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Abstract: Laser-induced thermal crack propagation (LITP) is a high-quality and efficient processing
method that has been widely used in fields such as glass cutting. However, the problem of trajectory
deviation often arises in actual cutting operations, especially in asymmetric cutting. To address
this issue, a low-temperature gas cooling trajectory deviation correction technique was proposed
in this study. This technique modifies the temperature and stress distribution by spraying low-
temperature gas onto the processing surface and maintaining a relative position with the laser,
thereby correcting the trajectory deviation. The finite element simulation software ABAQUS was
employed to numerically simulate the dynamic propagation of temperature fields, thermal stress, and
cracks in the asymmetric linear cutting and circular cutting of soda-lime glass with the proposed low-
temperature gas cooling trajectory deviation correction technique, and the correction mechanism was
elucidated. In the simulation results, the optimal relative distance (∆X) between the low-temperature
gas and scanning laser was obtained by analyzing the transverse tensile stress. Based on the analysis
of the experimental and numerical simulation results, it is concluded that the cryogenic gas cooling
technique can effectively correct the trajectory deviation phenomenon of asymmetric linear cutting of
soda lime glass by LITP.

Keywords: low-temperature gas cooling technology; laser-induced thermal crack propagation (LITP);
soda-lime glass; track correction

1. Introduction

As a brittle material, glass has been widely utilized in various electronic device screens
due to its high transparency, high mechanical strength, uniform texture, smooth surface,
and corrosion resistance. With the popularity of smartphones, handheld devices, and tablet
computers, the demand for high-quality, high-efficiency, and high-strength glass cutting
has been increasing, which has become an important technological challenge in the glass
manufacturing industry [1–4].

At present, the conventional mechanical cutting method is widely employed to cut
glass, which involves the use of hard metal tools and physical contact force between them
and the glass [5]. C.T. Pan et al. [6] proposed that the size of the median crack increases with
the increase of cutting depth and cutting pressure, but an appropriate size of the median
crack can eliminate edge chipping and obtain a smooth separation surface. M. Zhou
et al. [7] demonstrated that adding ultrasonic vibration to diamond cutting during glass
cutting can effectively reduce tool wear and improve the surface finish, which has been
verified by experiments. Although this contact scratching method often generates many
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microcracks and small chippings on the cutting edge, these microcracks may propagate
under continuous forces in the subsequent processing, leading to a rapid decrease in the
number of products.

Therefore, traditional mechanical cutting methods are gradually being replaced by non-
traditional cutting methods [8–10]. Finding a suitable cutting technology with high quality
and efficiency has become an urgent issue [11,12]. Laser-induced thermal crack propagation
(LITP) is a non-traditional and competitive glass processing method with features of non-
contact, high-quality, high-efficiency, and high-strength processing [13]. Lumley [14]
proposed LITP for cutting brittle materials. Laser-induced thermal crack propagation
involves a laser instead of a tool in a non-contact form. The cut section is smooth, clean,
and straight, free of contamination and defects, and extremely strong. The material only
undergoes separation but is not removed during the crack propagation process, which not
only avoids material damage but also greatly improves the material utilization efficiency.
Therefore, laser-induced thermal crack propagation is widely recognized as the method
with the highest cross-section quality for glass cutting [15,16].

H.S. Kang et al. conducted a study on laser-induced thermal crack propagation for
liquid crystal displays (LCDs), plasma displays (PDPs), and flat panel displays (FPDs).
The results showed that the uneven distribution of the liquid after being sprayed onto the
glass surface resulted in poorer edge quality when using liquid cooling for glass cutting
compared to gas cooling [17]. C.H. Tsai et al. [18] used a diamond tool to scribe and scanned
along the scribe with a continuous CO2 laser. They found that the uncertainty of the size
and direction of cracks at the bottom of the scribe resulted in the separated surface after
processing not being perpendicular to the surface of the flat glass. Salman Nisar et al. [19]
conducted a study on symmetrically cutting glass using diode laser-induced thermal crack
propagation. The results showed that there was a serious trajectory deviation phenomenon
at the entry and exit points of the material. During the stable cutting stage, the crack could
extend along the trajectory of the laser movement.

However, asymmetric linear cutting (where the cut line does not coincide with the
material centerline, including asymmetric straight lines and circular curves) is more com-
mon in practical processing. The asymmetry of the material on both sides of the scan
line causes the stress distribution asymmetry and the location of the shear minimum does
not appear on the scan line, causing the crack trajectory to be shifted; while the trajectory
shifting mechanism of circular curve cutting also includes the effect of the asymmetry
of the temperature field distribution and the hysteresis of crack expansion, causing the
crack trajectory to be shifted. C.Y. Zhao et al. [20] proposed a dual-beam laser trajectory
offset correction technique that can effectively correct the trajectory offset phenomenon
that occurs when cutting asymmetric glass by laser-induced thermal crack propagation.
However, this technique increases the complexity and cost of the equipment and raises
the maximum temperature of the material during the cutting process, which may lead
to defects in the material separation surface. In addition, the technique is better for the
correction of asymmetric straight lines but is less effective for the correction of trajectory
offsets with small cutting arc radii.

In this study, a cryogenic gas cooling trajectory deviation correction technique is
proposed to solve the trajectory deviation problem in asymmetric cutting. The technique
involves directing the cryogenic gas to the side where the temperature gradient needs to be
increased in order to change the temperature and stress distribution. Numerical simula-
tions were performed to investigate the temperature field, thermal stresses, and dynamic
crack expansion during the correction of a cryogenic gas cooling trajectory deviation for
the asymmetric linear cutting of glass. The optimal relative distance (∆X) between the
cryogenic gas and the scanning laser was obtained by combining the experimental results
and simulation data. The correction mechanism of the cryogenic gas cooling trajectory
deviation correction technique is further explained.



Processes 2023, 11, 1493 3 of 16

2. Theoretical and Simulation Models

The principle of the low-temperature gas cooling trajectory deviation correction tech-
nique is to direct low-temperature gas towards the side that requires an increase in the
temperature gradient to form a larger temperature gradient and reduce asymmetric stress,
thereby reducing the trajectory deviation. As the gas jet generates a significant amount of
pressure, the same arrangement strategy is employed to symmetrically place the nozzle
on the upper and lower sides of the specimen to shield the effect of the jet pressure on
processing, ensuring that the pressure on both sides of the material is consistent during
jetting (as shown in Figure 1).
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Figure 1. Low-temperature gas cooled revising the trajectory deviation technology. (a) Asymmetric
line. (b) Circular arc curve.

Upon the laser entering the scanning area, the material temperature rapidly drops,
leading to material shrinkage and tensile stress. In the case of laser scanning on asymmetric
glass, the asymmetric thermal stress can cause a trajectory deviation. Therefore, low-
temperature gas jetting to the side that requires an increased temperature gradient can
improve the symmetry of the cutting process and reduce the trajectory deviation. For
asymmetric linear cutting, low-temperature gas jetting should be applied to the side with
less material to correct the trajectory. For circular arc cutting, low-temperature gas jetting
should be applied to the side that requires an increased temperature gradient on the inner
side of the arc to correct the trajectory.

The absorption mode of sodium–calcium flat glass for a continuous semiconductor
laser with a wavelength of 1064 nm is in the bulk absorption mode, as shown in Figure 2.
The expression for the planar Gaussian distribution cone divergent bulk absorption heat
source with uniform linear motion can be represented by Equation (1) [21,22].

qG(x, y, z) =
2(1− RG)·α·P0

π[rG + (HG − z)tanθ/2]
2 ·e
−α·(HG−z)·e

−2 (x−x0−vt)2−(y−y0)
2

[rG+(HG−z)tanθ/2 ]
2

(1)
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where x0, y0 are the position coordinates of the scanning start beam center; qG is the heat
flux function of the heat source in the glass; RG is the reflectance of the 1064 nm laser
incident on the air–glass interface; P0 is the laser power; HG is the thickness of the glass
layer; rG is the spot radius of the laser beam at the outer surface of the glass layer; θ is the
divergence angle of the laser beam; and v is the scanning speed.
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Figure 2. The schematic of the laser irradiates the glass–silicon double layer wafer.

For isotropic and homogeneous materials, the temperature field T(x,y,z,T) is obtained
using a transient solver program controlled by the heat diffusion in Equations (2)–(4) based
on the conservation of energy and Fourier’s law in the Cartesian coordinate system.

k
(

∂2T
∂2x

+
∂2T
∂2y

+
∂2T
∂2z

)
+ Q = ρC·∂T

∂t
(2)

T(x, y, z, 0) = 20 ◦C (3)

−k
(

∂t

∂n

)
W

= h(tW − t f ) (4)

where k, Q, ρ are the thermal conductivity, heat generated per unit volume of laser irradia-
tion and the specific heat. It is assumed that the initial temperature of the glass is at room
temperature of 20 ◦C, W is the thermal convection surface between the outside air and the
glass, and h is the glass, the convection coefficient between the outside air and the glass.

To investigate the effect of low-temperature gas cooling on trajectory correction, the
flow field distribution of the gas jet injected onto a flat plate was simulated using the
FLUENT simulation software. The numerical solution of the heat transfer coefficient
distribution on the flat plate was obtained through the simulation, and an approximate
analytical solution for the heat transfer coefficient distribution was obtained by fitting the
numerical solution using MATLAB.

During the FLUENT simulation process, the RNG k-εmodel was used to investigate
the impinging flow of a single circular jet [23–25]. The nozzle was perpendicular to the
material surface, and the model and mesh division is shown in Figure 3, where H/D = 10.
The boundary condition was Re = 14,000, the indoor temperature was T = 300 K, the solid
wall was a non-slip boundary, and the injection method was a fixed-point injection. The
heat transfer coefficient distribution cloud map on the solid wall was extracted (as shown
in Figure 4), and the heat transfer coefficient on the centerline was obtained and curve-
fitted using MATLAB (as shown in Figure 5). The R-square value after fitting was 0.951,
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indicating that a good fitting curve can be obtained through Gaussian fitting. The final
analytical solution for the fitted curve is Equation (5).

H = 443.4exp
(
− x2

0.001452

)
(5)
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By injecting cryogenic gas, the local convective heat transfer coefficient can be in-
creased and the local temperature of the material can be reduced, thus changing the
distribution of the temperature field. Using the approximate analytical solution of the heat
transfer coefficient distribution obtained above, it is introduced into the ABAQUS user
subroutine for solving the analytical model of the temperature field and studying the effect
of the relative position between the center position of the jet and the center position of the
laser spot on the temperature field distribution.

The sequential coupled thermoelastic and extended finite element method (XFEM) analysis
was conducted using the ABAQUS software, with a modeled size of 30 mm× 15 mm× 2 mm.
The mesh and initial crack state (200 µm) of the specimen are illustrated in Figure 6. The total
number of elements used was 63,720.
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Figure 6. Mesh of the specimen and the initial crack state. (a) Mesh of the specimen; (b) initial
crack state.

In asymmetric cutting, both the crack extension direction and the crack plane may be
deflected, and these two types of deflection (as shown in Figure 7) are tilt type and twist
type, respectively. The tilt type means that the crack plane is rotated around the Oz axis by
θ (tilt angle), and the rotation of the crack face in the θ direction is achieved by continuous
adjustment of the crack leading edge; the twist type means that the crack plane is rotated
around the Ox axis by φ (twist angle), and the rotation of the crack face in the φ direction
is achieved by “step” splitting of the crack leading edge. The main type of deflection is
tilted, and it is the transverse shear stress that affects the direction of crack expansion in
asymmetric cuts.

σy′y′ = σθθ
I + σθθ

I I = [KI/(2πr)1/2] fθθ
I + [KI I/(2πr)1/2] fθθ

I I = KI
′(θ)/(2πr)1/2

τx′y′ = σrθ
I + σrθ

I I = [KI/(2πr)1/2] frθ
I + [KI I/(2πr)1/2] frθ

I I = KI I
′(θ)/(2πr)1/2

τx′z′ = 0

 (6)

σy′y′ = σφφ
I + σφφ

I I I = [KI/(2πr)1/2]gφφ
I = KI

′(φ)/(2πr)1/2

τx′y′ = 0
τx′z′ = τz′φ

I + τz′φ
I I I = [KI I I/(2πr)1/2]gz′φ

I I I = KI I I
′(φ)/(2πr)1/2

 (7)
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3. Experimental Steps

In the trajectory offset correction technique with cryogenic gas cooling, the schematic
diagram of the trajectory correction system is shown in Figure 8. The equipment used in
this study is a fiber-coupled 300 W continuous-wave, diode-pumped, solid-state laser with
a wavelength of 1064 nm, and the specifications of the main lasers used in the experiment
are shown in Table 1. The gas pump (The gas flow rate is 5 L/min) is placed in a space
with an ambient temperature of −20 ◦C. The gas was fed through a tee and a gas guide
tube, which was fixed to the machine through a snakeskin tube, and the relative positions
of the laser and the jet were adjusted by an XY trimmer table. To ensure that the two lasers
irradiate vertically onto the material surface, the two lasers are arranged on either side of
the material. The material is placed above the focal point and the distance to the focusing
lens is varied to obtain the desired laser beam size on the material surface.
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Table 1. The main parameters of the laser used in the experiment.

Laser beam wavelength (nm) 1064
Range of output power (W) 0–300

Launch angle (mrad) ≤10
Beam mode TEM00

Output mode Continuous
Output power stability (RMS) ≤2%
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The specimens used were soda-lime flat glass with a sample size of 30× 15× 2 mm3.
The physical properties are shown in Table 2. An initial crack of more than 200 µm was
prefabricated on the edge of the glass sample with a diamond wire saw. The best cutting
quality was achieved at this time when the laser scanning trajectory was at a distance
∆L = 5 mm from the nearest edge of the specimen, and the processing parameters were
laser power P = 30 W, scanning speed V = 4 mm/s, and spot diameter D = 2 mm,
while in the circular curve cutting process, the specimen size was 20× 15× 2 mm3 and the
cutting arc radius R = 10 mm, and the processing parameters were laser power P = 30 W,
scanning speed V = 3 mm/s, and spot diameter D = 3 mm.

Table 2. Physical properties of soda-lime glass.

Density D
(
kg/m3) 2480

Thermal Conductivity λ (W/m·◦C) 0.8
Specific Heat C (J/kg·◦C) 836

Poisson’s Ratio ξ 0.23
Young’s Modulus (GPa) 74

Expansion coefficient α
(
10−6/◦C

)
9.1

Fracture toughness
(

MPa m1/2
)

30

4. Results

Figure 9 shows the temperature field distribution during asymmetric cutting. When
the relative distance between the laser spot and the jet center is ∆XCL = ∆XCY = 0.7 mm, the
temperature distribution of the low-temperature gas-cooling trajectory correction technique
is shown in Figure 10. It can be observed that introducing low-temperature gas on the right
side of the scanning line during the trajectory correction process of the asymmetric straight
cutting path using low-temperature gas cooling reduces the temperature in that area, and
the highest temperature of the specimen is lower than that without correction. The same
effect is achieved when introducing low-temperature gas on the inner side of the scanning
line for trajectory correction during circular arc cutting with low-temperature gas cooling.
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Figure 11a shows the influence of the relative distance ∆XCL between the laser spot
center and the jet center on the temperature distribution perpendicular to the scanning
direction at the crack front during the process of correcting the asymmetric straight cutting
path using low-temperature gas cooling when the laser is scanned to 10 mm. It can be
observed that the highest material temperature always appears on the laser scanning line,
and as ∆XCL increases, the highest temperature gradually increases, and the temperature
gradient on the left side of the scanning line changes less than that on the right side.
However, when ∆XCL further increases to 1 mm, the rate of change of temperature gradient
on both sides of the scanning line decreases compared to that when ∆XCL = 0.7 mm, and the
symmetry of the temperature distribution increases. Figure 11b shows the influence of the
relative distance ∆XCY between the laser spot center and the jet center on the temperature
distribution perpendicular to the scanning direction at the crack front during the process
of correcting the circular arc cutting path using low-temperature gas cooling when the
laser scanning time is T = 3.2 s. It can be observed that as ∆XCY increases, the temperature
gradient on the inner side (center of the circle side) of the scanning line is significantly larger
than that on the outer side (away from the center side of the circle), and when ∆XCY = 1 mm,
the position of the highest temperature deviates to the outside of the scanning line, causing
a change in the direction of the temperature gradient on the outer side of the scanning line.
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The temperature field obtained from the low-temperature gas cooling trajectory correc-
tion technique described above is loaded into an extended finite element model to obtain
the corresponding stress field distribution and crack propagation status. Figure 12 shows
the stress field distribution of asymmetric cutting. Figure 13 shows the stress field distribu-



Processes 2023, 11, 1493 10 of 16

tion during crack propagation when the relative distance between the laser spot center and
the jet center is ∆XCL = ∆XCY = 0.7 mm. Compared with the stress field distribution before
correction, low-temperature gas cooling increases the symmetry of the cutting process, and
the compressive stress distribution on both sides of the crack is more symmetrical during
the stable propagation stage.
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Figure 14 shows the simulation results of the crack trajectory offset after low-temperature
gas cooling trajectory correction. It can be seen that the crack propagation trajectory almost
overlaps with the separated laser scanning trajectory, but in the initial stage of trajectory
correction, the crack propagation is unstable due to the edge effect, and the crack trajectory
shows some deviation. As the processing continues, low-temperature gas cooling can
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effectively correct the trajectory deviation, and the overlap between the crack propagation
trajectory in the stable stage and the laser scanning trajectory is higher.
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The stress distribution curve of the crack front perpendicular to the scanning direction
during the correction of the asymmetric linear cutting trajectory by low-temperature gas
cooling is shown in Figure 15. It can be seen that the compressive stress on the left side of
the scan line is greater than that on the right side due to the edge effect at the beginning
and end of processing, while the compressive stress on the right side is greater than that on
the left side at the stabilization section, and the difference between the compressive stresses
on both sides of the scan line is smaller, which is beneficial to the trajectory correction.
During the whole processing stage, the position of the minimum value of transverse shear
force is basically maintained on the laser scan line, but the direction of transverse shear
force changes at the end stage, which is due to the introduction of low-temperature cold air,
which makes the temperature gradient in the scanning direction larger and the distance
of the crack front lagging behind the laser spot smaller, and the crack front is closer to the
edge of the material at the end section, and the effect of the edge is greater, thus changing
the direction of the transverse shear force. Combining the distribution characteristics of
tensile stress and transverse shear force, it can be seen that low-temperature air cooling can
effectively correct the crack trajectory of asymmetric linear cutting in the stable extension
section, but still cannot eliminate the effect of the edge effect, and the crack extension in the
first and last sections is not stable.
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Figure 16 shows the stress distribution curve perpendicular to the scanning direction
at the crack front during the process of correcting the circular arc cutting trajectory using
low-temperature gas cooling. From the figure, it can be seen that in the initial stage, the
compressive stress on the inner side of the laser scanning line is greater than that on the
outer side of the arc, and the position of the minimum value of lateral shear force appears
on the laser scanning line, which suppresses the unstable state of the crack in the initial
stage to some extent. In the stable and final stages of trajectory correction, the compressive
stress on both sides of the laser scanning line always shows that the inner side of the arc is
smaller than the outer side, which is beneficial for trajectory correction. The position of the
minimum value of lateral shear force appears on the separated laser scanning line in the
stable stage and deviates from the laser scanning line position in the final stage.
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Based on the simulation results obtained, experimental research on trajectory correc-
tion using low-temperature gas cooling was conducted by changing the relative position
relationship between the jet center and the laser spot center.

Figure 17 shows the correction effect of the deviation of the asymmetric straight cutting
trajectory with respect to the relative distance ∆XCL is between the laser spot center and
the jet center. It can be seen that the trajectory deviation decreases first and then increases
with the increase of ∆XCL. Low-temperature gas cooling is applied to the right side of the
scanning line, which increases the temperature gradient on the right side of the scanning
line and promotes the position of the minimum value of lateral shear force to approach
the scanning line. When ∆XCL is 0.7 mm, the temperature gradient on both sides of the
scanning line is the largest, the temperature distribution is the most asymmetrical, and the
trajectory deviation is the smallest, achieving the best trajectory correction. At the same
time, when ∆XCL is 0.6 mm and 0.8 mm, the trajectory deviations are both below 50 µm,
which can effectively reduce the deviation of the cutting trajectory.

Figure 18 shows the best correction effect of the low-temperature gas cooling trajectory
correction technology, with a minimum trajectory deviation of 27 µm and high-quality
separation surface. This is because the low-temperature gas cooling trajectory correction
technology introduces a cooling mechanism based on the original separation laser, making
the stress change during the crack propagation process smoother, resulting in a better-
quality separation surface.
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Figure 19 shows the correction effect of the different relative distances of the laser
optical axis and jet center ∆XCY on the cutting trajectory of the circular arc curve. It can
be seen that the minimum trajectory offset after correction appears at ∆XCY = 0.7 mm,
when ∆XCY < 0.7 mm, with the increase of ∆XCY, the inner temperature gradient of
the scan line becomes larger and the outer temperature gradient becomes smaller, the
asymmetry of temperature distribution increases and the trajectory offset decreases, but
when ∆XCY > 0.7mm, with the further increase of ∆XCY, the outer temperature gradient
of the scan line direction changes and the trajectory offset becomes larger.
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Figure 19. Deviations of separation path in low-temperature gas cooling revising the trajectory
deviation for circular arc cutting glass.

Figure 20 shows the correction effect of the low-temperature gas cooling trajectory
correction technology on a cutting arc with a radii of R = 5 mm and R = 10 mm. The
trajectory deviation after correction for the R = 5 mm arc radius is 27.0 µm, and for the
R = 10 mm arc radius is 28.5 µm, indicating a better correction effect for a smaller cutting arc
radius. This is because the introduction of low-temperature gas increases the temperature
gradient in the scanning direction, reducing the distance between the crack front and the
laser spot. Without considering the influence of other correction effects, the smaller the
distance between the crack and the laser, the closer the crack extension trajectory is to the
laser scanning trajectory during the process of machining the circular arc curve, reducing
the trajectory deviation compared to the asymmetric case (show in the Figure 21).
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5. Conclusions

To conclude, the trajectory correction technique of cryogenic gas cooling is proposed
for the trajectory shift problem that occurs in the stable extension stage in the asymmetric
cutting commonly processed in laser-induced thermal crack propagation (LITP). Through a
finite element simulation of the effect of cryogenic gas cooling on the temperature field dis-
tribution during the trajectory correction process, it is concluded that during the trajectory
of asymmetric linear cutting, cryogenic gas cooling loaded on the side with less material in
the stable expansion section can effectively correct the crack trajectory of asymmetric linear
cutting, and the compressive stress on both sides of the laser scan line in circular arc cutting
always shows that the inner side of the arc is smaller than the outer side of the arc, and
cryogenic gas cooling. In the stable extension section, loading on the inner side of the arc
can effectively correct the crack trajectory of asymmetric linear cutting. The test was carried
out by the constructed low-temperature gas cooling system. The results show that in the
trajectory correction technique for asymmetric linear cutting, cryogenic gas is injected on
the side with less material in the scan line, while in the trajectory correction technique for
circular arc curve cutting, cryogenic gas is injected on the inner side of the circular arc curve.
The optimal relative distance between the center of its cooling gas and the center of the
laser spot are both ∆XCL = ∆XCL = 0.7 mm. For asymmetric linear cutting, the corrected
minimum offset is 27 µm, while for the circular arc curve cutting the smaller the radius is,
the better the correction small effect is; at R = 5 mm, the offset is 27 µm. The analysis of
experimental results and numerical simulation results shows that the low-temperature gas
cooling correction trajectory offset technology can effectively revise the deviation of the
separation path in asymmetry linear cutting glass with LITP.

The results of this paper have important implications for improving the application
rate of LITP technology in practical glass processing. However, in order to expand the
application of this technology, more work is needed to investigate closed shaped cutting
with LITP.
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