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Table 1 Physical performance parameters of LAS transparent glass-ceramics

Coefficient of thermal expansion at ~ Thermal conductivity at ~ Specific heat capacity at  Young modulus at  Poisson Density /
50°C /(107 C) 20°C/[W+(m-K) '] 20°C /[J-(g-K) '] 20 °C /GPa rate (grem™)
0+1.0 1.483 0.75 90.67 0.246 2.54
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Fig. 1 Schematic of femtosecond laser pulse welding of LAS transparent glass-ceramics
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Table 2 Experimental parameters of femtosecond laser welding of LAS transparent glass-ceramics

Sample No. 1 2 3 4 5 6
Average power P /W 1.00 1.25 1.50 1.75 2.00 2.25
Pulse energy E /] 2.00 2.50 3.00 3.50 4.00 4.50
vt (1l S Dy 3.4 X107 Wo 78 K AR SO Bk b 47 11X
3 ShHF e S0 W B LB O
S, W ) AR I F) 10" W, 1 SR AR AL 5 h O SR 5 A

5516 50 1 0 3 R AR I o X R TH IR S5 AR
], CRD IO Ik b K 2 B PR B R B S L 7E LAS
75 BH AR BB A TR XS 7 A Yl ) K 2R S5
2 fT 7R, 30 K A B O BT IR AR T B9 AR SO ik o 7E
LAS % B S fh B 38 30 10 1 3R A2 0% 5 el ol o A
VA B A ™ A I TR 1 1 B0 2880 R B A T 3
SRR NS o A SV 8 00, | QUIEZS S Y iER v 3 Y =i
B X e {E % 5 K #1) 10%~10" W/em®, LAS %
HH A ot B S O AR S A TR O R R R R R D &
AT ST, A A H e X A A B B A S R
SRARE . MBEOLH R IG R Y Rat, TR B
BRRLN , S EE I N IR A A A RAEM S . X FEik
LB E AR R E R RN & A R T R
_3 77,12, (1)

8rnnon,

2 Ry BB AL A T B s, R AR SR T S
B, AN RETR AR B IS A AR R SR R B0, 2 3K
1077 m*/ W™ LAS 3% B A B 38 b [ 38 4 000 & A

crit

SE B TR AR T IE B RS NN AH AR Ok B P
i, T BN OG5 BN R LAY LS B AR, NI K 22
G o A 22 S5 AT LR R R AR 422 2 A 1) o M
BT LAS 5 B 005 B 58 1 AR 4 3R W A Al . etk IX
) A 1T P AT AR Y B O BB i DA 3,08 3 i 1 i
2 5.88 I, LAS 37 BH 13l i 33 385 P 50 b P X 38 240 ¥ 3 5
FE5 O DT A Bl . — O I, 2 R DK 0
SR IAF] 10" W/ em® i, 58 BRI LAS 35 W 30 5 3%
BB AL £ 3 0o 22 0% H S RN e 8 A5 S ok
AE &, AT & A oot o B Sk o il 2 9 185 T, O 25
£ R IR X A Y A R AT A ) LAS i B
Tl A B S A ) I P O A (L TR O ik v B
BB R b2 X, 2 X R R R A O Rt X
PripR kAR AR AL, BIIR B T 2 XIS 0L e kD
SRt XSk R — T, S bk e RE o 3.08 pJ
Bf, i PR DX S A (L T %2R 1.02 X 10" W, M i [ R 45
BN R I R T R RRREOE TE LAS i B A B
B N ERAL Fr i 4 kA R AR RON B PR DK o RE = 1Y

P2 AN [m) B ik i dek R IO R IR LA 37 W ARt B 8 i e P DX 3 A 1 v ]

Fig. 2 Cross sections of modification areas of LAS transparent glass-ceramic after irradiation by femtosecond lasers with different pulse

energies
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Fig. 3 Optical microscopy morphologies at welding interface of

LAS transparent glass-ceramics under different pulse
energies. (a) Lower surface of upper glass; (b) upper

surface of lower glass
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Fig.4 Weld seam widths of LAS transparent glass-ceramics

after welding with different pulse energies
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Fig. 5 Welding strength test of LAS transparent glass-ceramics. (a) Schematic of shear strength test; (b) shear force test curve

(E=3.0 1J); (c) shear strength of LAS transparent glass-ceramics after welding with different pulse energies
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Fig. 6 Transmittance curves of LAS transparent glass-ceramics
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Fig. 7 LAS transparent glass-ceramic irradiated by femtosecond
laser pulses with pulse energy of 2.5 pJ. (a) Physical
diagram of lower LAS transparent glass-ceramic;
(b) transmission microscopy image of lower LAS

transparent glass-ceramic
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Fig. 8 Welding of LAS transparent glass-ceramics at different laser pulse energies and deviations between focus and interface. (a) Welding

process windows; (b) curve of shear strength
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Fig. 9 XRD patterns of LAS transparent glass-ceramics before

and after femtosecond laser irradiation
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Abstract

Objective Transparent glass-ceramics have attracted widespread attention as a composite material with excellent performance, and
potential applications require the welding of the heat-tempered glass. Femtosecond laser, as a promising tool for processing in recent
years, has been widely used in the field of processing due to its characteristics of high peak power, small heat-affected zone caused in
the material, high processing accuracy, and wide range of applicable materials. However, a great deal of research work has been done
based on the welding of untempered glass, and the welding of tempered glass is rarely reported. There are two ways to temper
glasses, one is chemical tempering, and the other is thermal tempering. The thermally tempered glass can buffer part of the external
stress and inhibit the melt from filling glass gap, thus increasing the difficulty of glass welding. To our knowledge, the non-optical
contact welding of Li,0-AL,0,-SiO, (LAS) transparent glass-ceramics with zero thermal expansion coefficient has been studied by
femtosecond laser pulses for the first time. This study has potential significance for the further expansion of the applications of LAS
transparent glass-ceramics.

Methods A femtosecond laser beam with a wavelength of 1030 nm is used for experimental studies of glass welding to reduce the
cracking tendency during the glass welding process. A lens with a focal length of 100 mm is used to focus the femtosecond laser beam,
and the temperature gradient of the focused spot is smoother, which reduces the residual stresses induced during welding process. In
order to achieve a strong heat accumulation effect of the femtosecond laser pulse inside the LAS transparent glass-ceramics, the
repetition rate is kept at 500 kHz. And the spots between scanning lines are guaranteed to have certain overlap. The morphology and
the shear strength of the welding region of LAS transparent glass-ceramics welded by femtosecond laser with different energies are
studied, and the transmittance of the welded glass is measured. The energy window of LAS transparent glass-ceramic welding is
obtained by simultaneously changing the energy of laser beam and the deviation between focus and interface. The physical phase

analysis of LAS transparent glass-ceramics after welding is carried out using X-ray diffraction pattern.

Results and Discussions Femtosecond laser beam focused by a long focal length scanning galvanometer system produced long
filamentary longitudinal modification regions inside LAS transparent glass-ceramics (Fig. 2). It was caused by the self-focusing effect
of the femtosecond laser beam propagating inside the LAS transparent glass-ceramics, which was balanced by the self-scattering effect
formed by beam diffraction and plasma generation. With the increase in pulse energy from 2.0 pJ to 4.5 pJ, the weld width increased
first and then decreased, and the maximum weld width reached 10.7 pm (Fig. 4). The transmittance decrease (Fig. 6) in the welding
process is mainly caused by two mechanisms: the change of light transmission inside the glass caused by the change of refractive index
at low pulse energy (Fig. 7) and the scattering loss caused by micro-nano pores at high pulse energy. The displacement of the
modification region caused by the increase of pulse energy was compensated by the deviation of the focus position, which enlarged the
energy welding window of LAS transparent glass-ceramics and obtained higher shear strength (Fig. 8). When the pulse energy was
3.5 pJ and the deviation between focus and interface was — 500 pum, the shear strength of welded LLAS transparent glass-ceramics
reached (30.41+ 1.54)MPa. The diffraction peaks of the ILAS transparent glass-ceramics before and after femtosecond laser irradiating
were consistent, and the intensity of the diffraction peaks did not change significantly (Fig. 9), indicating that no new crystalline phase

was generated in the irradiated area of the LAS transparent glass-ceramics.

Conclusions Non-optical contact single scanning welding of LAS transparent glass-ceramics is achieved with femtosecond laser
pulse for the first time. With the increasing of pulse energy, the optical transmittance of LAS transparent glass-ceramics decreases.
The modification areas gradually move in the direction to the laser source as the pulse energy increases, and the widths of the weld
seams at the interface increase to 10.7 pm and then decrease. When the laser pulse width 1s 300 fs, wavelength is 1030 nm, and single
pulse energy is 3.0 pJ, the effective welding of LLAS transparent glass-ceramics at the interface under the 100 mm/s high-speed
scanning is achieved by using the heat accumulation effect at the high repetition rate of 500 kHz, and the shear strength after welding is
as high as 23.51 MPa. The transmittance is 3% higher than that of two stacked original LAS transparent glass-ceramics. The energy
window of LAS transparent glass-ceramic welding is enlarged and higher shear strength is obtained by controlling the laser beam
energy and the deviation between focus and interface. The X-ray diffraction shows that the LAS transparent glass-ceramics welding is
achieved without generating new crystal phase. The welding process is mainly establishing a strong connection at the glass interfaces
after the melting of the SiO, glass phase .
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