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ABSTRACT: In this work, a new high flexural strength microwave dielectric
material for LTCC applications, (1-x) 40-MgO-ZnO-B03-SiOx-xAl,0O3
(x=1~10wt. %) (LMZBSA) glass-ceramics, was prepared by conventional solid-state
reaction method. The effects of 8k-doped Li20-MgO-ZnO-BOs-SiO2 (LMZBS)
glass on its glass-forming ability (GFA) and activation energy were investigated by
Dietzel, Saad-Paulin methods and Kissinger model, respectively. Comparing the
undoped sample with the 10wt. 86Al,Os-doped LMZBS glass the parameters of 4
and S which characterize the GFA increase by 35% and twice, respectively.
Meanwhile, the addition of AD; will reduce the activation energy, making initial
crystallization easier. And then the impact 0§@d on the phase composition, flexural
strength and microwave dielectric properties of LMZBSA glass-ceramics was studied
systematically. It shows that the content of@& has a great influence on the flexural
strength of LMZBSA glass-ceramics, and different composition is responsible for its

microwave dielectric properties. LMZBSA glass-ceramics with 5wt. %@Asintered
2h at 90C showethe highest relative density (96.41%) and flexuta¢rggth ¢

=190MPa), optimum microwave dielectric properties=6.8, Qxf=12500GHz,
=-45ppmiC ).
KEYWORDS: Glass-forming ability, LMZBSA glass-ceramic, Flexural strength,



Microwave dielectric properties.
1. INTRODUCTION

To meet the requirement of integrationmodularization and miniaturization of
electronic components, low temperature co-fired ceramic (LTCC) materials are
widely used in passive devices (capacitors, inductors, etc.) working at microwave
frequencies. For LTCC application, materials with desired dielectric properties should
be sintered at a low temperature (below ‘@50 ), and can-fieedowith Ag, Cu or
other high conductivity metals [1-4].

Glass is often used as sintering aids to reduce the sintering temperature of the
ceramic-based materials by liquid-phase sintering. Among the various glasses,
Li,O-MgO-Zn0O-B0;3-Si0, (LMZBS) glass has been proven to be an appropriate
addition for lowering the sintering temperature of Mg, Li (Zno.osCp.05)1.55104,
SrCuSiO;q, LioMgSiO,4, MgsB.Os, LisMg:.sCa NbOs ceramics [5-10]. And Xie et al.
had systematically reported the microstructure of LMZBS glass-ceramics could be
improved by changing the amount of MgO, and the sample with a flexural strength of
160 MPa can be obtained when sintered at 920 °C[11].

It has been proposed that the addition gfAlto the MgO-BOs-SiO, glass system
can improve their GFA and sintering densification[12]. The purpose of this paper is
investigating the effect of different amounts 0%@4 on the sintered crystallization
behavior and microwave dielectric properties of the LMZBSA glass-ceramics. In
order to emphasize the influence of,@4 on crystallization tendency of LMZBS
glass, their GFA were also discussed.

2. Experimental procedures

The LMZBS glass doped with AD; were synthesized from highly purified
powders provided by CHRON CHEMISTRY: 003, MgO, ZnO, HBO;3, SI0,, and
Al,O3.The glass compositions were weighed based on stoichiometric ratio af)(100-
(Li,O-MgO-Zn0O-B0s-Si0;) +xAl,03, (x=0~10wt. %.), which was melted at 1350°C
in a platinum crucible, quenched and powdered.

DSC curve (heating rate is TO /min) was obtained from Thermomechanical

Analysis (TMA) (Model DIL 420C, Netzsch, Germany) &xplore the GFA of



LMZBS glass. Meanwhile, the activation energy)(&as investigated, a few heating
rates were adopted during the DSC equipment (5.0, 7.5, 10.0, and15.0K/min).

The fine powder sample was mixed with acrylic emulsion and granulated, and then
molded at a pressure of 20 MPa to get a green cyliaderl5mmx7.5mm and a
strip (@=50mmx4mmx4mm to measure the dielectric properties and strendtl. T
final dense glass-ceramics sample was synthesized in air atmospheré&at 900 for 2h
and naturally cooled.

A range of tests for LMZBSA glass-ceramics were listed as follows: the relative
density was obtained by calculated. The crystal phase information was verified by
X-ray diffraction (XRD, PANalytical PW3040/60, Netherlands) with scanning angles
20 of 10°to 120°using Cu Kradiation. Crystallographic information obtained through
refining XRD data using the GSAS-EXPGUI program. The morphology of the
as-fired surface was observed with a scanning electron microscope (SEM, FEI Inspect
F, and the UK). Microwave dielectric properties were measured in the TE011 mode by
a Hakki-Coleman dielectric resonator method using a network analyzer (HP83752A,
USA). The flexural strength was determined by three-point bending method with an
electromechanical Universal testing machine (MTS CMT6104, China)z Nedue

was estimated from the following formula (1):

T, =mx106 (ppmCC™
f,sx60 1)

Where $s and §s are the resonant frequencies measured at 25 apd 85 , respectively.

3. RESULTS AND DISCUSSION

3.1 Exploration of glass forming ability

The DSC curve of the LMZBS glass with 10wt. %,®@4 was obtained at the
heating rate of 10K/min, as shownFkig.1. The characteristic temperatuiigs778C
(glass transition temperature),=907C (onset crystallization temperaturenda
T,=966C (crystallization peak temperaturfiey this glass specimen were observed.
Tablel lists the relevant temperatures for different compositigrend T, increased

approximately 3 and 4%, respectively, after addingAl



The GFA of the selected compositions can be quantitatively determined by Dietzel

and Saad-Paulin methods, such as equation (2) and (3) [13, 14]:
Dietzel: AT=Ty-Tg (2)
Saad-Paulin: S=IT)(Tx-Ty)/Tyq (3
Where theAT and S are parameter to characterize the GFA,lendlass with larger
AT and S values will show a greater tendency for GFAe values are also
summarized in Table 1. For the 10wt. % 0§@d-doped LMZBS glass Rincrease by
35% and S increase twice comparing with the undoped sample.

The activation energy @E of sintering crystallization of these glasses was
investigated by analyzing DSC curves of different sintering rates of 5, 7.5, 10,
15K/min. Fig.2 (a) shows the crystallization peak displacements at different heating
rates for the LMZBS with 5wt. % of ADs;. As shown in Fig.2 (a), the glass
crystallization behaviors are switch to a higher temperature with the sintering rate
increase. This phenomenon indicates that the crystallization processes are thermally
activated[13]. The Kissinger model is the most commonly employed kinetic model for
any thermally activated solid state reaction, which can be used to depict the
crystallization behaviors. The activation energy) (Ean be evaluated using the

Kissingger model[15]:

TZ
|n(_p) :i.{.c (4)
¢ RT

Where C is constant, R is the gas constant. Following to equation (4), a linear fitting

of the plot of In(szlw) vs 1000/T, can be adopted to calculate thg &nd the

diagrams are shown in Fig.2 (b) for all samples. The activation energy values were
calculated and listed in Table 1.The specimens with 5wt. % ;Adhowed lower
activation energy than the samples of other components, which indicated that addition
of Al,O3; modifies the matrix and the primary crystallization becomes simple.
3.2 XRD analysis and Rietveld refinement of LMZBS+AIO3 glass-ceramics

For the sake of investigating the sintering crystallization behavior of (100-x)

(Lio,O-MgO-Zn0-B0s-Si0;) +xAl,05, (x=1~10wt. %.) (LMZBSA) glass-ceramics,



the glass-ceramics were prepared and sintered at different temperature9880
for 2h. The XRD patterns of LMZBSA glass-ceramics with differentOAlcontents
sintered at 900 for 2h are illustrated in Fig.3 (a), and different sintering temperature
with 5wt. % ALOs; are shown in Fig.3 (b). As shown, the diffraction peaks are
assigned to Mg#,0s (PDF#86-0531), L¥ZnSIiO, (PDF#15-0056), ZnAD,
(PDF#74-1136) and LIiAISIQ (PDF#26-0839), respectively. The crystalline phase
Mg.B.Os (PDF#86-0531) is always the main phase in Fig.3 (a). The peak intensities
of LIAISIO4 and ZnAbO, are gradually enhance with the increase of the sintering
temperature or the content of.85. However, the content of crystal phasgZnSiO,
decreases with the increase 0@d content in LMZBSA glass-ceramics. Obviously,
the phases of kZnSiO, and ALO; reacted during the sintering process to generate
LIAISIO, and ZnAbO,4 Therefore, the chemical reaction betweepZh5iO, and
Al>,0O3 could be described as:
Li>ZnSiOu+Al ;03— LIAISIO 4+ZnAl,0,4 (5

To further illustrate the impact of the 83 content on the LMZBSA
glass-ceramics, the information of crystal structure and composition content can be
obtained by refining the XRD data with EXPGUI-GSAS program. Rietveld plot for
LMZBSA glass-ceramics sintered at 900 is shown in Hg)4to (e).The result of
refined and calculated are listed in Table 2.

The compactness of the composite system was evaluated by measuring the relative
density of the sintered LMZBSA glass-ceramics. The relative density of glass

ceramics can be obtained by equation (6) [16-18]:

= Phc (6)

10 relative
theo

Whereppyik Is the bulk density measured by the Archimedes principle, the theoretical

density was calculated from the following equation (7) and (8)[16, 17]:
AxZ

= 7

Ztviory (7)

_ W W W
lotheo (\A/1+V\4+V\é+\w(pl+p2+p3+p4) ()



Where 1, 2, 3, AV, A, Z, V, N represents MdB,Os(PDF 86-0531), LiZnSiO, (PDF
15-0056), ZNnAJO4(PDF 74-1136) LiIAISIO4PDF 26-0839), weight fraction, number

of atoms in the unit cell, atomic weight, volume of unit cell and Avogadro number,
respectivelyThe calculated values of the theoretical density are shown in Table2.

When the specimens sintered at 800 wlifferent amounts of AD3; and 880 —
900C with 5wt % Al,Os the mass fractions of MB.Os (PDF 86-0531) and
Li,ZnSiO, (PDF 15-0056) phases decreased while those of XnMPDF 74-1136)
and LiAISiIO, (PDF 26-0839) phases increased, which is comply with the XRD results
shown in Fig.3 (a) and (b). Indeed, the mentioned results verified that the proportions
of raw materials and sintering temperature had a great influence on the composition of
LMZBSA glass-ceramics sample.

Fig.5 (a) to (e) displays the surface morphology of LMZBSA glass-ceramics with
1-10wt. % ALOs sintering at 92@ for 2hFig.5 (f) to (h) shows the surface
morphology LMZBSA glass-ceramics sintered at 880940 with @wAl,Os. Fig.5
(c) presented three kinds of grains, including stick-like grain A, matrix grain B, small
granule grain C. With increasing A& addition [Fig.5 (a) to (e)], the stick-like grain
A and matrix grain B decreased slightly, the small granule C increase obviausly.
addition, as shown in Fig 5(c) and (f) to (h), When the content £9:;A6 constant,
the stick-like grain A grows significantly with the increase of sintering temperature.
At 920 °C, obvious pore morphology was detected for LMZBSA with 5wt. @Al
LMZBSA glass-ceramics containing 5wt. % of .8k appeared liquid phase when
sintered at 95T, which caused by overheating.

The bulk density of the LMZBSA glass-ceramics is shown in Fig.6 (a), the flexural
strength and relative density of LMZBSA glass-ceramics with 1-10wt. %@3Al
sintering at 90@ are shown in Figl®). Form Fig.6 (a), the LMZBSA glass-ceramics
reaches to a maximum density of 3.213¢/@n900C for 10wt. % AbOs. And with
the variation of in AIO3; content, the bulk density continues to increase, in which is
attributed to the appearance of higher density of ZDAlp=4.6322 glcr).
Glass-ceramics sintered at 92Galways have the lowest bulk density, which is

consistent with the phenomenon observed in Fig. 5, because of the largest porosity.



The relative density of glass-ceramics sinter at 9@th 1-10wt. % Al203 increases

at first, and then declines. The glass-ceramics gets a maximum relative density of
96.41% at 900 for 5wt. % AbO3, which means the glass-ceramics can be sintered to
the most compact at 900with 5wt. % ALOs.

The variation of LMZBAS’s flexural strength with 1~10wt. %8 are shown
Fig.6 (b). At first, the flexural strength increased from 140MPa at x=1wt. % to
190MPa (This flexural strength is 20% higher than the sample made by Xie et al. [11],
and the sintering temperature is lower.) at x=5wt. %, afterward, it went down to
160MPa at x = 10wt. %. The flexural strength of the LMZBSA glass-ceramics was
related to its internal structure and the relative density. With the content,©f Al
increases, the smaller and finer granular crystal phases gradually increase. The
stick-like grain can be regarded as the main frame, meanwhile, the increasing number
of small particles are filled in the gap of the support frame. Hence, the denseness of
the glass ceramic is increased, and the flexural strength also increases. Obviously,
when LMZBSA glass-ceramics sintered at 90@ith 5wt. % ALOs3, the densification
of the microstructure is optimal, which is consist with the maximized flexural strength.
When the glass-ceramics sintered at[9@@ith more than 5wt. % ADs, the decline
of flexural strength is ascribed to the decrease of relative dembigtp, when the
temperature continues to rise, the stick-like grains gradually grow abnormally and
disappear and the flexural strength decreases. The flexural strength results are listed in
Table 3.

The chemical components of A, B and C in the marked area shown Fig.5 (c) was
identify by EDS (The EDS device cannot detect Li and B). The results of EDS testing
for the marked areas are shown Fig.7. The results reveals that all regions contained O
(fuchsia), Mg (red), Si (yellow), Al (wathet) and Zn (green). Zone A is mainly rich in
Mg and O, Mg: O is 3.7:10, and the ratio is close to 1:2.5. The B area are mainly
composed of O, Si and Zn. The region C are mainly O, Al, Zn. Combining the XRD
patterns (Fig.4) analysis, we can speculate that the A region of the stick-like grains is
Mg.B,0Os (PDF#86-0531). B area of the matrix grain igZAnSiO, (PDF#15-0056),

Area C of the small granule grain is a concentrated area of LiABIDF#26-0839)



and ZnAbO, (PDF#74-1136)Because MgB,0s (PDF#86-0531) phase is the most
abundant in the sample, it can also be observed from Fig.5M@g)B.Os
(PDF#86-0531) phase is always unavoidable when selecting EDS measurement area,
so the measurement results in A, B and C region always show a large amount of Mg.
3 .3 Dielectric properties of LMZBAS glass-ceramics

The measured values and calculated values of the samples sintered at 9Q@re
shown in Fig.8. As known, the value is affected by relative density, crystal structure,
and composition phase[19]. In our work, the relative density results suggested a
compact samples were obtained, and there are apparently different in compositions.
Hence, the variation af is ascribed to the various component and the content of each
phase. The effect of multiphase glass-ceramic on the dielectric constant can be

expressed by mixing rule [20, 21]:

E=V,EHV,E,+VE,+ Ve, (Parallel mixing model) 9)
Ine=V,Ine+V,Ing,+V,Ing,+V,Ing, (Logarithmic mixing model) (10)

Where M, Vi, V3, V4 represents the volume fraction of pBgOs, LioZnSiOy,
LIAISIO 4 and ZnAbOq; ¢1, €2, €3, €4 represents the dielectric constant of ;BigDs,
Li»ZnSiOy, ZnAl,O4and LIAISIO,, respectively.

Since M@B,0s (5,=7.2, Qxf=18400GHz, z=-46ppm/1)[22], Li»ZnSiOs (£=5.8,
Qxf=14700GHz, ©=-47.2ppmlI)[23], ZnAl,Os(e,=8.5, Qxf=56300GHz,
=-79ppm/[1)[24] and LIAISIOy (6=4.8, Qxf=36000GHz,:=8ppm/1)[25], has a
similar dielectric constant in the microwave frequency range, the intrinsic property of
the crystal phase does not cause a significant changewith an increase in the
Al,O3 content. The, was changed slightly from 6.6 to 6.9 as shown in Flgc&an be
seen from the experimental test data that the dielectric constant decreases first and
then augment slowly. The decrease in dielectric constant of the LMZBSA
glass-ceramics is contributed to the formation of LiAlS{&=4.8) at the beginning of
the addition of AJOs. When the content of ADs is continuously increased, ZnAl,
phase £=8.5) is formed in large quantities, the dielectric constant of the LMZBAS

glass-ceramics are increastecan be concluded that when thex®@d content is low,



the amount of LIAISIQ is large, while with more ADs; content, the amount of
ZnAl,Oy is increasingThis is consistent with the results of the mass percentage of
each phase obtained after finishing in Table 2. Fig.9 shows that the Logarithmic
mixing model exhibits the best predictability.

Fig.9 shows the measur€kf value and the calculatg@ixf value. TheQxf value
is determined by the internal and external losses[26]. The intrinsic loss is derived
from the lattice anharmonic, while extrinsic loss includes the second phase, defect and
so on. Since there are four phases in this samiples hard to acquire the lattice
parameters through the combination of the overall modes. Therefore, we mainly
discuss the impact of external loss. Such as relative density and the content of each
phase in the LMZBAS glass-ceramics.

Combining the previous discussion, wily.8, when the AlO; content is 1-5wt. %,
the relative density of the LMZBAS glass ceramic is gradually increased, aQcthe
value increased as well. In additioxf is consistent with the famous empirical
model for multiphase glass-ceramics, as described follows[21, 22]:

(@Q@x )T =V (Qx ) +\(Qx N+ Q< "+ V(& §, (11)

Where V1.V,,V3,V, represents the volume fraction of pBgOs, LioZnSiO,
ZnAl,O, and LIAISIOy; (Qxf )1,( QXf )o,( Qxf )3,( Qxf )4 represent)xf value of
Mg2B,0s, LiZnSiQy, ZnAl,O4 and LiAISIOyrespectively. With the increase of
AlI203 content in LMZBAS glass-ceramics, the calcul@tef value keep going up,
which is due to the variation content of Zp@) phase with a highQxf value.
However, the actual measur@xf value is increased first (AD; content is 1-5wt. %)
and then decreased (8); content is 5-10wt. %Because there are many phases in
the sample, and the Zn&), and LiAISiO, crystal phase are small particles, excessive
ZnAl,O4 and LiAISIO, crystal phase will lead to an increase in the number of grain
boundaries, which will have a negative influence on@x¢é value.Moreover, when
the content of AlO; is high, the decrease in relative density is also the cause of the
decrease iQxf value. The glass-ceramics gets a maxin@@xf value (12500GHz, at

12.8GHz) at 90@ for 5web Al,Os.



The variation of measureglvalues and calculateglvalues are showed Fig.9.
From previous reports, the calculatgdvalue can be obtained from the following
[20-22]:

Tf :Vlrfl +V2Tf 2+V3Tf 3+ V[f 4 (12)

WhereV1.V,, V3, V,4 represents the volume fraction of pBgOs, LioZnSiOy, LIAISIO,4

and ZnAbOy; 11, w0, 113, T4 represents value of MB.Os, Li»ZnSiO,, LIAISIO,4 and
ZnAl,O4, respectively. The calculated value starts to increase, which is attributed to
the positive value otiAlSiIO4 (8ppm/1). Later, the calculated value growth was
slowly because the ZnfDs (-79ppm/ 1) phase had a negative impact. The actual
values are between -53ppmand -43ppm//, and the calculated values are between
-46ppm/Jand -44ppm/l.Combining with the measured and calculatedalues, it

can be found that the effect of 8 on 7 value is not obviousThe dielectric

properties of glass ceramic samples of other components are listed in Table3.

4. CONCLUSION

In the present work, LMZBSA glass-ceramics were prepared by conventional
solid-phase sintering. According to Dietzel, Saad-Paulin methods and Kissinger
model, the presence of A); in the glass composition significantly improves the GFA
and reduced activation energy, which is beneficial for the initial crystallization of
LMZBSA glass-ceramics. LMZBSA glass-ceramics containing 5wt. %@Asintered
at 9007 can obtain a maximum relative density (96.41%) and maximum flexural
strength (190MPa) and optimal microwave dielectric properties=6.8,
Qxf=12500GHz, 7=-45ppm/1). The glass-ceramics can be sintered at a lower
temperature and is suitable for a fully dense and high-strength dielectric substrate with

a low dielectric constant.
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Table 1. Characteristic temperature of the DSC curve with heating rate of 10K/min

and the glass-forming ability measurements.

LMZBS+XAI,0; Tg T Tp AT(Tp - Tg) S Ea
(Wt. %) (+10)  (#10)  (#10) (+100) (#17)  (KJ/mol)
0 776 882 915 139 451  265.9+31.9
1 776 886 932 156 6.51  220.8+9.8
3 776 894 937 161 6.54  218.9+10.1
5 776 900 947 171 751  182.1+19.4
7 777 902 955 178 8.53  262.7+32.4
10 778 907 966 188 9.95 205.0+41.3

Table 2. The result of refined and calculated of LMZBSA glass-ceramics sintered at

different conditions

Different content of AIO;,ST=900([] 5wt.% ALO;3,different ST
Iwt%  3wt%  5wt.%  7wt% 10wt% 880 92001 94007
Wi (%) 70.45 67.90 64.17 57.81 52.59  66.30 63.57 62.88
W, (%) 26.82 25.87 21.63 19.70 17.47 24.01 21.53 21.85
Wiz (%) 0.84 2.66 8.55 16.91 22.77 5.07 8.74 9.08
Wi (%) 1.79 3.58 5.66 7.07 8.60 4.62 6.15 6.19
pa(glent) 29150 29159 29151 2.9137 29139 29157 2.9146 2.9153
pa(glent) 3.4039 3.3948 3.4022 3.4359 3.4217 3.4136 3.4027 3.4235
pa(glent) 4.6319 4.6264 4.6263 4.6322 4.6376 4.6221 4.6246 4.6258
pa(glen) 23731 2.3863 2.3815 2.3813 2.3702 2.3875 2.3912 2.3713
pinedglcnt) 3.0203 3.0331 3.0684 3.2016 3.2130 3.0469 3.0675 3.0750
Drelative(%0) 93.86 95.03 96.41 95.73 94.70  95.72 94.27 95.21
Ry (%) 4.41 4.52 4.68 551 5.25 4.51 4.79 5.21
Rup (%0) 5.83 5.94 6.15 7.59 7.42 5.85 6.37 7.36
XZ 1.423 1.437 1.575 2.014 2.204 1.379 1.626 2.154

ST. sintering temperaturéy;: the mass fraction of the phas®; p2, ps, ps: the

theoretical density of M@.0s (PDF 86-0531), LiZnSiO, (PDF 15-0056), ZnAD,



(PDF 74-1136) phase and LIAISI@PDF 26-0839)Ry: reliability factor of weighted

pattern; Ry reliability factor of weighted pattern’: goodness of fit.

Table 3. Variations of flexural strengtly] and microwave dielectric properties in

LMZBS+xAI,03 (x=1~10wt. %) glass-ceramics

X(Wt. %) ST (1) & Oxf(GHz) o(MPa) = (ppmi]) f(Hz)

Iwt.% 88001 6.77 9326 123 -52.4 12.67
3wt.% 880l 6.67 10443 139 -49.0 12.86
swt.% 88001 6.79 10996 141 -51.7 13.01
7wt.% 8800 6.81 9821 136 -55.6 12.90
10wt.% 880! 6.84 9711 137 -56.0 12.64
Iwt.% 92000 6.52 9899 113 -48.0 13.24
3wt.% 92001 6.53 10841 134 -49.6 12.87
Swt.% 92000 6.72 11235 154 -52.0 12.91
wt.%  9200] 6.48 11145 129 -52.5 13.08
10wt.% 92000 6.79 10723 137 -59.0 12.60
Iwt.% 94001 6.42 7767 80 -47.3 12.90
3wt.% 94001 6.43 7283 85 -43.0 13.06
swt.% 9400 6.50 8320 96 -49.5 13.06
7wt.% 94001 6.57 8964 102 -55.0 13.10
10wt.% 9400 6.65 8850 119 -61.0 12.78




Fig.1. DSC curve for 10wt. % of Al,O3; doped LMZBS glass with heating rate of
10K/min.

Fig.2. (a) The crystallization peak position for different heating rates for the 5wt. % of

Al,Os-LMZBS glass; (b) The Kissinger plotsfor all specimens



Fig.3 (a) The XRD patterns of LMZBSA glass-ceramics with different amount of
Al,O3 sintered at 900L for 2hin air; (b) The XRD patterns of LMZBSA
glass-ceramics sintered at 880~940( 1 with 5wt.% Al,0s



Fig.4 The refined XRD patterns of the LMZBSA glass-ceramics sintered at 9001 for
2h; (a)x=1wt.%,(b)x=3 wt.%,(c)x=5 wt.%,(d)x=7 wt.%,(e)x=10 wt.%

Fig.5 Surface of the LMZBSA glass-ceramics: (a)900( 1, with 1wt.% Al,Os,(b) 9001,
with 3wt.% Al,O3,(c) 90011, with 5wt.% Al,Os, (d) 900(1, with 7wt.% Al,Os,(€) 90017,



with 10wt.% Al,Os, (f) 8801, with 5wt.% Al,0z,(g) 92011, with 5wt.% Al,0z,(h)
94011, with 5wt.% Al,O4

Fig.6 The bulk density, flexural strength and relative density values of LMZBAS

glass-ceramics with different content of Al,Os3 sintered at 880-9401
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Fig.7 Energy dispersion X-ray analysis (EDS) datafor LMZBSA glass-ceramic



Fig.8 The calculated and measured ¢, values of LMZBAS glass-ceramic with
1~10wt. % Al,Oz sintered at 9001 ]



Fig.9 Changes in measured z; values, the measured Qxf value, the calculate Qxf
value and calculated 7; values of LMZBAS glass-ceramic with 1~10wt. % Al,O3
sintered at 9001



