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ABSTRACT 

BaAl2Si2O8-Li 2O-MgO-ZnO-B2O3-SiO2 (BAS-LMZBS) glass ceramics were prepared 

through the solid-state route. The phase transformation, microstructure, bulk density 

and microwave dielectric properties of (1-x)BaAl2Si2O8-xLMZBS(x=0.1-0.4) the 

glass ceramics were examined. The effects of the LMZBS additive as a mineralizer on 

the hexagonal-to-monoclinic transformation were investigated by X-ray diffraction 

and scanning electron microscope. All of the hexagonal phases were converted into 

monoclinic phases when x=0.1, and it was found that LMZBS glass affected the 

densification of the ceramic samples. Monocelsian was successfully prepared, and its 

sintering temperature was reduced from above 1400� to 870� by adding LMZBS 

glass. Excellent microwave dielectric properties (εr= 7.31, Q × f = 48926 GHz and τƒ 

= −48 ppm/°C) were obtained at 870�. This sample shows great chemical 

compatibility with Ag electrodes and can be a promising candidate for practical 

applications of low-temperature, co-fired ceramics. 
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1. Introduction 

BaAl2Si2O8 (BAS; Ba-Celsian) ceramics with a very high melting point 

(approximately 1760� ) exist in three main kinds of crystal structures, namely 

monocelsian (monoclinic), hexacelsian (hexagonal) and α-hexacelsian (orthorhombic) 

[1, 2]. Hexacelsian is only thermodynamically stable between 1590� and 1760�. 

Moreover, hexacelsian can exist as a metastable structure between 25� and 1590�, 

and the hexagonal phase can be reversibly transformed to an orthorhombic phase at 

300�; this transformation is accompanied by a volume change of 3% and usually 

gives rise to microcracks in the sample [3]. By contrast, monocelsian is 

thermodynamically stable below 1590�. The monoclinic phase is more popular for 

applications such as resonators, filters, and dielectric antennas for microwave 

components and as a substrate for electronic applications [4] due to its good thermal 

properties, low permittivity, good oxidation resistance and low thermal expansion 

coefficient [5, 6].  

  Monocelsian as the most desirable crystal phase in microwave dielectric materials. 

According to previous reports, many methods have been used to synthesize 

monocelsian, such as traditional glass-ceramic processing, the sol–gel method, and 

the calcination of oxide mixtures. However, regardless of the method used, 

hexacelsian was consistently observed to be the first phase to nucleate. The complete 

transformation to the monoclinic from hexacelsian is very sluggish [7]. In previous 

research, it was found that the phase transformation from hexagonal to monoclinic 

can be achieved by using mineralizers or by raising the sintering temperature. 

Shirooyeh et al found that the addition of 5 mol% Y2O3 could promote the full 

transformation of hexagonal to monoclinic within 4 h at 1350� [8]. In another work, 

using a three-step firing technique, Li et al synthesized monocelsian at sintering 

temperatures between 1200 and 1530� [3]. Yang et al found that the addition of 0.05 

mol of Ca enabled the successful synthesis of monocelsian at 1425� with εr = 6.7, 

Q×f =24335 GHz and τf =19.3 ppm/ °C [1]. Huang et al successfully promoted the 

full conversion from hexagonal to monoclinic, while reducing the sintering 

temperature slightly to 950� by adding Li2O-B2O3 glass, and obtained properties of εr 



= 6.3, Q×f = 24366 GHz, and τf = -27.4 ppm/ °C [9]. Although these experiments 

demonstrated the successful synthesis of monocelsian, the high sintering temperature 

and poor dielectric properties limit their use in practical applications. To date, there 

have been few reports on monocelsian ceramic materials in the LTCC field with 

excellent dielectric properties.  

  Song et al. studied the effects of ZnO and SiO2 on the BAS materials. The results 

showed that ZnO and SiO2 can significantly reduce the sintering temperature and 

stabilize the phase structure [10]. Huang et al reported the phase transformation from 

hexagonal to monoclinic using Li2O-B2O3 as the additive [9]. These results show that 

an appropriate amount of Li2O-B2O3 can effectively promote the 

hexagonal-to-monoclinic transformation. According to the theory of glass formation, 

an appropriate amount of an alkali metal oxide, such as Li2O, Na2O, and K2O, is 

added to the SiO2 or H3BO3 glass. The oxygen atoms in the alkali metal oxide are 

connected to the Si atom, and this alkali metal ion breaks the bridge connection to 

produce non-bridged oxygen atoms. This connection leads to the lower viscosity of 

the solution and ensures its easier flow, reducing the glass softening point. A study of 

the effects of LMZBS glass on the BaAl2Si2O8 ceramics has not been reported. To 

evaluate the effects of this additive on the hexacelsian-to-monocelsian transformation, 

different proportions of LMZBS glass were used as the additive in this work. 

Additionally, the effect of LMZBS glass on the phase composition, microstructure, 

bulk density, and microwave dielectric properties were systematically examined in 

terms of the LMZBS glass content and sintering temperature. 

2. Experimental procedures 

 BaCO3, Al2O3 and SiO2 high purity powders provided by CHRON CHEMISTRY 

were weighed according to the stoichiometric ratio of BaAl2Si2O8 and then 

ball-milled in a nylon jar with ZrO2 balls for 5 h using deionized water as a medium. 

The dried mixture was calcined at 1250� for 4 h in air. Li2CO3, MgO, ZnO, H3BO3 

and SiO2 high-purity powders provided by CHRON CHEMISTRY were weighed and 

used in the amounts shown in Tab. 1 to prepare LMZBS glass, and then the mixture 

was melted at 1400� and quenched in deionized water. 



   Powders with different mass ratios (1-x)BAS-xLMZBS (x=0.1-0.4) were milled 

with ZrO2 balls in a nylon jar for 5 h using deionized water as the medium. It was 

shown experimentally that the sample cannot be densified by sintering for x < 0.1. 

Therefore, this work only reports the relevant data for the samples could be densified 

by sintering. The mixed powder was ground into granules and then pressed into 

pellets (15 mm×7 mm). Then, the pellets were sintered at 850�, 870�, 900�, 930�, 

960�, and 990� for 4 h at a rate of 2�/min.  

   The phase transformation was investigated by X-ray diffraction analysis (XRD, 

DX-1000 CSC, Japan). The microstructure of the sample surface was observed by 

scanning electron microscopy (SEM; FEI Inspect F). The elemental content was 

measured by EDS (JSM-6490LV). The bulk density was measured by the Archimedes 

method. The dielectric properties were obtained by the Hakki-Coleman dielectric 

resonator method (HP83752A, USA). The τƒ values were calculated by the following 

formula: 

85 25

25

=
(85 25)f

f f

f
τ −

× −
                                               (1) 

where ƒ25 and ƒ85 are the resonant frequencies at 25� and 85�, respectively. 

3. Results and discussion 

3.1 Effect of LMZBS glass on the phase transformation 

  Fig. 1(a) shows the lattice structure of the hexacelsian. It is observed from Fig. 1(a) 

that the hexacelsian is an infinite two-dimensional hexagonal thin-layer structure that 

is connected by the common vertices of the tetrahedra. The tetrahedra of each layer 

shares three vertices, and the remained vertices have the same oxygen arrangement. 

Two tetrahedral layers extending infinitely in two dimensions form a two-layer 

hexagonal layered structure through the sharing of the remaining oxygen atoms. The 

Ba2+ ions are located between the two layers for charge balance. There are twelve 

equidistant O2- ions around the Ba2+ ion [6, 11-15]. The monocelsian is a 

three-dimensional frame structure shown in Fig. 1(b), with a single structural unit 

composed of eight tetrahedra connected together. The Ba2+ are randomly distributed 

in the tetrahedral network voids for charge balance. There are ten adjacent O2- ions 



around the Ba2+ ion located at different distances from the Ba2+ ion [16]. 

  LMZBS glass contains Li+ (CN=4), Mg2+(CN=4), Zn2+(CN=4), and B3+(CN=6) 

with the ionic radii of ~0.59 Å, ~0.57 Å, ~0.60 Å, and ~0.27 Å, respectively. The void 

sizes of the D6R (double six membered-rings-of-tetrahedra) interstitial site and the 

S4R (single four-membered-ring) interstitial site calculated from the interatomic 

distances in hexacelsian were reported by Yoshiki and Matsumoto as ~1.90 and ~0.37 

Å, respectively. The other interstitial site in hexacelsian is the S6R (single 

six-membered-ring) site that is already occupied by the host Ba2+ ion. After the 

LMZBS glass is dissolved in the hexacelsian crystal, the ions in the glass can only 

occupy five positions, namely, the original Ba, Al, and Si positions, D6R and S4R [2, 

17, 18] [19, 20].The radius of Li+ is larger than that of Al3+ (CN=4, R=0.39A), and 

analysis shows that some of the Li+ may occupy the Al sites. Due to the charge 

difference between Al3+ and Li+, oxygen vacancies are generated to compensate for 

the charge imbalance. The chemical equation of the defect reaction is given by [6]: 

2 5

''
2 Al o o BaSi OLi O = 2Li +2V +O +V× ×��

 

In addition, since the ionic diameter of Li+ is smaller than the size of D6R, it is known 

that some of the Li+ ions may also be incorporated into the void of D6R; in addition, 

Ba2+ vacancies are generated to compensate for the defects. The formation of the 

doped solid solution promoted the transformation of the hexagonal phase to the 

monoclinic phase. The chemical equation of the defect reaction is given by: 

2 2 7

''
2 i Ba o Al Si OLi O=2Li +V +O +V× ×�  

The Mg2+ and the Zn2+ have the charge, and their ionic radii are only slightly different. 

Due to the charge difference between Mg2+, Zn2+ and Al3+, oxygen vacancies are also 

generated to compensate for the charge imbalance. In this case, the chemical equation 

of the defect reaction is given by [6, 21]: 

2 5

'
Al o o BaSi O2MgO=2Mg +V +2O +V× ×��  

2 5

'
Al o o BaSi O2ZnO=2Zn +V +2O +V× ×��  

In addition, since the diameters of the Zn2+ and Mg2+ ions are smaller than the size of 



D6R, some of the Zn2+ and Mg2+ ions may also be incorporated into the D6R; in 

addition, Ba2+ vacancies are generated to compensate for the defects. In this case, the 

chemical equation of the defect reaction is given by: 

2 2 7

''
i Ba o Al Si OMgO=Mg +V +O +V× ×��  

2 2 7

''
i Ba o Al Si OZnO=Zn +V +O +V× ×��  

The O vacancies or Ba vacancies generated by the addition of the Mg2+, Li+, and Zn2+ 

ions promote the breaking of the Ba-O, Al-O and Si-O bonds, reforming the Al(Si)O4 

tetrahedra into a three-dimensional frame structure, and promoting the transformation 

of hexacelsian into monocelsian [12, 22]. The main role of Si4+ is to form an irregular 

continuous network of the [SiO4] tetrahedral structural units in the glass; this network 

then becomes the skeleton of the glass. For B3+, [BO3] and [BO4] are the structural 

units, and this unit structure, together with [SiO4], forms the structural network of the 

glass. In addition, H3BO3 can act as a cosolvent that can accelerate the vitrification of 

the glass [23]. The existence of anion and cation vacancies may promote the 

transformation because these vacancies increase the energy of hexacelsian and reduce 

the activation energy of the transformation. 

3.2 Analysis of XRD data 

The XRD patterns of the (1-x)BAS-xLMZBS (x = 0, 0.1, 0.2, 0.3, 0.4) samples 

sintered at 870� with different compositions are shown in Fig. 2(a). It is observed 

from Fig. 2(a) that all of the diffraction peaks were found to match the hexagonal 

BaAl2Si2O8 with no second phase at x=0. As x = 0.1, three phases begin to appear, and 

the observed diffraction peaks were indexed as monocelsian (PDF#38-1450), 

Mg2B2O5 (PDF#86-0531) and Li2ZnSiO4 (PDF#24-0677) phases. It is observed that 

the LMZBS glass can effectively promote the phase transformation from the 

hexagonal phase to the monoclinic phase. Moreover, a magnified view of the XRD 

patterns for the 2θ range of 18°-35° is presented in Fig. 2(b) for a further examination 

of the diffraction peaks, with the oblique lines in Fig. 2(b) representing a discontinuity 

in the graph. With the increase in the LMZBS glass content, at 2θ = 19.834°, the 

Mg2B2O5 peak gradually increased. At 2θ = 33.026°, the intensity of the Li2ZnSiO4 



peak also increased, suggesting that increase in the Mg2B2O5 and Li2ZnSiO4 contents 

with increasing glass content. Furthermore, the XRD patterns of the 

(1-x)BAS-xLMZBS (x=0.3) samples sintered at different temperature between 850°C 

and 930°C are also shown in Fig. 2(b). As expected, the phase compositions remained 

unchanged, with the main crystalline monocelsian and secondary Mg2B2O5 phases 

coexisting with a small amount of Li2ZnSiO4 dioxide. It is concluded that the LMZBS 

glass can effectively affect the formation of monoclinic BaAl2Si2O8. 

3.3. Scanning electron micrograph analysis 

Figs. 3(a)–(d) show the surface morphology of the (1-x)BAS-xLMZBS(x = 0.1-0.4) 

ceramics sintered at 870°C for 4 h. As shown in Figs. 3(a) and (b), the samples 

exhibited many matrix grains and stick-like grains, and a small number of pores were 

also observed. It is observed from Fig. 3(c) that the stick-like grains start to grow with 

less pores, and many small granule grains appear. After x=0.3, the ceramic surface 

shows a large amount of the liquid phase as excess LMZBS content that inevitably 

affects the bulk density and the dielectric loss. Therefore, it is clear that a suitable 

LMZBS content can effectively affect the sintering temperature of the ceramic 

samples, and it is concluded from Fig. 3(c) that the optimal densification effect can be 

obtained at x=0.3. Figs. 3(e)–(h) show the surface morphology of the 

0.7BAS-0.3LMZBS sintered at 850�-960�. It is clearly observed that the degree of 

densification first increased and then decreased as the sintering temperature was 

raised from 850� to 960�. The change in the densification shows that the optimal 

sintering temperature was 870�. As observed from Figs. 3(f) and (i), it is important to 

note that the number of pores increases with increasing temperature from 900�, 

which may be ascribed to the volatilization of Li2O and B2O3 on the ceramic surface 

[24] [25] and overfiring. 

EDS measurements were performed to investigate the chemical elements’ 

distribution of the A, B and C spots indicated in Figs. 3(b) and 3(c) for x=0.2-0.3. The 

EDS results for the indicated areas are shown in Fig. 4. The results show that all of 

the spots contain the O, Mg, Al and Si elements, and this may be due to the presence 

of three phases of Mg2B2O5 (PDF#86-0531), monocelsian (PDF#38-1450), and 



Li 2ZnSiO4 (PDF#24-0677)) in the sample according to the XRD analysis. 

Furthermore, Fig. 4(a) shows that the Mg: O ratio is close to 2: 5 in spot A (the 

stick-like grain), further proving the existence of the Mg2B2O5 phase. In addition, Fig. 

4(b) shows that the Ba: Al: Si: O ratio in spot B (the matrix particles) was close to 1: 2: 

2: 8, indicating the formation of the monocelsian (PDF#38-1450) phase. As the glass 

content increases, small crystal granules appear in Fig. 3(c), and Fig. 4(c) shows that 

spot C (small agglomerated granule grains) is rich in Zn, Al and O elements, which 

may be attributed to the Li2ZnSiO4 (PDF#24-0677) phase. It can be surmised that the 

presence of Al in spot C can be explained by the small agglomerated granule grains 

attached to the large matrix particles (monocelsian). Additionally, Mg can be detected 

in all the regions, possibly due to the wide distribution of the Mg2B2O5 phase in the 

sample. Combining these results with the results of the XRD analysis, it is concluded 

that the matrix particles, the stick-like grains and the small agglomerated granule 

grains are monocelsian, Mg2B2O5 and Li2ZnSiO4, respectively. The results obtained 

by EDS are consistent with the XRD results. 

3.3. Microwave dielectric properties of (1-x)BAS-xLMZBS glass-ceramic 

  The change in the bulk density was calculated according to: 

1

1

n

ii
n

i ii

W
D

W D
=

=

= ∑

∑
                                               (2) 

where n represents the number of the phases of the sample, and Wi represents the 

weights of the different components with densities Di. The bulk densities of the 

various phases are presented in Tab. 2. The densities of the LMZBS glass, Mg2B2O5 

and Li2ZnSiO4 were 2.35 g/cm3 [26], 2.91 g/cm3, and 3.51 g/cm3, respectively. Fig. 

5(a) displays the bulk density as a function of x for the samples basically sintered at 

the temperatures in the 850-960� range. It is observed that both the sintering 

temperature and LMZBS content have a significant effect on the bulk density of the 

(1-x)BAS-xLMZBS samples. For all of the (1-x)BAS-xLMZBS samples, the body 

density first increases and then decreases with increasing temperazture. The initial 

increase in the bulk density may be responsible for the decline in the porosity. 

However, the subsequent decrease in the density can be ascribed to the pores caused 



by the volatilization of the Li2O and B2O3 gas; this is consistent with the SEM images 

presented in Figs. 3(f)-(h). For sintering at 870�, the difference in the bulk density of 

the (1-x)BAS-xLMZBS(x=0.1-0.3) samples appears to be very small, which is 

consistent with the results of the SEM analysis presented in Figs. 3(a)-(c) that show 

that all of the samples exhibit higher densification. In addition, the bulk density 

showed a clear decrease at x=0.4, which can be explained by the liquid phase shown 

in Fig. 3(d). 

   Generally, the εr value of the sample can be expressed according to the following 

mixing rule: 

1 21 2ln ln ln ln
ir r r i rx x xε ε ε ε= + + ⋅ ⋅ ⋅ +                             (3) 

where εri  and xi are the permittivity and volume fraction of phase i, respectively. It is 

well-known that the increase in the pores will inevitably lead to the decrease in the 

dielectric constant of the samples because the dielectric constant of air is equal to 1. 

When the (1-x)BAS-xLMZBS samples were sintered at the same temperature, the 

dielectric constant decrease linearly with increasing LMZBS glass content. This result 

occurred due to the increase in the content of the Li2ZnSiO4 and Mg2B2O5 phases that 

have low dielectric constants (according to Tab. 2). For 0.7BAS-0.3LMZBS, the 

dielectric constant first increases and then decreases with increasing sintering 

temperature, and finally, a slight increase in the dielectric constant is observed for 

sintering at 960�. It is observed from Figs. 5(a) and (b) that the trends observed for 

the dielectric constant are consistent with the trends observed for the bulk density for 

the temperatures <930�. Furthermore, the increase in the dielectric constant in the 

first stage may be owing to the reduction in the pore sizes with increasing sintering 

temperature, while the subsequent decrease is due to the low dielectric constants of 

the Li2ZnSiO4 and Mg2B2O5 phases. The final slight increase may be attributed to the 

increased sintering densification, which is consistent with the SEM analysis results 

presented in Fig. 3(h). 

  Fig. 5(c) presents the Q×f values obtained for all of the samples. It is observed that 

the Q×f value exhibits the same trend as the bulk density. The Q×f values for the 



(1-x)BAS-xLMZBS samples sintered at the same temperature first increase and then 

decrease with increasing LMZBS content. The increase in the Q×f value is due to the 

increased densification of the samples. Meanwhile, the dielectric loss values for the 

different phases can also affect the Q×f values of the ceramics. Because the Q×f value 

of the pure monocelsian phase (62190) is much higher than the Q×f values of 

Li 2ZnSiO4 (14700) and Mg2B2O5 (32100) as shown in Tab. 2, the addition of the glass 

will lead to a large dielectric loss. Therefore, with increasing LMZBS content, the Q×f 

value of (1-x)BAS-xLMZBS glass-ceramic will inevitably decrease. The Q×f values 

of the 0.7BAS-0.3LMZBS samples sintered at different temperatures first increase 

and then decrease with increasing sintering temperature. For the sample sintered at 

870�, the SEM image presented in Fig. 3(c) shows that the sample exhibits higher 

densification, leading to higher Q×f values. The Q×f value is influenced not only by 

the Q×f value of each constituent phase but also by the crystal defects, grain boundary 

size, grains size and porosity. As the sintering temperature increases, the grain 

uniformity and the pores caused by the volatilization of Li2O and B2O3 gas also 

contributed to the decreasing trend observed for the Q×f values. For these reasons, the 

Q×f value varies between 15093 and 48926. 

Fig. 6 illustrates the dielectric properties of (1-x)BAS-xLMZBS sintered at 870� 

for 4 h. For the glass contents in the x = 0.1-0.3 range, all of the samples exhibit a 

high degree of densification. As the glass content increase further, the bulk density 

decreased drastically due to the existence of a large amount of liquid glass. The 

increase in the εr value is due to the decrease in the porosity obtained with a slight 

increase in the sintering temperature, while the reduction in the εr value is due to the 

lower εr values of both Li2ZnSiO4 and Mg2B2O5. The Q×f value of the samples first 

increases and then decreases, which is caused by the reduction of the pores and the 

increase in the glass content that lead to a large dielectric loss. The τf value decrease 

from -41.0 ppm/� to -56.0 ppm/� with increasing x. As shown in Tab. 2, all of the 

compositions have negative τf values [27] [28]. It is inferred that LMZBS glass has a 

more negative τf value. In summary, the excellent microwave dielectric properties of 

εr =7.3, τf = - 48.0 ppm/�, and Q×f = 48926 can be obtained for the 0.7BAS- 



0.3LMZBS sintered at 870� for 4 h. In this experiment, hexacelsian transformed into 

monocelsian at a relative low temperature of 870� with a high Q×f value of 48926.  

Fig. 7 illustrates the process of the monocelsian formation. The formation of 

(1-x)BAS-xLMZBS glass ceramic can be decomposed into four processes of particle 

rearrangement, LMZBS glass softening and hexacelsian particle dissolution, viscosity 

flow and bonds breaking, and monocelsian crystallization. Under the driving force 

provided by the LMZBS glass [29], the formation of the monocelsian phase was 

ascribed to the O vacancies or Ba vacancies generated by the addition of the LMZBS 

glass that promotes the breaking of the Ba-O, Al-O and Si-O bonds of hexacelsian. 

  We then examined the chemical compatibility of the sample with the Ag electrode. 

The co-firing of 0.7BAS-0.3LMZBS with Ag was carried out at 870� for 4 h. The 

cross-section mapping area scan of the co-fired 0.7BAS-0.3LMZBS is shown in Fig. 

8. It is observed that there was no obvious chemical reaction between the sample and 

Ag, and Ag did not diffuse in the 0.7BAS-0.3LMZBS during the process. Thus, this 

system combines the superior microwave dielectric properties of 0.7BAS-0.3LMZBS 

and the stable chemical compatibility of Ag. The comparison of our system with 

others low-permittivity LTCC ceramics is shown in Tab. 3 [1, 30-34] [25, 35-40]. It is 

observed that 0.7BAS-0.3LMZBS glass ceramics have lower sintering temperatures, 

low εr values and high Q×f characteristics, so this ceramic can is an excellent material 

for LTCC devices. 

Conclusion 

It this paper, the traditional solid-state method was used to synthesize 

monocelsian glass ceramics from the BaCO3-Al 2O3-SiO2 (BAS) ternary mixture and 

LMZBS glass.  

(1) The ions in the LMZBS glass enter either the Al position or the D6R gap 

position, generating O vacancies or Ba vacancies; this promotes the breaking of Ba-O, 

Al-O and Si-O bonds, reconnecting [Al(Si)O4] tetrahedrons into a three-dimensional 

frame structure and promoting the transformation of hexacelsian into monocelsian.  

(2) The sintering temperature of monocelsian ceramics was decreased from 

above 1400� to 870� by the addition of LMZBS glass. The XRD results show that 



LMZBS glass crystallized forming Mg2B2O5 and Li2ZnSiO4, and did not react with 

BAS ceramics. This work shows that an appropriate LMZBS content can promote the 

phase transformation from hexacelsian to monocelsian.  

(3) The addition of an appropriate amount of the LMZBS sintering aid promotes 

the crystal growth and improves the densification of ceramics, improving the 

microwave dielectric properties of BAS ceramics. For the samples with 

0.7BAS-0.3LMZBS sintered at 870 �, microwave dielectric properties (εr= 7.3, Q×f 

= 48926 GHz and τf = -48.0 ppm/°C) suitable for use in practical devices were 

obtained.      
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Table 1. Specific compositions of LMZBS composites. 

Li2CO3 MgO ZnO H3BO3 SiO2 

15 25 10 50 5 

 

Table 2. Microwave dielectric properties, density and sintering temperature of compounds in 

composites. 

composites εr Q× f(GHz) τf (ppm/�) ρ (g/cm3) ST(℃) Ref. 

Monocelsian 6.9 61290 -40.3 3.390 >1500 This work 

Mg2B2O5 6.2 32100 -46.0 2.910 1280 15 

Li2ZnSiO4 5.8 14700 -96.6 3.510 1250 16 

 

Table 3. The microwave dielectric properties of typical low dielectric constant materials 

Chemical composition ST(℃) εr Q×f τf Ref. 

Ba0.95Ca0.05Al2Si2O8 1425 6.7 24335 -19.3 1 

BaAl2Si2O8-Ba5Si8O21 750 7.6 12410 -1.2 30 

CMS+15wt%LMZBS 900 8.2 32000  14 

La2O3-B2O3-Al2O3+40wt%Al2O3 900 7.9 3820  31 

Li2O-MgO-ZnO-B2O3-SiO2+5wt%Al2O3 900 6.8 12500 -45.0 32 

0.83ZnAl2O4-0.17TiO2+10wt%BBSZ 950 10.9 12000 -23.2 33 

MgO-Al2O3-SiO2-TiO2+30wt%V2O5 950 3.8 12520 -54.0 34 

KABS-40wt%ZBS 850 4.9 6873 5.5 35 

CuO-ZnO-B2O3-Li2O+10 wt%Al2O3 640 3.8 38557 0 36 

CuO-ZnO-B2O3-Li2O 620 3.3 17724 0 37 

La2(Zr0.92Ti0.08)3(MoO4)9 750 10.3 80658 3.5 38 

Bi0.05Ce0.95VO4 950 11.9 22360 6.6 39 

Eu2Zr3(MoO4)9 600 10.8 74900 -8.9 40 

This work 870 7.3 48926 -48.0  

CMS: CaMgSi2O6.   BBSZ: 27B2O3-35Bi2O3-6SiO2-32ZnO.  

KABS: K2CO3-Al2O3-B2O3-SiO2.   ZBS: ZnO-B2O3-SiO2. 



 

Fig.1. The crystal structure of (a) hexacelsian and (b) monocelsian 

 

 

Fig.2. (a) The XRD patterns of BAS with different amount of LMZBS glass sintered at 870 °C for 

4 h in air; (b) The XRD patterns of 0.7BAS-0.3LMZBS sintered at 850–930 °C. 



 

Fig.3. Surface of the (1-x)BAS-xLMZBS: (a)870 °C, x=0.1; (b) 870 °C, x=0.2; (c) 870 °C, x=0.3; 

(d) 870 °C, x=0.4; (e) 850 °C, x=0.3; (f) 900 °C, x=0.3; (g) 930 °C, x=0.3; (h) 960 °C, x=0.3; (i) 

990°C, x=0.3. 



 

Fig.4. EDS of spot A, B and Spot C 

    



      

Fig.5. The dielectric property of (1-x)BAS-xLMZBS: (a) Bulk densities of 

(1-x)BAS-xLMZBS(x=0.1-0.4) composites sintered at different temperatures; (b) Dielectric 

constant of (1-x)BAS-xLMZBS(x=0.1-0.4) composites sintered at different temperatures; (c) Q×f 

value of (1-x)BAS-xLMZBS(x=0.1-0.4) composites sintered at different temperatures. 

 

Fig.6. The dielectric properties of (1-x)BAS-xLMZBS sintered at 870�. 

 



 

Fig.7. Densification mechanism of BAS/glass composite. 

 
 

 

 
Fig. 8. EDS face scan of the interface between silver electrode and 0.7BAS-0.3LMZBS sintered at 

870� for 4h. 
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