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Abstract

Laminated glass has a wide range of applications, but the cutting process is too cumbersome. In this paper, a novel laser
composite separation method was proposed to separate the laminated glass by one time and simplify the cutting process from
five steps to two steps for the first time by skillfully combining laser-induced thermal-crack propagation and laser thermal
melting. This method generated three laser foci, and each laser focus is acting on one layer of laminated glass. Then, the
composite mechanism combining laser-induced thermal-crack propagation for glass layers and laser thermal melting sepa-
ration for PVB layer was realized to separate entire laminated glass. The experiments of separating laminated glass with
thickness of 5+0.38 +5 mm were carried out by laser composite separation successfully, and the separation side wall was
very smooth (roughness of glass layer reached 10.24 nm) without any separation defects such as chipping, micro-cracks or

subsurface damage. A mathematical model was also established to analyze the separation mechanism.

Keywords Laser separation - Laminated glass - Laser-induced thermal-crack propagation - Laser melting - Numerical

simulation

1 Introduction

Laminated glass is usually a sandwich structure composite
material, and the typical structure of laminated glass consti-
tutes two float glass layers combined by a PVB (polyvinyl
butyral) interlayer [1, 2]. As laminated glass combining the
advantages of glass and PVB interlayer, it has the advan-
tages of high strength, no color-fading, fatigue resistance,
weathering resistance, and ease of installation [3, 4]. The
laminated glass has been widely used as the main safety-
protecting materials in construction, auto-industry, marine,
aerospace, and military [5-7].

Until now, most of the studies were focused on the failure
criteria and damage threshold of laminated glass [8—10], the
reinforcement of laminated glass [11, 12], the drilling of
laminated glass [13], and so on. However, there is almost no
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research on the separation of laminated glass. The existing
separating methods of laminated glass are very cumbersome
and time-consuming [14]. For example, to obtain a lami-
nated glass with a specific size, the existing cutting method
is to separate two pieces of float glass layers and PVB inter-
layer by mechanical methods, respectively. Then, the two
pieces of float glass layers and one piece of PVB interlayer
are integrated together under high temperature (temp) or
high pressure. Finally, the edges of laminated glass have
to be subsequently polished to remove the cutting defects
and edge misaligns during the integrated process. In the
whole manufacturing process, each step needs to be com-
pleted mechanically or manually, which not only increases
the manufacturing process, but also consumes much time
and man power [15].

Recently, the mechanism of laser-induced thermal-crack
propagation (LITP) was used to cut the glass materials
[16-18]. This method has been widely used in industrial
glass separation with good quality and high speed, like sepa-
rating mobile glass panels, TV glass panels, float glass, and
so on [19-21]. However, the laser used in LITP has only
one focus, and the range of laser focusing is limited, result-
ing in the LITP technology that could only separate thin
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materials. As a result, when separating the laminated glass,
the LITP could only separate one layer of laminated glass,
and the overall separation of laminated glass could not be
completed, resulting in the failure of separation.

A novel separation method—Ilaser composite separation
(LCS), of laminated glass was presented in this paper for the
first time by skillfully combining the mechanisms of LITP
and laser thermal melting. The LCS employs the multi-focus
separating head to generate three laser foci on the laser opti-
cal axis. By adjusting the parameters of the separating head,
each laser focus had a suitable power distribution and acted
on the middle part of each layer of laminated glass to achieve
overall separation by one time with high quality and did
not need any subsequent processing. In this way, the cut-
ting process of laminated glass can be simplified from five
steps to two steps (Fig. 1), which improves the production
efficiency and eliminates the manufacturing cost. This tech-
nology has already been patented, and the related numbers
are 201610850924X [22] and ZL 201621080887.0 [23].

2 Basic principle of laser composite
separation of laminated glass

The basic principle of laser composite separation of lami-
nated glass is to utilize the multi-focus separating head to
generate three laser foci along the thickness direction of
laminated glass, and each laser focus is focused on the mid-
dle part of each layer of laminated glass, as shown in Fig. 2a.

Laminated glass
Traditional cutting Laser composite

separation
X A 4
Separate Separate | | Separate
one glass one glass PVB Bond glass
layer layer layer
Bond glass
l Overall separation
by one-time
Polishing

l

<Separated laminated glasa

Fig.1 Comparison of the separation processes between traditional
cutting and laser composite separation of laminated glass
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Fig.2 Diagram of LCS cutting laminated glass

For the two glass layers of laminated glass, the heating of
laser foci will cause glass layers to be expanded and the
cooling of materials and environment will make the glass
layers to be contracted. During the expansion and contrac-
tion processes, huge thermal tensile stress will generate and
exceed the tensile stress threshold of glass, thereby form-
ing the penetration cracks on glass layers. When the laser
beam moves, the penetration cracks would expand forward
to accomplish the separation of glass layers. Thus, the glass
layers of laminated glass will be separated by the mechanism
of LITP. For the PVB layer of laminated glass, the heating
of laser focus will generate high temp on the PVB layer,
which will exceed the melting point of PVB to accomplish
the separation. Thus, the PVB layer will be separated by the
laser thermal melting mechanism. Therefore, combining the
separation mechanisms of LITP and laser thermal melting,
LCS could realize the entire separation of laminated glass
by one time. This method not only simplifies the separation
process of laminated glass and improves the separation effi-
ciency, but also achieves a good separation quality of lami-
nated glass, and is beneficial to accomplish the automatic
separation of laminated glass.

3 Experimental material and equipments
3.1 Material

The laminated glass used in this paper is the commercial
laminated glass with size of 200 mm (length) X 100 mm
(width) X 10.38 mm (thickness), and the thickness of lami-
nated glass is 54+0.384+5 mm (5 mm of glass layers and
0.38 mm of PVB layer). In addition, the main physical prop-
erties of laminated glass are shown in Table 1.
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Table 1 Properties of laminated glass

Table 3 Meaning of symbols of multi-focus separating head

Properties PVB layer Glass layers Meaning Symbols
Density (kg/m®) 1100 2480 Diameter of Q,_; fi_3, respectively
Specific heat (J/(kg K)) 1967 836 Thickness of Q,_3 H,_s, respectively
Thermal conductivity (W/(m K)) 0.2 0.8 Diameter of Q,_; D, _3, respectively
Expansion coefficient (x 107 K~1) 260 9.1 Thickness of three layers of laminated glass h,_3, respectively
Poisson’s ratio 0.48 0.23 Distance between Q; and Q, I8
Tensile strength (MPa) 20 30 Distance between Q, and Q; I,
Compressive strength (MPa) NA 630 Distance between Q5 and laminated glass ly
Young’s modulus (Pa) 1.49x10’ 7.4%10'° Diameter of incident laser beam D,
Softening temperature ( °C) 60 720 Distance between formed laser foci and glass top ~ §,_3, respectively
Melting temperature ( °C) 175 NA surface
Burning temperature ( °C) 240 NA
Refractive index 1.488 1.516
The design of the multi-focus separating head requires
reasonable position, and power distributions of laser foci to
Table2 Main parameters of the fiber laser ensure the separating mechanisms could be effective in LCS.
Thus, the ZEMAX software is used to simulate the optical
Parameters Laser path of multi-focus separating head to obtain the suitable
Wavelength (nm) 1070 parameters of the optical system. After a series of simula-
Beam quality (M?) <105 tions, the suitable parameters for multi-focus separating head
Max. power (W) 100 were obtained, as shown in Table 4.
Mode of operation cwW Figure 4 shows the optical paths of the CW fiber laser
Output power stability (%) +05 beam through the designed multi-focus separating head
Beam diameter after expansion (mm) 18 which were simulated by ZEMAX software. The external

3.2 Equipments

The laser used in this paper is a CW fiber laser manufac-
tured by the IPG company (YLS-100), which has a good
beam quality and stable power output. In addition, the laser
parameters are shown in Table 2.

The multi-focus separating head was utilized to produce
three laser foci on the optical axis of laser beam. The multi-
focus separating head used in this paper composed of three
focusing lenses (Q;, Q,, and Q3), as shown in Fig. 3. The
Q, and Qj have the pores with diameters of D, D3 in the
center. Moreover, Table 3 shows the meaning of the other
symbols.

part of laser beam is refracted three times by Q;, Q,, and Q;
to obtain the shortest focal length and form the focus; on the
top glass layer of laminated glass (see Fig. 4a). The middle
part of laser beam is refracted two times by Q, and Q; to
have the middle focal length and form the focus, on the PVB
layer of laminated glass (see Fig. 4b). At the same time, the
left part of laser beam is refracted one time by Q; to have
the longest focal length and form the focus; on bottom glass
layer of laminated glass (see Fig. 4c).

The properties of formed laser foci were calculated
through the ZEMAX software [20]. In addition, Table 5
shows the acquired parameters of laser foci (position S;,
power percentage #;, waist diameter w;, divergence half-
angles 6,).

Fig.3 Diagram of multi-focus Laminated
separating head Focus lens; Focus lens, Focus lenss [ 1, || n, |< glass
[ /2 D] D] f L
Obtical J1\ Incident 3 H Focus,
gxis laser Pore, ~  Pore; Focus;
< Dy SN D /FOCUS3
p p3 N\ L 4
*% >
Sily
Sy
S3
11 12 - l[]
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Table 4 Parameters of multi-focus separating head (Unit mm)

D, D, D, D, h b
Parameter 18 25.4 254 254 75 300

g H, H, H; Dy, Dy
Parameter 125 4.1 2.6 3.3 4.6 2

l b ly hy hy hy
Parameter 40.6 9 12.2 5 0.38 5

Fig.4 Sequential ray tracing
models of laser foci. a Focus;. b
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Table 5 Parameters of laser foci
Parameters Focus, Focus, Focus;
S; (mm) 2.5 5.2 7.8
7 36.64% 11.97% 40.38%
w; (pm) 3.409 3.694 4.260
o 0.064<0<0.077 0.049<60<0.063 0<6<0.042

1

The results by the ZEMAX software indicate that three
effective laser foci were generated by the multi-focus
separating head, and each laser focus acts on one layer of
laminated glass, which is the first step to accomplish the

separation.

@ Springer

4 Experiments and results

4.1 Processing methods

The experimental platform of LCS was established by the
parameters in Tables 1, 2, 3, as shown in Fig. 5. The CW
fiber laser was utilized to generate three laser foci through
the multi-focus separation head, which were located in the
middle part of each layer of laminated glass, respectively.
The laminated glass was placed on the 2D moving platform
and could be 2D moved on X-Y direction. The control sys-
tem was used to control the power P as well as the moving
speed V of the laser. After the laser was emitted, the platform
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Fig.5 Established experimental platform

was controlled to move relatively to the laser beam, which
made the laser foci acted on the middle part of each layer of
laminated glass. After the laser was emitted to the laminated
glass, the penetration cracks would be formed on glass layers
and expanded forward to trail the laser about 1 mm. Fol-
lowing the movement of laminated glass, penetration cracks
expanded forward to complete the cutting of glass layers.
Meanwhile, the PVB layer is melted by the laser focus, mak-
ing the laminated glass separate by LCS by one time. After
the experiments, utilize the optical microscopy (Nikon Epi-
phot 300) and the scanning electron microscopy (Quanta 3D
FEG: SEM/FIB Microscope) to explore the characteristics
of separated surfaces and separation side wall. Moreover,
the surface morphologies of the separation side wall were
examined by a 3D surface profilometer (Veeco Dektak 150)
to acquire the roughness.

4.2 Experiments results

When P=80 W and V=700 pum/s, laminated glass
(5+0.38+5 mm) was separated by LCS successfully. Photo-
micrographs of front and behind surfaces of laminated glass
are shown in Fig. 6. It could be observed that the smooth,
clean separation quality was obtained on the front and
behind surfaces of laminated glass. In addition, no cutting
defects exist, like edge breakage, micro-crack or subsurface
damage. Moreover, the very narrow separated kerfs of 68 pm
and 61 pm were obtained on the front and behind surfaces of
laminated glass, which can be seen in Fig. 6a, b.

Figure 7 shows the morphologies of separation side wall
surface of laminated glass (P=80 W, V=700 pm/s). The
three layers of laminated glass (top glass layer, PVB layer

68 pm
—

61 pm
—_—

50 pm
= |

Fig.6 Photomicrographs of kerfs on the front and behind surfaces of
laminated glass separated by LCS. a Front surface. b Behind surface

and bottom glass layer) were separated neatly, as shown in
Fig. 7a. The entire separation side wall is very smooth and
clean without any contamination. The optical photomicro-
graphs on the upper and lower ends of separated surface
show that the separated edges are very straight and smooth
with no ripples, micro-cracks, subsurface damage or other
separation defects (see Fig. 7b, c).

Figure 8 shows the observation results with higher mag-
nification of the separation side wall of laminated glass by
SEM. Even be enlarged of 2000x and 4000X, the separated
surfaces of glass layers are still smooth without any defects
(like ripple or contaminations), indicating the ultra-smooth
surfaces were acquired by LCS on glass layers (see Fig. 8a,
b). The PVB layer was also observed by the SEM clearly,
as shown in Fig. 8c. The PVB layer was separated by LCS
neatly and remained obvious vestiges of laser thermal melt-
ing, which was coincident with the assumption in Sect. 2,
as shown in Fig. 8d. The junctions between glass layers and
PVB layer are very straight and smooth, and there are no
ripples, micro-cracks, subsurface damage, pollution or other
separation defects on the glass layers, indicating the melting
of PVB layer has little effect on the separation of glass layers
of laminated glass, as shown in Fig. 8c. The results of optical
microscopy and SEM indicate an excellent separation qual-
ity was obtained on the separation edges of laminated glass.

Moreover, Fig. 9 shows the undulation of separation sur-
face by the 3D surface profilometer. The measuring results
show that the fluctuations of the two glass layers are very lit-
tle (only dozens of nanometers), and the roughness of the top
and bottom glass layers (position A and position C in Fig. 8a,
respectively) is (R, =10.24 nm, Rp =55.65 nm, R,=6.66 nm,
R;x=104.64 nm) and (R,=11.21 nm, R,=72.72 nm,
R,=42.57 nm, R_,,, = 102.87 nm), respectively, as shown in

max
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(b)

Fig. 7 Separation side wall of laminated glass. a Overall view of separation side wall. b Optical photomicrograph of upper end of separated sur-

face. ¢ Optical photomicrograph of lower end of separated surface

Fig. 9a, b. The measuring results indicate that the separa-
tion side walls of two glass layers are extremely smooth,
which are coincident with the results of photomicrographs
in Figs. 7, 8. Moreover, the measuring results of PVB layer
(position C in Fig. 8a) indicate that the laser thermal melt-
ing of PVB layer produced some fluctuations on PVB layer.
The maximum fluctuation of PVB layer is only about 50 pm,
which is good enough for PVB materials to be applied in
practical industries, as shown in Fig. 9c.

The detecting results demonstrate that an excellent sepa-
ration quality of laminated glass could be obtained by LCS,
and the separated laminated glass could be used in industrial
applications directly without any subsequent process.

In contrast, the conventional mechanical separation meth-
ods have poor separation quality on separation side wall with
cracks, underground damages as well as obvious tear marks,
as shown in Fig. 10a. The enlarged optical photomicrograph
of the separation side walls shows the poor separation qual-
ity clearly, and the roughness (R,) of the laminated glass
separated by traditional mechanical method was 34.03 pm,
as shown in Fig. 10b. Therefore, in terms of separation
quality, the LCS of laminated glass has great advantages.
Moreover, the LCS simplifies the separation process greatly
compared to the conventional mechanical separating method

@ Springer

of laminated glass. Thus, it could be said that the LCS of
laminated glass has great advantages than the conventional
mechanical separating methods.

In addition, when cutting laminated glass with more lay-
ers, such as military bullet-proof laminated glass with five
layers, the optical path should be adjusted by increasing the
quantity of the focusing lenses (like Q,4, Qs, and so on) in
multi-focus separating head, thereby adding the quantity of
laser foci, and completing the separation of laminated glass
with more layers.

Moreover, the LCS has versatile field of manufacturing
the composite materials with similar structures, such as solar
panels and liquid crystal display panels, which will be stud-
ied in our subsequent researches. Thus, the LCS has great
practical application prospects and scientific value.

5 Numerical simulation and discussion

Since the separation mechanism of LCS was LITP and laser
thermal melting, distributions of temp and thermal stress in
laminated glass in the cutting process are very important to
accomplish the separation. In this section, the finite element
analysis method was employed to analyze the distributions
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Top glass layer
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20pm EHT = 15.00 kV

Bottom glass layer

EHT = 15.00 kV
WD = 9.30 mm
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Mag= 200KX

Signal A= SE1
WD =9.19 mm Mag= 500X

Fig. 8 Morphologies of separation side wall by SEM. a Morphology of top glass layer. b Morphology of bottom glass layer. ¢ Morphology of

PVB layer. d Enlarged morphology of PVB layer

of temp and thermal stress in laminated glass to have a com-
prehensive understanding of the separation mechanism of
LCS with ANSYS software.

5.1 Mathematical model

The mathematical model of laser foci in LCS is estab-
lished based on the designed multi-focus separating head
(Sect. 3.2). And the meaning of the symbols in the math-
ematical model is listed in Table 6.

The zero point of Z-axis is set on the front surface of lam-
inated glass. On front surface of laminated glass, the distri-
butions of the amplitude of laser beam i could be described
by the following formula.

E(x,y,z,1) = e “oe SO . i=1,23
w(z)

ey

where
r=x2+ -V}
Tw?
=2 @)
k=2
o

The diffraction integral of laser spot pattern on laminated
glass front surface would produce laser focus; inside the lam-
inated glass. As a result, the amplitude distribution inside the
laminated glass could be described by the following formula.
(To simplify the calculation, the optical properties of PVB
layer are considered to be same with the optical properties
of glass layers.)

1 oE ikn's 0 ikn's
aunen = [ [5(5) -2 (5 o

3
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Fig.9 3D surface measuring results of different positions on separation side wall. a Position A. b Position B. ¢ Position C

Fig. 10 Separation morpholo-
gies of traditional mechanical
separating methods of laminated
glass. a Overall view. b Optical
photomicrograph
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Table 6 Meaning of symbols in

. Meaning Symbols
mathematical model
Laser spot pattern on front surface of laminated glass b))
Normal vector of laminated glass front surface 2
Vector from integral point to (x, y, z) point 3
Refractive index of laminated glass n
Density of glass layers Pe
Density of PVB layer Pp
Specific heat of glass layers G,
Specific heat of PVB layer Cp
Temp of laminated glass T
Thermal conductivity of glass layers kg
Thermal conductivity of PVB layer kp
Convection coefficient between laminated glass and air h, (125W m? K™
Temp of surrounding environment T, (25°C)
Laser light intensity distribution of focus; I(x,y, 2,0
Divergence half-angle of laser beam at point (x, y, z) 0, (z)
Absorption rate of glass layers of 1070 nm wavelength laser Mo
Absorption rate of PVB layer of 1070 nm wavelength laser n
As a result, laser light intensity distributions of focus;
(Ii(x, y, z, 1)) in the laminated glass could be described by 0,C 9Tx.y.2) =k <62_T + il + 02_T) + Q,(x,y,2,1),
the following formula. RO N oty o
(=123, 0<z<5mmé&5.38mm < z< 10.38 mm);
Iix,y,2.0 = Ef @ IT(x,y,2) PT  O°T | &°T
J pPCPT = kP(E + 2y + 0_21) +Qi(x%,y, 2, 1),

At the same time, on laminated glass front surface, the
laser beams’ divergence half-angle ranges were utilized to
calculate the spot pattern.

_ @;(2)
0,(z) = arctan <—abs(z—s,.)

0.064 < 6,(z) < 0.077
0.049 < 6,(z) < 0.063
0 < 05(z) < 0.042

), i=1.2.73

®

Moreover, each laser focus; could produce a heat intensity
distribution Q; inside the laminated glass, which could be
described by the following formula.

Q,(x,y, 2 1) = ==L, i=1,3 ;
Oxy.t)=—Shem, i=2 ©)
The heat source functions of the three laser foci beams
inside the laminated glass could be calculated by Formulas
(1)—(6).
The 3D heat conduction equations were utilized to
describe the thermal spread process of the laminated glass.

(i=1,2,3,5mm < z < 5.38 mm);
T(x,y,z,0) = 298.15;

oT
—k—|y =h (T -T,);
on > o( dlr)

(N
The finite element analysis was carried out by the ANSYS
software. In the simulation process, we selected element
SOLID 5 to do the thermal analysis and element SOLID
226 to do the thermal stress analysis. Moreover, the adhesive
force was simulated by contact element pairs TARGE 170
and 174 with thermal conductivity of 20%. In the simula-
tion process, the laminated glass was glued as a whole. The
maximum normal stress theory was used to simulate the
glass tensile failure and the emergence of the cracks. When
the thermal tensile stress generated by the laser foci in glass
layers was greater than the tensile stress threshold of glass
materials, the cracks would emerge and the corresponding
finite elements would be deleted.
The established simulation model is shown in Fig. 11. The
laser acting regions are fine-meshed, and the surrounding
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Fig. 11 Established finite element model. a Overall view. b Sectional
view. ¢ Enlarged view of the mesh of PVB layer and glass layers

Crack-initial-edge
of LG

regions are thick-meshed, which is connected via free tet,
as shown in Fig. 13a, b. The PVB layer of laminated glass
was meshed by free tet, and the laser acting regions of glass
layers were meshed by hex. In addition, the meshing size of
laser acting regions is 20 x40 100 pm (see Fig. 13c). This
modeling method could guarantee the simulation accuracy
and reduce the calculation time.

5.2 Simulation results

The process of LCS cutting laminated glass was simulated
(P=80 W, V=700 pm/s, and see Tables 1, 2, 3, 4, 5 for other
parameters). The temp and thermal stress distributions at
different moments are shown in Figs. 12, 13.

When t=0.4 s, the laser beam enters the
crack-—nitial-edge of laminated glass and heats the three
layers of laminated glass simultaneously. As a result, three
red dot-like high temp regions formed on the laminated glass
thickness direction, as shown in Fig. 12a. For the two glass
layers of laminated glass, the top and bottom glass layers
are heated by the two laser foci, respectively, resulting in an
increase in temp. This high temp could not cause damages to
the glass layers as the highest temp generated (about 130 °C)
is inferior to glass softening temp (720 °C), which can be
seen in Fig. 12b. On X-direction of two glass layers, the

@ Springer

increase in temp makes the glass layers thermal expansion,
but they were restricted by the surrounding materials, thus
generating a huge thermal compressive stress, which can be
seen in Fig. 12c. This thermal compressive stress could not
cause damages to the glass layers as the biggest stress gener-
ated (about 36 MPa) is inferior to glass compressive stress
threshold (630 MPa), which can be seen in Fig. 12d. And
for the PVB layer of laminated glass, the temp on the PVB
layer was about 210 °C, which is higher than the melting
temp of PVB material (175 °C) and lower than the burning
temp of PVB material (240 °C), resulting in the PVB layer
being separated by the laser thermal melting, as shown in
Fig. 12a, b. Thus, the PVB layer was separated directed by
the high temp at the beginning of separation.

After a period of time and when t=1.9 s, fiber laser
moves ahead about 0.7 mm, and the high temp regions
move ahead accompanying the laser beam synchronously,
as shown in Fig. 13a. For the two glass layers of laminated
glass, with the leave of laser beam and the heat exchanges
between materials and environment, the temp of crack—ini-
tial-edge drops, as shown in Fig. 13b. On the X-direction
of two glass layers, the drop of temp changing the thermal
expansion phenomenon as contraction phenomenon, which
leads to the thermal compressive stress, is also transformed
to thermal tensile stress (see Fig. 13c). This tensile stress is
higher than glass tensile stress threshold (29 MPa), which
can be seen in Fig. 13d. In consequence, the penetration
cracks would be generated on two glass layers of laminated
glass along thickness direction. With the movement of
the laser beam, the penetration cracks will expand ahead
along the path of laser beam until the two glass layers are
cut entirely, as shown in Fig. 14. As PVB layer of lami-
nated glass has been separated by the laser thermal melting
already, the three layers of laminated glass would be sepa-
rated by the LCS technology by one time.

Therefore, the simulation results indicated that the LCS
technology generated three effective laser foci and separated
the three layers of laminated glass, respectively, by two
mechanisms (LITP and laser thermal melting, respectively)
to separate the laminated glass by one time. These simula-
tion results were coincident with the results of experiments
(Sect. 4) and proved the feasibility of LCS, further.

6 Conclusion

In this study, a novel method—Ilaser composite separation,
was proposed to separate the laminated glass by one time
for the first time in this paper. Through a series of practical
experiments and mathematical simulations, it was proved
that the two glass layers and one PVB layer of laminated
glass were separated by two different mechanisms—Ilaser-
induced thermal-crack propagation and laser thermal melting
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Fig. 12 Distributions of temp and thermal stress of laminated glass
separated by LCS when t=0.4 s. a Temp distribution of separation
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to complete the one-time overall separation of laminated
glass, respectively. This technology has greatly improved
the production efficiency of laminated glass by simplify-
ing the manufacturing process from five steps (traditional
cutting method) to only two steps. Thereby, the laser com-
posite separation reduced the production cost of laminated
glass and improved the production efficiency to expand the
application ranges of laminated glass. At the same time, the
laminated glass separated by laser composite separation has
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a good separation quality without any cutting defects, and
the surface roughness of the separation side wall of glass
layer of laminated glass reached 10.24 nm, indicating the
separated laminated glass could be applied to industrial
applications without any subsequent processes. Moreover,
the mathematical analysis by the finite element simulation
was coincident with the practical experiments, which proved
the feasibility of the laser composite separation, further.
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