintered samples

LBCP LBCP-N LBCP-L
Sample Areal% FWHM/ (°) Areal% FWHM /(°) Area [% FWHM /(°)
HT-LaBO; 100.0 0.133 100.0 0.127 100.0 0.117
HT-LaPO, 48.2 0.209 446 0.182 417 0.171
CaB.0, 495 0.288 545 0.245 481 0.226
LBCP/AI (5 “C/min) LBCP-N/AI (5 °C/min) LBCP-L/AI (5 ‘C/min)
Sample Areal% FWHM/ (°) Areal% FWHM/ (°) Areal% FWHM/ (°)
CaAly(BO3),0 50.2 0.166 61.1 0.169 405 0.169
Al,Oy 100.0 0.160 100.0 0.138 100.0 0.158
LBCP-N/AI (2 °C/min) LBCP-N/AI (8 °C/min)
Sample Areal% FWHM/(®) Areal% FWHM/(®)
CaAly(BO3),0 89.2 0.280 56.0 0.201
Al,O3 100.0 0.175 100.0 0.179

A TEHLA B 55%(5 &350 1) AlO3
A ETE 9.8 Aifh, (HEVER B BEKT
Mrem BB . XA T HESAE . ALOs BT H KR
CaAl(BO3)0 . il & P-V-L 4 P g it 5 15 5
CaAl(BOs)20 [ EL i/ ML #0f y 3.12. [HH T
CaAlx(BO3):0 1 CaAl,B,07 £ #AEH 2L, RItkAy
HLPEREARIET , ST (AR 5 S8 CaAl(BOs)0 [A]

MM CaAl(BO3)0 1 CaAl,B,07][ Al,O3 Al
CaAlx(BO3)20 A RAKIHI A L HRFERA, fHZVE I/
L R FE I T AT e B I . B 3UE XRD i
CaAl(BO3):0 f#) 11.4°H1 Al,O3 ) 57.6° K775 g it
ITIETIR A, ERA TR 7 H . T LLE B L
A FE WK LBCP-NJAI 1 A % K 1Y
CaAlx(BOs),0 U5 . XJLL I 4f AL %21 DSC k]
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PAR IS N4 S 35 - AlLOs SR} B
T i 04 K B2 B A, H. NaO R 3 5% LioO . NaO
GNP T el I FE R BB AR B, e,
TPt AlLOs IR, {# CaAl(BOs)0 #r Hi &1,
iR B A R BOR A PR ORE R AR . T
CaAly(BO3):0 7 & fx /> it LBCP-L/AI [/ B HE A%
He IXTTRESE T ARG T LBCP-L ik F T i,

TR KIS AL T RE ) R, 381 CaAl(BO3):0
Frne bR, Sl ik e s T2k — P4 E
LRI HPERE. 2 BI7E 2. 5 ‘C/min 18 ‘C/min
TH4s LBCP-N/AL. 2 C/min T EIE BT 1/
HERE, A HHEECN 6.70, 1 HIHHE N 0.80%1073,
i#id CaAly(BO3)0 Fl Al,Os fiT 5l 5E & X Lb v &
H, EEEMAREETHELTUNHES
CaAly(BOs)0, flifrrtEaeit—Hitm. i
K@ E 8 Cmin, HEREN WA,

CaAlx(BO3)20 & FEAK, (A HLH AFN A i FE T+
B BT IE FEE TR R . FLBREL
SR FLBR B RSN, S AR A S 80
I HLARFE RS 0

3 3w

LBCP % 1 I B 75 0 28 F 2R A5 T S AL RO A 7R
FNBERR ShIE AR i, A RGR AT i, 850 Clhe
ZEHTH LaBOs. LaPO4 M1 CaB,04 3 i . 1] LBCP
PR 5] NS R S = s 2 i — DR,
MrédAT e, kB KER S, MHEEHS A H
PAFE T B, (HEESRAIHT AT Nt B3 T B S )S
FLBRZER K. BN ALOs IR B fG, keds
AR A S ALOs OB & N, Ak B
CaAl(BO3):0 AEMZ MM . F& RN AlOs A
KL CaAlx(BOs)20 fiAHIR T T #VE R/ it RE . L
o1, 5l NaO 127 T CaAly(BO3),0 M4k, {Hi#
BRI B ORI AR AR R 51N LizO fE35md
T A, BEFRAH G LI K BHAS T CaAl(BO3):0 M4
B FEU BRI BRI R A 2 °C/min,
AR AR BRI FR R4, A CaAl(BOs)0 MIF
&, AJ 153 B BN 6.70, A FRARFEIK A 0.80%1073
f) LTCC #1k}.
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Extended Abstract

Introduction Low-temperature co-fired ceramic (LTCC) serves as a critical material for high-performance electronic packaging.
Reducing the dielectric loss of LTCC materials can minimize signal attenuation in high-frequency transmission and enhance circuit
integration. Based on material composition, LTCC materials can be classified into three categories, i.e., glass-ceramic systems,
ceramic systems, and glass/ceramic composite systems. Glass-ceramic systems typically exhibit a low dielectric loss but suffer from
inferior mechanical properties and corrosion resistance. Ceramic systems are often employed in medium- and high-dielectric
applications, such as dielectric resonators. Reducing the sintering temperature is a key challenge for this system. Glass/ceramic
composite systems offer a balanced performance. Their properties can be tailored via adjusting the ratio of the two phases. The
La203-B20s3 glass/Al20s ceramic system serves as one of the representative systems. The sintering and crystallization behavior can be
controlled via modifying the glass composition. The La203-B203-CaO-P20s (LBCP) glass/ Al20s composite system demonstrates a
significant application potential due to its ability to crystallize low-loss phases such as LaBOs, LaPOs, and CaAl2(BO3)20 during
sintering. However, the dielectric loss (tand > 1x10-3) of the existing LBCP/Al.O3 composites requires a further improvement. In this
paper, alkali metal oxides (i.e., Na2O and Li2O) were introduced to control the glass crystallization behavior, and the sintering process
was refined to enhance the formation of beneficial crystalline phases (i.e., CaAl2(B0Os3)20) to develop low-loss LTCC substrates.

Methods La203-B203-Ca0-P20s5-R20 glasses were prepared by a high-temperature melting method. Analytical-grade raw materials
were weighed according to the designed composition and thoroughly mixed. The mixture was melted at 1400 °C for 1 h, followed by
rapid quenching in deionized water to obtain crushed glass. The crushed glass was ground in a ball mill to obtain glass powders with a
median particle size (Dso) of 2-3 um. The glass powder was mixed with solvent and binder to make the slurry, and then the slurry was
casted into green tapes. The glass powder was mixed with Al2O3 powder in a mass ratio of 45:55 and casted into LTCC green tapes.
Glass and LTCC green tapes both were cut, stacked, and laminated to form green blocks, which were subsequently sintered into dense
ceramics.

The structure of the base glass was characterized by solid-state nuclear magnetic resonance spectroscopy (NMR) and Raman
spectroscopy. The thermal behavior of the samples was detremined by differential scanning calorimetry (DSC). The phase
composition of the sintered samples was identified by X-ray diffraction (XRD). The microstructure of the samples was determined by
scanning electron microscopy (SEM). The porosity was quantified by processing the microstructural images via a software named
ImageJ. The dielectric constant and dielectric loss of the samples at 5 GHz were measured by a vector network analyzer.

Results and discussion The LBCP glass network consists of low-polymerization borate and phosphate groups. The introduction of
alkali metal oxides further disrupts the glass network, increasing the proportion of small depolymerized borate and phosphate groups,
while reducing the overall network polymerization degree. The LBCP glass exhibits a great crystallization due to the weakened
integrity of the glass network and the enhanced short-range ordering induced by high-field-strength La3* ions. In sintering at 850 °C,
the LBCP glass crystallizes abundant crystalline phases LaBOs, CaB204, and LaPOa. The introduction of alkali metal oxides further
enhances crystallization, reducing the activation energy for crystallization and lowering both crystallization and polymorphic
transition temperatures, without altering the types of crystalline phases. Note that Li.O demonstrates a greater effect on promoting
glass crystallization, compared to NazO. This great crystallization promotes more complete growth of crystals LaBOs and LaPO4, and
the dielectric constant and dielectric loss decrease. The great crystallization behavior results in an increased porosity in glass sintering.

The LBCP glass/Al20s composite precipitates multiple crystalline phases LaBOs, LaPOas, and CaAl2(BOs)20 after sintering.
During sintering, CaB204 reacts with Al2O3 to form CaAlz(BOs)20, resulting in the disappearance of CaB204. The Al2Os particles
increase the resistance to densification shrinkage, leading to a higher porosity. The sintered composite samples exhibit superior
dielectric properties due to the high content of Al203 and CaAlz(BOz3):0. The introduction of Na2O enhances mass transport,
promoting CaAlz(BO3)20 precipitation and further reducing both the dielectric constant and loss. In contrast, Li2O addition causes a
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premature crystallization, increasing glass viscosity and hindering CaAl2(BOs).0 formation, thereby deteriorating dielectric
performance. The optimization of sintering conditions indicates that CaAl2(BO3)20 precipitation occurs at a heating rate of 2 °C/min,
achieving optimal dielectric properties (i.e., & of 6.70 and tand of 0.80x103).

Conclusions The glass network of LBCP glass consisted of low-polymerized borate and phosphate groups, exhibiting a great
crystallization. LBCP glass crystallizes LaBOs, LaPO4 and CaB204 when sintered at 850 °C. Introducing alkali metal oxides further
depolymerized the glass network, enhancing a crystallization behavior with an improved grain growth, reducing both dielectric
constant and dielectric loss. However, this greater crystallization also increased the porosity of the sintered glass. After sintering, the
LBCP glass/Al20s composite material precipitates a variety of crystal phases, mainly including LaBOs, LaPO4 and CaAl2(B0Os)20.
High contents of Al20s fillers and CaAl2(BOs)20 phase could improve the dielectric properties of the sintered composites. The
addition of Na2O promoted CaAl2(BOs)20 formation, thereby reducing both the dielectric constant and dielectric loss of sintered
composites. In contrast, Li2O addition induced a premature crystallization, increasing glass viscosity of the glass phase and inhibiting
CaAl2(B0Os3)20 formation, thereby elevating dielectric loss. Optimizing the heating rate to 2 °C/min could facilitate complete sintering
and maximize CaAl2(BOz3)20 content, yielding LTCC materials with optimal dielectric properties (i.e., &r of 6.70 and tand of
0.80x103).
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