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Abstract: In the current microwelding process using femtosecond (fs) laser between dissimilar materials, surface 
polishing and pressure assistance, so-called optical contact, are believed necessary. In this paper, direct welding of soda 
lime glass and Kovar alloy using a fs laser is investigated to overcome the limit of optical contact. The processing of fs 
laser welding is comprehensively studied by varying the laser power, welding velocity and the number of welding. The 
shear joining strength is as high as 2 MPa. The cross-section of glass-Kovar alloy joints, the elemental diffusion and the 
fracture behavior of welded joints were studied. The results show that the fs laser irradiates the surface of Kovar alloy, 
micron/nanometer-sized metal particles are generated. These particles perform the role as an adhesive part in the welding 
process. It is believed that the Si atoms diffuses to Kovar alloy from the glass and partially replaces the Fe2+ ions on the 
surface of Kovar alloy, indicating that the mixing and interdiffusion of materials have occurred during the welding 
process. Finally, the welded sample was tested and has excellent water resistance and sealing property. Furthermore, to 
justify that this method can be applied to other stack ups, the glass-copper, the glass-Al6063 and sapphire-ceramic are 
also welded together. This work greatly simplifies the fs laser microwelding process and promotes its industrial 
applications, such as optoelectronic devices, medical devices and MEMS.
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1 Introduction

Glass is prone to fracture due to their inherent 
brittleness and low ductility, and limited in 
engineering applications, although exhibiting great 
properties such as high strength, hardness, wear 
resistance, excellent corrosion resistance and optical 
properties [1]. Considering metal has superior 

mechanical property and ductility [2], the glass- 

metal compound components have met great 

demands in the fields of sensors, medical and 

semiconductor devices, vacuum-sealed connectors, 

micro electro mechanical system (MEMS), etc [3−
7]. By far, the traditional methods of joining glass 

and metal include adhesive bonding, anodic 

bonding, solid phase bonding, and fusion 
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microwelding. However, these methods have 
drawbacks, such as creep, contamination, aging, and 
low accuracy [8].

The technique of femtosecond (fs) laser 
microwelding has quickly become a popular 
research topic in recent years [9− 11]. The fs-laser  
could weld transparent similar/dissimilar materials 
without inserting an absorbent intermediate         
layer and weld dissimilar transparent materials        
with different thermal coefficient [12 − 13]. In this 
technique, the focused fs-laser can directly melt not 
only metal but also glass through nonlinear 
absorption. Glass materials are hard and brittle, and 
have low thermal conductivity relative to metal 
materials. When heated unevenly, it is prone to 
cracking due to internal stress. Fs-laser can prevent 
this phenomenon. This possibly reduces unwanted 
thermal effects.

Previous study showed that in ultrafast laser 
welding, RICHTER et al [14] established that in 
order to prevent the plasma from escaping at the 
interface, and the gap is limited by no more than 
about 100−500 nm. In most of the research works, 
in order to realize a close contact between two 
pieces of materials, clamps and materials surface 
polishing were usually thought to be a necessary 
component when glass and metal are welded by 
ultrafast laser. OZEKI et al [15] successfully 
implemented the welding of glass and copper by      
fs-laser using clamps to provide pressure assistance. 
QUINTINO et al [16] used a fs-laser to successfully 
direct weld NiTi sheet and glass. CARTER et al [17] 
reported their findings of systematic analysis and 
comparison of picosecond (ps) laser microwelding 
of industry related Al6082 parts to SiO2 and BK7. In 
their paper, a pneumatic clamp was used to ensure 
close contact against the plasma escape; without the 
clamp, otherwise, the formation of the plasma in the 
melting process would be difficult when there exists 
any big gap during welding. LAFON et al [18]  
reported that direct welding between glass and 
copper, sapphire and aluminum using ultrafast laser 
after polishing the materials and providing pressure 
assistance with fixtures to provide optical contact 
between the two materials. In all of those research, 
one common challenge to ultrafast laser 
microwelding is a prerequirement for optical contact 
or partial-optical contact between the dissimilar 
materials. Samples were stacked with a clamp to 

reduce the gap between glass and metal. However, 
when samples are pressed, residual stress was 
introduced on the welding interface, causing cracks 
and inconveniences that hinder the welding 
processes. Interestingly, ZHANG et al [19] 
implemented the direct welding of alumina silicate 
glass and metal for the first time without any 
pressure assistance, using a fs laser. However, 
polishing of the sample surface was still used in 
their study, which was very time-consuming to use 
mechanical polishing to achieve the required surface 
quality. And the pretreatment polishing process is 
significantly complicated when facing a large area 
(several hundred square millimeters or larger). 
Therefore, it is necessary to simplify the glass-metal 
microwelding process by investigating the effect of 
non-optical contact during the process.

In this paper, direct microwelding of soda lime 
glass and Kovar alloy by a 1030 nm fs laser is 
accomplished without surface polishing and  
pressure assistance. Firstly, the influence of the laser 
power, welding velocity, and the number of welding 
on shear joining strength were studied 
experimentally. Then, the cross-section of glass-
Kovar alloy joints, the elemental diffusion and the 
fracture behavior of welded joints were studied by 
optical microscope (OM), scanning electron 
microscopy (SEM), energy dispersive spectrometry 
(EDS), to provide a preliminary exploration for the 
interface evolution and joining mechanism. The 
mechanism of microwelding and formation of 
plasma escape zone was discussed. Finally, the 
welded sample is tested for water sealing 
performance. This work aims to simplify the 
welding process by eliminating the need for fixture 
design and material polishing, which is helpful to 
provide a reference for the industrial application of 
ultrafast laser welding technology, thus improving 
process efficiency and automation.

2 Materials and methods

2.1 Materials
The glass and metal used in the experiment are 

soda lime glass and Kovar alloy, respectively. The 
main chemical compositions of the Kovar alloy are 
53% Fe, 29% Ni and 17% Co. The soda lime glass, 
one of the silicate glasses, is mainly composed of 
SiO2 (about 72%), Na2O (about 15%) and CaO 
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(about 9%), and a small amount of Al2O3, MgO, 
K2O, etc. The metal samples with the size of           
60 mm×60 mm×0.5 mm were cleaned with acetone 
and anhydrous ethanol before use, without any 
additional polishing. Soda lime glass with the 
dimension of 30 mm×15 mm×1 mm was used, 
without any additional polishing. Simultaneously, 
the glass and metal are washed clean with acetone 
and absolute ethanol (the purity of CH3CH2OH ≥
99.7%) to guarantee that their surfaces are free of 
dusty fingerprints and other unclean residues. In this 
paper, acetone and absolute ethanol are used to 
clean glass and Kovar alloy, so that there are no 
visible impurities and defects on the surface, 
without carrying out polishing treatment. The glass 
was stacked onto the metal surface with no need of 
pressure assistance. After the glass and Kovar alloy 
are cleaned, the initial state of the surface is 
characterized by a optical microscope. Figures 1(a1) 
and (b1) present an optical image of the initial 
surface states of Kovar alloy and soda lime glass. As 
shown in Figures 1(a1) and (b1), the surfaces of glass 
and metal are well cleaned without visible 
impurities such as dust, fingerprints, or other 
defects. The glass and metal surface morphology 

were observed using white light interferometer 
(BRUKER WYKO Contour GT-K). Figures 1(a2) 
and Figure 1(b2) are the 3D morphologies of Kovar 
alloy and glass surface before welding, respectively. 
The surface of Kovar alloy is relatively rougher. 
Glasses have been purchased with λ ∕4 flatness. The 
surface roughness Ra of Kovar alloy was 0.839 µm, 
which is rougher than the polished surfaces used for 
the previous study on glass-Al welding [20] (Ra of 
Al<100 nm), glass-aluminum welding [17] (Ra of 
aluminum 288 nm), glass-copper welding [21] (Ra 
of copper 210 nm). Therefore, in this paper, the 
welding of glass and Kovar alloy was not optically 
contacted.

2.2 fs laser welding equipment
The fs laser welding system was composed of a 

femtosecond fiber laser (FemtoYL-20, Wuhan 
Anyang Laser Technology Co., Ltd., China), a mirror 
system (Mirror 1-3), 10× Mitutoyo microscope 
objective lens (MY10×−823,THORLABS), a CCD 
vision system and a 3D Table, as shown in Figure 2. 
The experiment is performed using the femtosecond 
laser of 1030 nm wavelength, the adjustable 
pulsewidth of 200 − 1000 fs, and the maximum 

Figure 1 Initial surface states of Kovar alloy and soda lime glass: (a1) Optical microgragh of Kovar alloy surface;         
(a2) Kovar alloy surface roughness measured using white light interferometer; (b1) Optical microgragh of soda lime glass 
surface; (b2) Soda lime glass surface roughness measured using white light interferometer
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output power of 20 W. And the repetition frequency 
of the laser can be adjusted within the range       
0.025−5 MHz, while its single pulse energy remains 
unchanged. The samples were mounted onto a 
computer-controlled XYZ motion stage that allows 
translation parallel or perpendicular to the laser 
propagation axis. In order to focus the laser on the 
interface between 1 mm thick soda lime glass and 
0.5 mm thick Kovar alloy, the THORLABS 
Mitutoyo flat field extinction near-infrared (NIR) 
object is used. The laser pulse, with a Gaussian 
intensity profile, was focused on the interface closer 
to the Kovar alloy surface through a long-working 
distance 10×Mitutoyo microscope objective 
(working distance 30.5 mm, nominal numerical 
aperture NA 0.3). It provides a flat focusing surface 
and chromatic aberration correction in the visible 
range, and maintains a long working distance 
between the lens surface and the samples, providing 
a good advantage for laser focusing.

The schematic diagram of sample cutting and 
observation is shown in Figure 3(a). As shown in 
Figure 3(b), the welding area is a square of 5 mm×   
5 mm and the interval between the centers of 
adjacent welding lines is 200 μm. After the glass 
and Kovar alloy are cleaned, focus a fs laser on the 
glass and metal interface. The glass and Kovar alloy 
were initially pre-welded at a slower speed and 
lower energy to narrow the gap between glass and 
metal. Then the lap joints were successfully 
implemented by increasing the speed and the energy 
repeated scanning. After setting the appropriate 

laser parameters, control the Y-axis to start to 
accelerate. When the preset speed is reached by 
acceleration, the laser emits light, which completes 
the glass-metal welding by scanning the square 
(Figure 3(b)). Before the uniform scanning is 
finished, the laser is turned off to eliminate the 
influence of platform acceleration and deceleration 
on welding quality. The schematic diagram of the 
universal tensile testing machine (KL-WL-2S) used 
for testing the shear joining strength is sketched in 
Figure 3(c). The shear joining strength was the 
critical thrust force which could separate the glass 
from the metal divided by the welding area. Various 
characterization methods, including universal 
tensile testing machine (KL-WL-2S), Keyence 
microscope (Keyence VHX-950F), scanning 
electron microscopy (SEM) and energy dispersive 
spectrometry (EDS) (Apreo 2 SEM) and white light 
interferometer (BRUKER WYKO Contour GT-K) 
were used in this work.

3 Results and discussion

3.1  Optimization of glass-Kovar alloy welding 
process
In order to further simplify the process and 

promote the industrial application of glass-metal 
welding by ultra-fast laser, as shown in Figure 3, the 
soda lime glass and Kovar alloy without optical 
contact are directly welded together by the fs laser 
welding system. This method was investigated to 
overcome the limit of optical contact. The welding 
results are shown in Figure 4(a). A welded region 
with a size of 5 mm×5 mm was formed by square 

Figure 2 Schematic diagram of the optical path of fs laser 
welding system

Figure 3 Welding process and tensile test setup: (a) The 
sample setup; (b) Welding path; (c) Shear tensile test
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welding lines, as shown in Figure 4(b). Cracks are 
not found within the irradiated region. Figure 4(c) 
showed that the width of the welding line was about 
85 μm. The interval between the centers of adjacent 
welding lines is about 200 μm.

The samples after post-joining separation are 
characterized using the Keyence microscope. The 
OM image of the welding seam on the soda lime 
glass surface is shown in Figure 5(a). A larger 
version of the Kovar alloy residuals is given in the 
upper right corner of Figure 5(b). Considerable 
Kovar alloy residuals in a dark color remained on 
the soda lime glass surface after shear-force 
separation as shown in Figure 5(a), revealing that a 
strong bonding strength has formed between glass 
and Kovar alloy for non-optical contact, which 
indicates that a sound joint is formed between soda 
lime glass and Kovar alloy in the irradiated area.

Next, the welding processing without optical 

contact is optimized by varying the laser power, 
welding velocity, and the number of welding.    
Figure 6(a) shows the dependence of shear joining 
strength on laser power. For the energy scaning, the 
welding velocity was fixed at 1 mm/s. With the 
increased in laser power, the shear strength first 
increases and then decreased, and the shear strength 
reached the maximum value (2 MPa) when the laser 
power was 4.5 W. Experimental studies have shown 
that appropriately increasing the peak power density 
of laser irradiation can effectively improve the 
nonlinear absorption efficiency [22− 23]. However, 
it is not advisable to blindly increase the peak power 
just to improve the energy absorption efficiency, 
since the too high peak power density can easily 
cause thermal damages, thermal stress residuals, and 
even micro-nano porous micro-structures in the 
laser action area [24 − 28]. The microstructure of 
weld joints with different laser processing 

Figure 4 Optical microscope images of the samples after 
welding: (a) Soda lime glass and Kovar alloy without 
optical contact are directly welded together by fs laser; 
(b) Top view of the whole weld area (20× magnification); 
(c) Zoom-in of the welding line (200× magnification)

Figure 5 (a) Top view of the welding path (200×
magnification); (b) Amplification of the red region 
(1000× magnification)

Figure 6 Influence of laser power and welding speed on 
the shear strength of joints: (a) Dependence of laser 
power parameters on shear strength; (b) Dependence of 
welding velocity on shear strength
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parameters are shown in Figures 7(a)−(c). With the 
gradual increase of power, the black bonding layer 
formed by fs laser welding will gradually thicken 
and strengthen. However, the high power density 
will affect the absorption of glass and metal, and 
form cracks. It can be explained that the laser power 
for transmission welding reaches above 4.5 W, a 
shock wave is generated at the center of the focus; 
as the power density of the material at the center of 
the weld decreases, the power density of the 
surrounding material increases, a process of forming 
holes, splashing out the molten material, and 
producing cracks. Furthermore, an excessively high 
peak power density will result in the cold ablation 
of the sample interface, which will be detrimental to 
sample welding.

Figure 6(b) shows the shear strength of the 
joint at different welding velocity and a power of 
4.1 W. It could be seen that the shear joining 
strength monotonously decreases with the increase 
of welding velocity in the range of 0.5 mm/s to     
100 mm/s. The laser welding velocity also has an 
important influence on the quality of the joint. 
When the welding velocity exceeds 40 mm/s, the 
shear strength is insufficient to maintain the sample 
together as a whole. When the welding velocity is 
too low, there appears obvious ablation on the upper 
surface of the glass sample, which leads to the 
formation of cracks on the glass. On the contrary, a 
too high welding velocity could result in the base 
metal not being fully melted, hence the failure to 
form a high-quality weld. As shown in Figures 7(d)−

(f), with the gradual increase of welding velocity, 
the escape of plasma will slightly decrease and then 
increase, and the welding strength will gradually 
decrease. When the welding velocity exceeds 80 
mm/s, the welding will fail. It can be seen from the 
figure that the faster the welding velocity, the less 
the splashes.

Heat input will change, depending on the 
number of welding, which will make a difference to 
the welding quality. The term “number of welding” 
refers to the number of repeated processing of the 
welding pattern by the fs laser, which directly 
affects the fs-laser absorbed by the material. 
Welding around only 1 time will occur due to the 
insufficient heat input, the weld is not tightly and 
not firmly connected enough. With the increase in 
the number of welding, the heat input at the same 
position increases, and the material is more tightly 
and firmly welded. The black bonding layer with 
different numbers of welding is shown in Figure 8. 
As shown in Figures 8(a)−(c), when the number of 
welding is 1, 3 and 5, the thickness of the black 
bonding layer is 16 μm, 25 μm, 51 μm, respectively. 
It could be seen that the thickness of the black 
bonding layer increases with the number of welding 
in the range of 1 to 7. As shown in Figure 8(d), 
when the number of welding is 7, serious cracks and 
splashes will occur at the joint. However, too large  
number of welding and too much heat input will 
lead to cracks. Therefore, it is very important to find 
an appropriate number of welding and heat input. 
According to the microstructure of the weld joints 
with different number of welding in Figure 8, for 5 
times of welding, the thickness of the black bonding 
layer is the largest; the plasma escape is the least; 
and the joint strength is the highest.

The experimental results show that the 
maximum shear strength can reach 2 MPa with one 

Figure 8 Microstructure of joints with different numbers 
of welding: (a) 1; (b) 3; (c) 5; (d) 7

Figure 7 Microscopic appearance of welded joints under 
different process parameters: (a) P=4.1 W; (b) P=4.6 W; 
(c) P=5.1 W; (d) V=1 mm/s; (e) V=5 mm/s; (f) V=          
10 mm/s (P is the laser power and V is the welding 
velocity)
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pulse and at the laser power of 4.5 W, the repetition 
frequency of 0.1 MHz, the pulsewidth of 300 fs, and 
the constant welding velocity of 1 mm/s. For 
comparison, the shear strength described in an 
earlier study [19] was found to be 2.29 MPa for 
welding between the glass and polished copper. It is 
believed that we can implement the same order of 
magnitude of strength without polishing metal 
surface.

3.2 Cross-section of glass-Kovar alloy joints
The joint interface morphology of the welded 

samples was observed, in order to analyze the glass 
and Kovar alloy weld joints. Figure 9 shows the 
cross section of weld area observed by optical 
microscope after cutting, polishing and etching with 
hydrofluoric acid. The viewing directions are shown 
in Figure 3(a). The internal gap between the 
materials is obviously eliminated following fs laser 
irradiation, as illustrated in Figure 9(a). High peak 
power causes a series of nonlinear absorptions of 
glass after the fs laser is focused on the interface of 
glass and Kovar alloy. The instantaneous heat 
generated in a relatively closed space is difficult to 

diffuse, resulting in the melting and even 
gasification of materials at the focus region. After 
the molten glass and Kovar alloy are combined with 
each other, a black bonding layer as shown in   
Figure 9(a) is formed. As shown in Figure 9(a), the 
average width of black bonding layer is measured to 
be about 51.81 μm, which would be expected to 
have considerably increased the mechanical strength 
of the joint. Figure 9(b) is the larger version of black 
box area of Figure 9(a). The region marked in red is 
a black reaction layer, as illustrated in Figure 9(b), 
and the weld is generally continuous. When the fs 
laser irradiates the surface of Kovar alloy, micro/
nanometer-sized metal particles are generated in the 
focus region. These particles then quickly melt and 
fuse with the molten glass, forming a black bonding 
interface between the glass and the Kovar alloy. 
These particles perform the role as an adhesive part 
in the welding process. Figure 9(c) is the larger 
version of green box area of Figure 9(a). Without 
the aid of clamp pressure, part of the plasma escape 
during the welding process is inevitable. As soon as 
the plasma diffuses too much to the outside of the 
molten pool, it will lead to a decrease in the 

Figure 9 Cross-section of weld area: (a) Black bonding layer (side view); (b) Conversion zone (amplification of the 
black box area in (a)); (c) Plasma escape zone (amplification of the green box area in (a))
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combination of the molten zone. The region marked 
in green in Figure 9(c) represents the plasma escape 
area. The formation mechanism of the plasma 
escape zone will be analyzed in detail in Section 3.5.

3.3 Elemental diffusion behavior analysis of weld 
joint
The morphology and chemical composition of 

cross-section of the welded sample is characterized. 
Figure 10 shows the cross section of weld area 
observed by SEM after cutting, polishing and 
spraying gold. The viewing directions are shown in 
Figure 3(a). As shown in Figure 10(a), a large 
number of black adherents were observed between 
the interface of glass and Kovar along the scanning 
direction. A small-sized interlock effect may be 
formed, resulting in a strong joining effect. Since 
the fs laser pulsewidth is far less than the thermal 
diffusion time of the material, the heat diffusion is 
negligible during the entire duration of the laser, 
affecting only a small zone, so there are very few 
microcracks during the welding process. As shown 
in Figure 10(b), there are irregular junction line at 
the bonging of glass and Kovar alloy joints, and the 
bonding lines are inlaid structures or transition 
layers formed by reaction. This indicates that the 
materials mixed and diffused during the laser 
irradiation of glass and metal. Next, the elemental 
distribution within the cross section of welding line 
is obtained by surface analysis with EDS as shown 
in Figure 11. As shown in Figure 11(a), the main 
elements in the welding area are Fe, Ni, Co, Si and 
O, with a small amount of Na and Mg. As shown in 
Figures 11(b)− (d), the distribution of O, Si, Fe on 
the surface of the glass-Kovar alloy joint. A 
transition layer can be observed between the 

distribution of Fe element and the distribution of O 
and Si elements in the glass. At the same time, the 
distribution of Fe element exists in the right part of 
the left layer boundary, whereas the O and Si 
elements of the glass exist in the left part of the 
right layer boundary. Elemental diffusion occured at 
the weld interface between the soda lime glass and 
Kovar alloy. This indicates that mixing and 
interdiffusion of materials have occurred during 
laser irradiation. The metallic oxide Fe3O4 on the 
surface of Kovar alloy, namely Fe2

3+Fe2+O4, is a kind 
of spinel structure material, formed by the 
composite of FeO and Fe2O3. TU et al [29] 
introduced that due to the selective absorption of 
glass and Kovar alloy under 1030 nm wavelength 
laser, the laser beam acts directly on the oxide layer 
on the surface of Kovar alloy through the glass, 
leading to the following Reactions (1) and (2). TIE 
et al [30] found that Fe3O4 and Fe2SiO4 have similar 
crystal structures, and the Si atoms can be 
considered to enter the surface of Fe3O4 of Kovar 
alloy and partially replace the Fe2+ ions, leading to 
the formation of Fe2SiO4 with physical and chemical 
changes of the soda lime glass and Kovar alloy. It is 
believed that the mixed material near the interface 
acts as a buffer, which could effectively solve the 
mismatch of thermal expansion and melting points 
between glass and Kovar alloy. This is one of the 
main reasons why glass and Kovar alloy can 
achieve reliable bonding.

2Fe3O4+3SiO2→3Fe2SiO4+O2 (1)

2FeO+SiO2→Fe2SiO4 (2)

3.4 Fracture behavior analysis of welded joints
The fracture morphology of the welded sample 

Figure 10 Morphology of the glass-Kovar alloy welding joints interface: (a) Cross section of welding area observed by 
SEM (side view); (b) Irregular junction line
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joints is observed at a welding velocity of 1 mm/s 

and a laser power of 4.6 W, as shown in Figure 12, 

and the element distribution in each area is analyzed 

by EDS. The SEM diagram of partial fracture of the 

weld is shown in Figure 12(a). It can be seen that 

the glass and Kovar alloy have not fully melted 

together, but formed a thin new transition layer on 

their surfaces, after being welded by the fs laser. 

Figure 11 (a) SEM image of a typical central main weld bead cross-section and corresponding elemental distribution 
maps for (b) O, (c) Si and (d) Fe

Figure 12 SEM images of weld fracture with different fracture degrees (side view): (a) Initial fracture of weld; (b) Weld 
fracture; (c) Amplification electron microscopy of fracture morphology of joint

3430



J. Cent. South Univ. (2022) 29: 3422－3435

The SEM images after the complete fracture of the 
weld are shown in Figure 12(b). After the separation 
of soda lime glass from Kovar alloy, there are still 
particles on the surface of glass and Kovar alloy. 
These micro/nano-sized particles can be considered 
as an adhesive part in the welding process, an 
indication of the high welding quality. As shown in 
Figure 12(c), the fracture morphology of the glass- 
Kovar alloy joints can be divided into three zones A, 
B and C. It can be seen from the SEM images after 
the weld fracture that the fracture in this zone 
occurs in the interface reaction zone between the 
glass and the oxide layer and at the junction 
between the oxide layer and the metal matrix.

3.5 Mechanism of microwelding and formation of 
plasma escape zone
In dissimilar material bonding, where only one 

material is transparent to the incident radiation, the 
fs laser lies in the combination of severely restricted 
thermal zones and the ability to trigger both 
nonlinear absorption in the transparent material and 
linear absorption in the opaque material. As shown 
in Figures 9(a) and (b), this generates a small heated 
zone around the interface forming of high 
temperature plasma in both materials 
simultaneously. As the plasma mixes and cools, a 
sound weld is formed. As seen in Figure 13, when a 
fs laser pulse is focused on glass-Kovar alloy 
interface, it triggers nonlinear absorption in the 
glass, which contributes to the generation of plasma 
in the focal region. ZHANG et al [8] introduced that 

when the fs-laser focus on the interface of two 
materials, the high-energy laser of the focus induces 
multiphoton ionization in glass, the speed of the 
ionizing free electrons increases by absorbing laser 
photon energy, and the electrons collide with other 
atoms, producing avalanche ionization. The 
electron-photon coupling raises the temperature of 
ionized and unionized parts to the melting point of 
the material, thereby completing the weld. As 
shown by the blue arrow in Figure 14, when the fs 
laser is irradiated on the glass, multiphoton 
ionization will occur. In this process, the electron-
lattice coupling can be ignored. Within a few 
femtoseconds, the electrons transfer their energy 
into the crystal lattice, affecting the thermal 
equilibrium in the focal region through expansion, 
melting, phase change, and plasma evolution. 
Following that, local melting occurs at the interface 
between the transparent and opaque materials 
around the focal region, and the molten material 
resolidifies to bond the two materials. Finally, a 
black bonding layer is formed between the glass and 
the Kovar alloy.

As shown in Figure 9(c), the high temperature 
plasma was formed after fs laser irradiation impacts 
the glass material near the focusing zone, and 
sprayed out of the molten pool. Some of these 
plasma sprays were coincidently condensed into 
particles, resulting in the formation of a plasma 
escape zone. As shown in Figure 14, the brown 
arrow indicates the escape of plasma, and the blue 
arrow indicates the generation of multiphoton 

Figure 13 Mechanism of microwelding of fs laser
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ionization. The black arrow indicates the plasma 
transmission in the molten pool, and the green 
sphere indicates the solid particles after melting and 
cooling. The air gap represents the without optical 
contact part. The mechanism of formation of the 
plasma escape zone is explained as follows: During 
the fs laser welding of glass and Kovar alloy, a 
mixture of droplets and gas is ejected from the 
molten pool, forming a particle distribution after 
cooling in the focal area. Since no clamping fixture 
is used in this experiment, partial plasma escape has 
resulted from the welding area. The plasma escape 
zone is formed after high temperature plasma 
impacts the glass material near the focus area. As 
shown in Figure 9(c), the outer surface of the 
irregular plasma escape area, which is extremely 
smooth without pits, is where molten glass flows 
and solidifies. When the liquid flows outward, the 
splashed liquid drops onto the liquid layer and cools 
rapidly, forming a large number of solidified 
particles. Still, many irregular solid particles have 
taken shape with the condensation of vapor-particle 
mixture outside. These solid particles cool and 
condense into a plasma escape zone.

3.6 Welded sample sealing test results
With the laser power of 4.1 W and welding 

speed of 1 mm/s, two sealing test samples were 
welded in the closed form: one was rectangular and 
the other was circular,as shown in Figures 15(a) and 
(b), respectively. Figures 15(c) and (d) are optical 
microscope images of the welding area of 
rectangular seal weld sample and ring seal weld 
sample, respectively. The sealing performance are 
tested by placing the welded samples in a solution 

with a ratio of carbon red ink to water of 1: 1. As 
shown in Figures 15(e) and (f), after 2 h, it was 
observed under the microscope that almost no red 
liquid infiltrated into the sealing zone, and the 
transparency of the non-welding area in the middle 
of the ring is also very good. No change occurs in 
sealing area before and after immersion in water. 
This indicates that two kinds of seal welding shapes 
have good sealing performance. As shown in  
Figure 15(g), after more than 72 h, the sample of 
rectangular seal ring began to infiltrate water into 
the sealing zone from the corner. As shown in 
Figure 15(h), the sample of the circular seal ring 
could still maintain good sealing performance after 
one week in water. CHEN et al [31] established that 
the reason for the poor sealing effect of the 
rectangular seal weld is that more energy is 
deposited, hence greater stress, at its corner under 
the same fs laser welding parameters. Unevenly 

Figure 14 Formation mechanism of plasma escape zone 
(The air gap represents the without-optical contact part)

Figure 15 (a) Rectangular seal weld sample; (b) Ring 
seal weld sample; (c) Optical microscope images of 
rectangular seal weld sample; (d) Optical microscope 
images of ring seal weld sample; (e) Optical microscope 
images of rectangular seal of the sample in water for 2 h; 
(f) Optical microscope images of ring seal of the sample 
in water for 2 h; (g) Optical microscope images of the 
rectangular seal of the sample in water for 72 h; (h) 
Optical microscope images of ring seal of the sample in 
water after one week
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distributed stress on the rectangular seal weld can 
easily lead to fracture of the corner of glass, so its 
samples cannot maintain good sealing effect for a 
long time. However, the samples of the circular 
sealing weld have good consistency and can obtain 
uniform stress distribution on the welding path, 
hence good sealing performance.

As a functional material, Kovar alloy has 
similar expansion coefficient to that of glass over a 
large temperature range (−80 °C−450 °C), ensuring 
the material’s matching sealing. Since Kovar alloy 
and glass have similar coefficient of thermal 
expansion, this may be one of the reasons why a 
clamping is not required. In order to verify that this 
method is also applicable to other materials, glass-
copper, glass-Al6063, and glass-ceramic with large 
differences in coefficient of thermal expansion were 
successfully welded together, as shown in       
Figure 16. This shows that the method is also 
suitable for welding other dissimilar materials.

4 Conclusions

In this paper, direct microwelding of soda lime 
glass and Kovar alloy using a 1030 nm fs laser is 
successfully implemented without optical contact. 
This method overcomes the limitation of optical 
contact and simplifies the welding process. Welded 
samples have been obtained with good sealing 
performance and the shear strength up to 2 MPa. 
The circular seal ring has outperformed the 
rectangular seal ring in the water sealing test. The 
morphology, the formation of plasma escape zone, 
tensile-fracture mode, the elements diffusion of the 
welded joint were studied. The following 
conclusions were drawn:

1) When the fs laser irradiates the surface of 
Kovar alloy, micron/nanometer-sized metal particles 

are generated. These particles perform the role as an 
adhesive part in the welding process.

2) The high temperature plasma was formed 
after fs laser irradiation impacts the glass material 
near the focusing zone, and sprayed out of the 
molten pool. Some of these plasma sprays were 
coincidently condensed into particles, resulting in 
the formation of a plasma escape zone.

3) Elemental diffusion occurred at the weld 
interface between the soda lime glass and Kovar 
alloy, which is an important reason for the formation 
of high-strength welded joints. When the laser 
power for transmission welding was high, the Kovar 
alloy is ablated due to excessive energy input, and 
the glass was cracked, thus reducing the welding 
strength.

4) The technique of fs laser microwelding can 
be applied to other stack ups without surface 
polishing or pressure fixture assistance, such as      
the glass-copper, the glass-Al6063 and sapphire- 
ceramic.

This work proves that the current requirements 
on roughness and cleanliness of the material surface 
could be relaxed. In the future, since the focused 
objective lens used in this work has limited 
scanning speed, it will be interesting to explore the 
effect of the welding speed, also the effects of the 
surface texture, the microstructure of metal and 
glass, and the welding environment, such as 
underwater, vacuum, and different atmospheres on 
the joint strength.
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Figure 16 Welding of glass and other materials:             
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非光学接触状态下玻璃和可伐合金异种材料的飞秒激光微连接

摘要摘要：：飞秒激光由于能有效避免热扩散、热损伤以及防止热应力产生裂纹和溅射物等优点而广泛应用

于微纳米尺度材料连接领域。但目前使用飞秒激光焊接异种材料时，两种材料之间一般需达到光学接

触。为了达到上述要求，通常认为材料表面抛光和压力辅助是必要的。本文使用飞秒激光直接焊接钠

钙玻璃和可伐合金，克服了光学接触的限制。通过改变激光功率、焊接速度和焊接次数来优化焊接工

艺参数。接头的剪切连接强度可到达 2 MPa。利用基恩士显微镜、扫描电子显微镜(SEM)、能谱分析

仪(EDS)分析了玻璃-可伐合金接头的截面、元素扩散行为和接头的断裂行为。结果表明，飞秒激光辐

照金属材料表面后，会在表面产生微纳米级微小颗粒，这种微小颗粒可被认为是焊接过程中的粘合

剂。焊接区硅和氧元素有明显的变化，玻璃表面的元素Si进入可伐合金表面，部分取代了可伐合金表

面的Fe2+，表明在激光照射过程中发生了物质的混合和相互扩散。同时也对飞秒激光焊接玻璃和可伐

合金的过程中等离子体逃逸区的形成机制进行了分析。最后，对焊后样品进行了密封性测试，发现其

具有良好的耐水性和密封性。为了证明这种方法可以应用于其他材料，玻璃-铜，玻璃-Al6063，蓝宝

石-陶瓷也被焊接到一起。这项工作有望简化飞秒激光微焊接工艺，并促进其在工业上的应用。

关键词关键词：：飞秒激光；微连接；玻璃；可伐合金；光学接触
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