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1.1 WEHEENHE

LA Li,0-ZnO-MgO-Al,05-Si0, F 37 5 A 78 %t
%, 5N SnO, #l ZrO, fE A L. [EE Si0,
Li,O S & R(BE/RDE, TE)N 54 %, B LibO
&g, 0 IIEl 6 %, £ iAo H8 Lo. L2,
L4, L6. SiO,» ALOs. SnO,. ZnO. ZrO,. MgO.
Na,COs. LiCOs 55 J5URHAS 2 0 i 4l ¥k B Rl
R RFE R AT . EBFAR T, MgO
J ZnO 1] LASEE iy B IR A o &, I HLmT DA 3 3
J& ST H MgALO4 M2 ZnALO, il . B4k, ZnO fE
i 2 AR v AL R IRk R, Na,p,COs 73 il
JEFEAE ) NayO W] DGR 2wyl Bis 7« Bk
BRI 1. %IRRT R B3 o0 4 B
150 g MIBEE KL, St ot S EBANIE
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BER N, HE P TR, REREN
590 C, fRifh 5 h, EFRIIETHEINNIT. FEbPiE
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(1% 6 AT 3

F1 ERIIEERL

Table 1 Parent glass compositions X%

Samples SiO, ALO; LiO Na,0O ZnO MgO ZrO, SnO,

Lo 54 17 0 3 14 7 3 2
L2 52 17 2 3 14 7 3 2
L4 50 17 4 3 14 7 3 2
L6 48 17 6 3 14 7 3 2

X is mole fraction.

1.2 MRS
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Fig. 1 Raman spectra of LO-L6 parent glasses within the
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Fig.2 Deconvoluted Raman spectra at 800—1300 cm™' of LO-L6 parent glasses
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Mr4 (bridging oxygen, BO)LLHI A 34.8%, T
LO [¥] 48.7% A WS TH FB& . Bi% Li,O 5| N EFFEE
T, BRI RS PR, PR AR X A IR R R 2
Li,O HIIMA 2SI NI B, WA T REAES, 8N
VAR B R, PRI T SR T

=2 HAIKEE Raman REMALER

Table 2 Results of the deconvoluted Raman spectra for the
X/%

Intensity

parent glasses

Glass Q? Q’ Q!

528 530 532 534 536
Lo 1.6 501 38.3 Binding energy/eV
L2 48.9 44.7 6.4
L4 514 437 49 B3 BERBEIE Ols YL T RELE
L6 55.6 41.5 2.9 Fig.3 O 1s X-ray photoelectron spectra of the parent glasses
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Fig.4 Deconvoluted O1s XPS spectra (fitting results) of LO-L6 glass samples
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Table 3 Binding energies and proportions of bridging oxygen (BO) and non-bridging oxygen (NBO) in the glasses

Ob Onb
Samples — : — ,
Binding energy/eV Proportion/% Binding energy/eV Proportion/%
Lo 531.92 48.7 531.17 51.3
L2 532.23 34.8 531.32 65.2
L4 532.18 31.0 531.24 69.0
L6 532.03 24.9 531.10 75.1
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Fig. 5 Differential scanning calorimetry (DSC) curves of the
parent glasses
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Fig. 6 DSC curves of (a) L0, (b) L2, (c) L4, and (d) L6 glasses at different heating rates
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Fig. 7 Crystallization activation energy (kJ/mol) calculated using (a) the Ozawa method and (b) the Kissinger method
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Table 4 Crystallization activation energy (E) of the glasses
E /(kJ-mol™)
Sample E,(Ozawa) E,(Kissinger)
LO 764.47 706.34
L2 385.61 347.03
L4 325.98 290.96
L6 276.51 24432
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Fig. 8 XRD patterns of LO-L6 glass after treatment at 780 ‘C for 4 h followed by (830-890) ‘C for2 h
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(c)L4 L6

B9 LO~L6 i3 780 CiEAb 4h, 850 Cbfk 2 h 5 s s
Fig. 9 SEM images of LO-L6 glass-ceramics after nucleation at 780 ‘C for 4 h followed by crystallization at 850 ‘C for 2 h
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Fig. 10 Histogram of statistical grain size distribution for glass-ceramics after nucleation at 780 ‘C for 4 h followed by
crystallization at 850 C for2h
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Table 5 Common composition systems and parameters of transparent glass-ceramics

Glass-ceramics composition system Main crystal phase Hardness/GPa Bending strength/MPa Ref.
Li,0-ALO;-SiO, LiAlSi4O49 7.78 [34]
Li,0-ALO;-SiO, Li,Si;O5 5.71 [35]
Li,0-ALO;-SiO, B-quartz solid solution 5.15 [36]
MgO-ALO;-Si0, MgALO4 8.28 186 [14]
Zn0-Si0,-AL,03 Zn,TiO4 10.30 [37]
MgO-ALO;-Si0, MgALO4 9.30 170 [13]
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Table 6 Thermal characteristics (T, softening point, and
CTE) of L2 parent glass and corresponding
crystallized glass-ceramics

Samples T/ C TJC CTE(25-300 ‘C)/(107%-C™)
L2-PG 701 770 4.01

12-830 C 706 870 5.93

L2-850 C 708 873 5.54

L2-870 C 710 916 5.83

L2-890 C 711 932 5.79

T B m T2 3, R RO i A fnAE T Bl 2
FELAS B 35 O R R 8 o A IIK 2R 550 Fh 28 At 38 3 1)
4.01x10%°C~" - F+F] 830 CHIf# 5.93x10%°C!, H
LHRER M, Rima R K R LT 5.5~
8.5x10%°C P8, Hy T4 i MR I B IK 2R S
K, FECEARG ISR R L8N,

3 S

LiO F151 ATT DU B 58 90 2 25 40 . AR BT
L R RO R SISO B 2 i DA T
R ST, SR P BB D B . LibO
SR 0 BIINE] 6% (BEARABORE RS, BEaEd



.« 2788 - (RERR Sh2230)

J Chin Ceram Soc, 2025, 53(10): 2777-2790

2025 4F

MR G R TR R G o, Rk T3k
MR, X — 40BN T SO AR R
4 (T VG IR R R A o 3 243t 5] N LiyO AT DA% il
AT RSTCINI B D [ VA AR R O f A Al A, 32
RSB . 2 Li,O A 2% (BE/R %0
B, fREET B T VA RO A AR TE R,
R ) A R % o3, 7E 780 CH%AL 4 h, 850 C
il 2 h S5 RS B AT WOGE IS R IE B 84%,
HHEHMWFM S 2E e, 4ERAFE N 8.62 GPa,
TSR )Y 199 MPa. 1 Li,O S & 4ks:1hn,
A BRI R -V AT B, FE AR A R AT
W2 BT ] RS BCR ) B A SR A
BB R RZ R M. 17F Li,0 A 2% (BSR40 B0 Kt
I R, SR K R BN 4.01x10%°C
7E 830 °Cimfk 2 h 5 BT B £ AR S R IK &
O R IAR A A, B (R B AR P ik R B0
4 5.93x10%°C,
= Bmt ER AR 0

SE R

[1] AR, X, #AR, %. LiO-AlOs-SiO) 5 i i 5 I BF 5¢
HEJED]. RERR SRR, 2024, 43(4): 1181-1196.

REN Beibei, LIU Yaxin, HUANG Xin, et al. Bull Chin Ceram Soc,
2024, 43(4): 1181-1196.

[2] RUSSEL C, WISNIEWSKI W. Glass-ceramic engineering: Tailoring
the microstructure and properties[J]. Prog Mater Sci, 2025, 152:
101437.

[3] DEUBENER J, ALLIX M, DAVIS M J, et al. Updated definition of
glass-ceramics[J]. J Non Cryst Solids, 2018, 501: 3—10.

[4] WEI S G, JIANG H, DONG C, et al. Effects of ALO; on
crystallization, microstructure, and properties of zinc spinel
glass—ceramics[J]. Ceram Int, 2025, 51(17): 23244-23254.

[5] SICKAFUS K E, WILLS J M, GRIMES N W. Structure of spinel[J]. J
Am Ceram Soc, 1999, 82(12): 3279-3292.

[6] VAN DER LAAG N J, SNEL M D, MAGUSIN P C M M, et al.
Structural, elastic, thermophysical and dielectric properties of zinc
aluminate (ZnAl,O4)[J]. J Eur Ceram Soc, 2004, 24(8): 2417-2424.

[7] XU 'Y, FU P, ZHANG B H, et al. Optical properties of transparent
ZnAl,O4 ceramics: A new transparent material prepared by spark
plasma sintering[J]. Mater Lett, 2014, 123: 142-144.

[8] TOKARIEV O, STEINBRECH R W, SCHNETTER L, et al. Micro-
and macro-mechanical testing of transparent MgAl,O, spinel[J]. J
Mater Sci, 2012, 47(12): 4821-4826.

[9] SWABJJ, PAVLACKA R, GILDE G, et al. Determining the strength
of coarse-grained AION and spinel[J]. J] Am Ceram Soc, 2014, 97(2):
592-600.

[10] TOKARIEV O, SCHNETTER L, BECK T, et al. Grain size effect on
the mechanical properties of transparent spinel ceramics[J]. J Eur
Ceram Soc, 2013, 33(4): 749-757.

[11] HE D F, MA H, ZHONG H. Effect of different nucleating agent ratios
on the crystallization and properties of MAS glass ceramics[J]. J Eur

Ceram Soc, 2021, 41(16): 342-350.

[12] KANG J F, WANG J, LOU X C, et al. Effect of Y,O5 content on the
crystallization behaviors and physical properties of glasses based on
MgO-Al,05-SiO; system[J]. J Non Cryst Solids, 2018, 497: 12-18.

[13] HUANG J H, ZHANG J H, YU Y J, et al. Transparent
MgO-Al,053-SiO; glass-ceramics prepared with ZrO, and SnO, as
nucleating agents[J]. J Non Cryst Solids, 2022, 588: 121585.

[14] XU W M, TIAN X K, WANG J, et al. Crystallization behavior and
properties of ZnO-MgO-Al,05-SiO, transparent glass-ceramics with
SnO, and ZrO, as nucleating agents[J]. Ceram Int, 2024, 50(13):
23150-23156.

[15] CHEN M T, HE F, SHI J, et al. Low Li,O content study in
Li,0-Al,05-Si0, glass-ceramics[J]. J Eur Ceram Soc, 2019, 39(15):
4988-4995.

[16] EHRT D, VU H T, HERRMANN A, et al. Luminescent
Zn0-Al1,05-SiO; glasses and glass ceramics[J]. Adv Mater Res, 2008,
39-40: 231-236.

[17] REBOUCAS L B, SOUZA M T, RAUPP-PEREIRA F, et al.
Characterization of Li,O-Al,0;-SiO, glass-ceramics produced from a
Brazilian spodumene concentrate[J]. Ceramica, 2019, 65(375):
366-377.

[18] ALIZADEH T, SOLEIMANI F. Crystallization behavior and
Photoluminescence of cerium doped ZAS glasses and nano glass
ceramics with different Li,O content and without added nucleating
agents[J]. J Non Cryst Solids, 2024, 626: 122782.

[19] LUTPI H A, MOHAMAD H, ABDULLAH T K, et al. Effect of ZnO
on the structural, physio-mechanical properties and thermal shock
resistance of Li,0-AlL,Os;—SiO, glass-ceramics[J]. Ceram Int, 2022,
48(6): 7677-7686.

[20] LENGLET M, LEFEZ B. Infrared optical properties of cobalt (II)
spinels[J]. Solid State Commun, 1996, 98(8): 689—694.

[21] JOLIVET V, JOSSE L, RIVOAL M, et al. Quantification of boron in
aluminoborosilicate glasses using Raman and 11B NMR[J]. J Non
Cryst Solids, 2019, 511: 50-61.

[22] MCMILLAN P, PIRIOU B, NAVROTSKY A. A Raman spectroscopic
study of glasses along the joins silica-calcium aluminate, silica-sodium
aluminate, and silica-potassium aluminate[J]. Geochim Cosmochim
Acta, 1982, 46(11): 2021-2037.

[23] FUSS T, MOGUS-MILANKOVIC A, RAY C S, et al. Ex situ XRD,
TEM, IR, Raman and NMR spectroscopy of crystallization of lithium
disilicate glass at high pressure[J]. J Non Cryst Solids, 2006,
352(38-39): 4101-4111.

[24] ROSS S, WELSCH A M, BEHRENS H. Lithium conductivity in
glasses of the Li,O-AlL,O3—SiO, system[J]. Phys Chem Chem Phys,
2015, 17(1): 465-474.

[25] ZHENG W H, ZHANG H, WANG Q D, et al. Effect of P,Os on

nucleation,  crystallization  and properties  of

Y,0;-AlL,05-Si0, glasses[J]. Ceram Int, 2024, 50(8): 13467-13477.

ez, AER, ki, %, Li,O/NayOX YAST S IEIEA M . T &

572k REMSE R[], RERR EhIE R, 2024, 43(4): 1292-1300.

ZHENG Weihong, LIU Guofeng, ZHANG Hao, et al. Bull Chin

Ceram Soc, 2024, 43(4): 1292-1300.

MR, HIR, BEK, 5. 5 Hridm 7o i i B i

BB I PEE R S IR, 2024, 52(12): 1-6.

WEN Yulin, TIAN Yingliang, ZHAO Zhiyong, et al. Glass Enamel

Ophthalmic Opt, 2024, 52(12): 1-6.

[28] HE X, LI C, LIU J L, et al. Glass forming ability, structure and

mechanical

[26

[27



553 455 10 ¥ FiEH 4% Li,0-ZnO-MgO-Al05-Si0, i 3 BT S AT A It . 2789 -

properties of Cr,03—Fe,0; co-doped MgO-Al,05-Si0,-B,0; glasses properties of chemical strengthened transparent lithium disilicate glass

and glass-ceramics[J]. J Non Cryst Solids, 2020, 529: 119779. ceramics with various P,Os contents[J]. J Non Cryst Solids, 2022, 588:
[29] FU J, ZHANG Y, MA Z B, et al. Crystallization kinetics of 121626.

AlLO;-28mol%Lu,05 glass and full crystallized transparent [35] SHAN Z J, LIU J X, LIU M, et al. Surface strengthening of lithium

Lu3AlsOy»-based nanoceramics[J]. Ceram Int, 2024, 50(5): 8073—-8080. disilicate glass-ceramic by ion-exchange using Rb, Cs nitrates[J].
[30] YANG R T, STEINBERG M. Reaction kinetics and differential Ceram Int, 2018, 44(11): 12466—12471.

thermal analysis[J]. J Phys Chem, 1976, 80(9): 965-968. [36] LUJ W, WANG H F, ZHU J J, et al. Preparation and characterization
[31] E#2/R, £, #E%E, 2. Li,OXLi,0-Al,0;-Si0, R K KK 17 of high-strength glass-ceramics via ion-exchange method[J]. Materials,

i BEFEHT AT AR, MPRRLE S TRE2ER, 2019, 37(4): 541-545. 2021, 14(19): 5477.

WANG Qianchen, WANG Jing, HAN Jianjun, et al. ] Mater Sci Eng, [37] GUO Y L, WANG J, RUAN J, et al. Microstructure and ion-exchange

2019, 37(4): 541-545. properties of glass-ceramics containing ZnAl,O, and B-quartz solid
[32] AMAULT L, GERLAND M, RIVER A. Microstructural study of two solution nanocrystals[J]. J Eur Ceram Soc, 2021, 41(10): 5331-5340.

LAS-type glass-ceramics and their parent glass[J]. J Mater Sci, 2000, [38] T HHES. HEREAE S EEEES M A B R 5 R I K A 2% B & BF T [D).

35(9): 2331-2345. RS T RHE R, 2024,
[33] KAVOURAS P, CHARITIDIS C, KARAKOSTAS T. On the WANG Mingxia. Research on lithium silicon-based and magnesium

parameters affecting the fracture modes in glass-ceramic materials[J]. J zinc spinel-based high thermal conductivity high expansion packaging

Non Cryst Solids, 2006, 352(52-54): 5515-5521. ceramics[D]. Chengdu: University of Electronic Science and
[34] ZHANG T H, ZHANG Z M, HAN 1J J, et al. The structure and Technology of China, 2024.

Crystallization Behavior and Properties of Li;O-ZnO-MgO-Al,03-Si0; Glass-Ceramics

WANG Haoming', LI Luyao?, WANG Jing', HAN Jianjun', CHU Jingyuan®
(1. National Key Laboratory of Advanced Glass Materials, Wuhan University of Technology, Wuhan 430070, China; 2. School of
Automotive Engineering, Wuhan University of Technology, Wuhan 430070, China; 3. China Triumph International Engineering Co.,
Ltd., Shanghai 200063, China)

Extended Abstract

Introduction As phase-engineered composites integrating amorphous and crystalline domains, glass-ceramics synergistically retain
a high transparency of vitreous materials, while achieving ceramic-like mechanical robustness. Transparent glass-ceramics include
systems such as ZnO-MgO-Al,05-Si0,, Li,0-Al,05-Si0,, etc., in which the precipitation of spinel crystalline phase can be controlled
in Zn0O-Mg0-Al,05-Si0, (ZMAS) system. The spinel crystal phase has a high Mohs hardness as well as a high modulus of elasticity,
so the ZMAS system glass-ceramics with a spinel crystal phase has superior mechanical properties. The introduction of Li,O into
ZMAS glass-ceramics can refine the grain size and also promote the precipitation of crystal phases such as B-quartz solid solution
with a low coefficient of thermal expansion, which can adjust the overall coefficient of thermal expansion of the glass-ceramics and
improve the thermal shock resistance of the glass-ceramics. -quartz solid solution crystals are close to the refractive index of the
glass, which can significantly reduce the scattering of light and improve the transparency of the glass-ceramics. In this work,
Li,0-ZnO-MgO-Al1,0;-Si0, glass system was selected as a research subject to investigate the effect of Li,O content on the
crystallization behavior and properties of the glass. The study revealed that the introduction of Li,O exerted a modulating effect on the
crystallization behavior, optical properties, and mechanical performance of the glass-ceramics.

Methods The parent glasses were prepared by a melting method, and the components were designed as (54-X) SiO,-17 Al,O;-X
Li,0-3 Na,0-14 ZnO-7 MgO-3 ZrO,-2 SnO, (%, X=0, 2, 4, 6). The glass was melted at 1600 ‘C for 3 h. The glass solution was
poured into a copper abrasive tool that was preheated at 590 C for moulding. The formed glass blocks were annealed in an
annealing furnace at 590 ‘C for 5 h to remove the internal stresses in the glass, and the glass was cut into blocks with the thickness of
1.5 mm for subsequent testing. The chemical state of the elements in the base glass was characterized by a model ESCALAB250Xi
X-ray photoelectron spectrometer (XPS, Thermo Fisher Co., USA). A glass powder was used for testing, corrected using the electron
binding energy of Cls. The DSC curve of glass was determined by differential scanning calorimetry (DSC). . The crystalline phase of
the prepared samples was examined by an X-ray diffractometer. The base glass and microcrystalline glass microstructures were
analyzed by a model Ultra Plus field emission scanning electron microscope (FESEM, Zeiss Co., Germany) with an additional Ultim
Max 65 energy spectrometer (JSM-IT800). The optical properties of the glass and microcrystalline glass samples after double-sided
optical grade polishing were characterized by a model UV3600 UV-visible spectrophotometer (UV-vis, Shimadzu Co., Japan). The
Vickers hardness of the polished glass samples was measured by a model HV-1000A microhardness tester (Huayin Co., China) with a
load of 1.96 N and a dwell time of 10 s. Each glass specimen underwent five replicate measurements to minimize experimental errors.
The coefficient of thermal expansion (CTE) was determined by a model DIL 402C thermal dilatometer (Netzsch Co., Germany). The
glass was cut into some rectangular bars with the sizes of 4 mm x 4 mm % 25 mm for dilatometric analysis.
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Results and discussion The free oxygen content in the glass network increases with the increase of Li,O content from 0 to 6% (in
mole), leading to a reduction in the degree of network polymerization. This structural change can reduce the glass transition
temperature from 745 C (i.e., at 0 mol% Li,O) to 664 C (i.e., at 6% Li,0).The B-quartz solid solutions form as the Li,O content
increases to 2%. The temperature required for the formation of B-spodumene crystals decreases as the Li,O content further increases,
leading to an increase in the B-spodumene crystalline phase content and suppression of spinel crystal precipitation. The transmittance
also undergoes a sharp decline due to the influence of large-sized B-spodumene crystals. The glass-ceramics with 2% Li,O content,
after crystallization at 850 ‘C, exhibit a superior performance (i.€., a Vickers hardness of 8.62 GPa, a transmittance of 84%, and a
flexural strength of 199 MPa).

Conclusions Increasing Li,O content from 0 to 6% could promote the depolymerization of the glass network, leading to a reduction
in the glass transition temperature. At 2% Li,O, this composition effectively suppressed grain agglomeration and promoted the
formation of B-quartz solid solution crystalline phases, thereby enhancing the transparency of the glass-ceramics. The coexistence of
spinel phases and B-quartz solid solution improved the comprehensive properties of the glass-ceramics (i.e., a Vickers hardness of ~
8.62 GPa and a flexural strength of ~199 MPa).

Keywords spinel; glass-ceramics; -quartz solid solution; flexural strength; Vickers hardness; thermal expansion coefficient



