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Abstract. The thermal stress effects of the fused silica irradiated by a millisecond–nanosecond (ms–ns) combined
pulse laser are analysed. Numerical results are in good agreement with the experimental results. The results show
that (1) different pulse delay and energy density affect the temperature change of the fused silica; (2) observing the
axial stress, it is found that nanosecond laser will lead to new damage areas near the film under the condition of
millisecond laser pre-irradiation and (3) stress exfoliation is found in the study of damage morphology.
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1. Introduction
The fused silica and surface film materials are widely
used in high-energy solid laser systems. The properties
of the materials directly affect the output performance
of the laser. The destruction of optical components will
paralyse the laser system, and the antilaser damage ability of the optical elements is the key to improve the laser
power [1]. Currently, the study of laser–material interactions mostly involves femtosecond (fs), picosecond
(ps), nanosecond (ns) and millisecond (ms) pulse lasers
[2,3]. Negres et al [4] studied the growth behaviour of
damage points on the exit surface of SiO2 optical devices
under the laser. The results show that the starting point of
damage propagation is not controlled by the threshold. It
depends on the current size of the damage site and laser
energy. Doualle et al [5] simulated the thermal stress
in the interactions between CO2 laser and the fused
silica based on the finite-element method. The results
show that the thermal conductivity and radiation loss
have negligible effects on the temperature change of the
material. Numerical results agree well with the experimental results of the description of the temperature
gradient, material ejection and residual stress. Sharma
et al [6] used a pulsed laser with 1030 nm wavelength
and a duration of 550 fs to study the ablation of the
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fused silica. The crystal structure and debris morphology of the fused silica were observed by scanning and
transmission electron microscopy, and 20–200 nm jet
particles were found. Wang Bin et al [7] used an Nd3+ :
YAG millisecond pulse laser with a pulse width of 1 ms
and a wavelength of 1064 nm to interact with the antireflective film and found that in addition to the film, the
upper and lower surfaces of K9 glass also appeared as an
inverted triangle-shaped melting pit of millimetre magnitude. Laurence et al [8] carried out the probability
damage test of silica samples using nanosecond pulsed
laser to irradiate coated the fused silica samples. The
study showed that the organic compound coating on the
surface of the fused silica has little effect on its laser
damage performance.
In recent years, as the means of interaction between
laser and matter has become increasingly diversified,
millisecond–nanosecond (ms–ns) combined pulse laser
(CPL) has been proposed by scholars. The damage
characteristics were studied in the field of interaction between CPL and materials, and valuable research
results were obtained. Pan et al [9] found that a millisecond (ms) laser combined with a nanosecond (ns)
laser was applied to machining transparent materials,
and an optimal delay corresponding to the highest processing efficiency was found for cone-shaped cavities.
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The size of the cone-shaped cavity decreases when
delay increases. Yuan et al [10] studied the interactions
between CPL and aluminum alloy. The influence of spot
size combination mode on the ablation morphology of
the aluminium alloy was studied for the first time, and
the physical mechanism of laser processing of the aluminium alloy was revealed. Xueming et al [11] studied
the damage threshold of the irradiation between silicon
and CPL. The results show that the through-hole energydensity threshold decreases with increasing delay time
between the combined pulse laser. The study on the
thermal stress effect of CPL is very less. Hence, it is necessary to study the thermal stress damage of the fused
silica by CPL.
In this paper, the theoretical model of the fused silica
irradiated by CPL is established. Combining simulation
results with experimental results, it is found that the thermal stress damage effect of the fused silica is caused by
different pulse delay of CPL. The damage morphology
of the fused silica is physically analysed.

2. Experimental details
The experimental test device of the CPL on fused silica
is shown in figure 1. The experimental system consists
of three parts: the laser emission system, temperature
measurement system and synchronous trigger system.
Laser emission system consists of ms pulse laser
(Melar-100), ns pulse laser (MQU-2000), oscilloscope,
spectroscope (BS1, BS2), focussing lens (FL), energy
meter and mirror (M). The wavelengths of both ms laser
and ns laser are 1064 nm, their pulse widths are 1 ms and
12 ns, respectively. Both lasers pass through the focus
lens ( f = 500 mm) and irradiated on the same point of
the fused silica. The temperature measuring system is
composed of point thermometer (KBU 1600-USB) and
probe. The initial temperature measured by the point

Figure 1. The experimental set-up of the temperature measurement of the fused silica under CPL irradiation.
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Figure 2. The geometric model of the fused silica irradiated
by CPL.

thermometer is 725 K. The temperature measuring system can monitor the temperature of the centre point on
the surface of the fused silica in real time. The synchronous trigger system is composed of a digital pulse
delayer (Stanford DG645), and the synchronous trigger
system can adjust the pulse delay time of the ms and ns
pulse lasers.
During the interactions between the CPL and the fused
silica, the pulse delay t between the ms and the ns pulse
lasers is defined as the time interval between the start
time of the ns pulse laser and that of the ms pulse laser.

3. Numerical simulation
3.1 Geometric model
The fused silica is irradiated by CPL. The laser energy
is absorbed by the fused silica, and converted into heat
energy. Assuming that the fused silica substrate and the
film are isotropic continuous media, the laser energy
is absorbed by the body, the two-dimensional axisymmetric model of CPL-irradiated optical dielectric fused
silica is shown in figure 2. In the figure, the fused silica
is composed of thin film and the fused silica substrate,
r is the radial direction. As a Gaussian beam, the incident beam is perpendicular to the upper surface of the
fused silica, the thickness of the fused silica is 4 mm
(h = 4 mm) and the radial width of the fused silica is
12.5 mm (a = 12.5 mm). The spot radii of ms pulse
laser and ns pulse laser are 0.6 mm (rms = 0.6 mm) and
0.3 mm (rns = 0.3 mm) respectively [12].
In the simulation model, the material parameters of
the fused silica are shown in table 1, and the parameters
of CPL are shown in table 2.

Pramana – J. Phys.

(2021) 95:171

Page 3 of 8

171

Table 1. Thermodynamic parameters of the fused silica.
Parameters

MgF2

ZrO2

SiO2

Fused silica substrate

Density (g/cm3 )
Refractive index (dimensionless)
Young’s modulus (GPa)
Poisson ratio (dimensionless)
Melting point (K)

3.16
1.38
138.50
0.27
1248

5.58
2.10
170.00
0.28
2680

2.32
1.46
87.00
0.16
1973

2.20
1.45
72.60
0.16
1730

Table 2. Laser parameters of CPL.
Parameters

Value

Energy density of ms laser (J/cm2 )
Pulse width of ms laser (ms)
Laser spot radius of ms laser (mm)
Energy density of ns laser (J/cm2 )
Pulse width of ns laser (ns)
Laser spot radius of ns laser (mm)
Pulse delay (ms)

884.64
1
0.6
17.7–30.43
12
0.3
0.0–1.0

3.2 Theoretical model
During the energy transfer between CPL and the fused
silica, the convection and radiation effects between the
substrate and the outside are ignored. The fused silica
substrate and its surface film material are isotropic continuous medium and the energy absorption after the laser
irradiation is the bulk absorption. When the combined
laser is incident on the surface of the fused silica, the
two-dimensional axisymmetric heat conduction equation can be written as [13]
 2
∂ Ti (r, z, t)
ki
∂ Ti (r, z, t) 1 ∂ Ti (r, z, t)
=
+
∂t
ρi ci
∂r 2
r
∂r

2
∂ Ti (r, z, t) qi (r, z, t)
.
(1)
+
+
∂z 2
k
Equation (1) is the expression of the heat conduction
without phase change. The heat conduction equation
containing phase transition is as follows:
 2
∂ Ti (r, z, t)
ki
∂ Ti (r, z, t) 1 ∂ Ti (r, z, t)
=
+
∂t
ρi ci
∂r 2
r
∂r

2
qi (r, z, t)
∂ Ti (r, z, t) ρi ci ∂ f si
. (2)
+
+
Li
+
∂z 2
ki
∂t
k
In eq. (2), Ti (r, z, t) represents the temperature distribution at time t; ρi , ci , ki are the density, specific
heat capacity and thermal conductivity of the materials,
respectively; qi is the heating rate of unit volume and
unit time on the heat transfer of the fused silica substrate and film; f si and L i represent the solid fraction
and latent heat of phase transformation of the materials,

respectively; i = 1, 2, 3, . . . , 7 represent the dielectric
materials of each layer in the model.
The solid fraction f si is a temperature function, and
the derivative of f si with respect to time t can be
expressed as follows:
∂ f si
∂ f si ∂ Ti
=
.
∂t
∂ Ti ∂t

(3)

When f si = 0, the material is liquid and when f si =
1, the material is solid. The derivative of solid-phase
ratio concerning time is the δ function. This function
will have singular changes near the melting point corresponding to each layer of the medium. Therefore, the
e function of the approximate δ function is substituted
for the derivative of the solid fraction vs. time in eq. (3),
and the expression is as follows:


∂ f si
1
=√
exp − (Ti − Tmi )2 /dTi2 .
∂ Ti
πdTi

(4)

Here, Tmi is the melting point of the ith layer material,
when the material changes from solid to liquid, using
the equivalent specific heat c pi instead of ci , and the
relationship can be expressed as follows:

c pi = ci − L i

∂ f si
.
∂ Ti

(5)

qi (r,z,t) is the bulk heat source of absorbing the energy
of the CPL in the ith layer medium during the interactions between the CPL and the fused silica [14].
qi (r, z, t) = qim (r, z, t) + qin (r, z, t).
The ms laser heat source is expressed as

(6)
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qim (r, z, t) = αi (1 − Ri ) Im f m (r ) gm (t) exp(−αi z).
(7)
The ns laser heat source is expressed as
qin (r, z, t) = αi (1 − Ri ) In f n (r ) gn (t) exp(−αi z).
(8)
In eqs (7) and (8), αi is the absorption coefficient of
the ith layer of the fused silica, Ri is the reflectivity of
the ith layer of the fused silica, Im and In are respectively
the centre energy density of the ms pulse laser and ns
pulse laser, rm and rn are the spot radii of the ms pulse
laser and the ns pulse laser respectively, f m (r ) and f n (r )
are the spatial distributions of the ms pulse laser and the
ns pulse laser respectively, r and z are respectively the
radial and axial positions in the axisymmetric coordinate
system.
According to the model assumptions, the initial temperature of the fused silica can be expressed as follows:
Ti (r, z, t) |t=0 = 300 K.

(9)

Assuming that the physical quantity between the
fused silica substrate and the film is continuous


Ti (r, z, t) z=h = Ti+1 (r, z, t) z=h
= 0.
(10)
i

i+1

The upper and lower surface boundary conditions are
expressed as


∂ T1 (r, z, t) 
∂ T3 (r, z, t) 
− k1
 z=0 = −k7
 z=h = 0.
∂z
∂z
(11)
The lateral boundary conditions are expressed as

∂ T (r, z, t) 
k
(12)
 r =a = 0.
∂r
The i represents the material of the optical medium of
each layer. The thickness of the film and the fused silica
substrate is expressed as h i .
When the temperature of the fused silica changes, the
shrinkage, and expansion of any unit in the fused silica
will be affected by adjacent units so that its deformation
cannot occur freely. This binding effect is called thermal
stress. The stress damage model of the fused silica needs
to establish the elastoplastic mechanical equation. In
the axisymmetric coordinate system, the elastoplastic
mechanical equation can be expressed as [15]
∂εi
2(1 + μi ) ∂ Ti
u ri
1
−
= 0,
+
βi
r2
1 − 2μi ∂r
1 − 2μi
∂r
(13)
2(1
+
μ
∂ε
)
∂
T
1
i
i
i
∇ 2 u zi +
−
= 0, (14)
βi
1 − 2μi ∂z
1 − 2μi
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u ri
u zi
∂u ri
εi =
+
+
.
(15)
∂r
r
∂z
∇ 2 u ri −
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In eqs (13)–(15), u ri represents the component of the
displacement in the r direction, u zi represents the z component of the displacement in the r direction, εi is the
body strain of the materials, μi is the Poisson’s ratio
of the materials and βi is the thermal stress coefficient
of the materials. In this paper, according to the above
elastoplastic mechanical equation, the initial condition
of the initial displacement is 0, the displacement in the
z-direction of the boundary condition is 0 and the rest
is a free boundary condition.

4. Results and discussions
4.1 Temperature analysis
Figure 3 shows the temperature evolution characteristics of the centre point on the surface of the fused silica
with time under different pulse delay conditions. Figure
3a shows the experimental result and figure 3b shows
the simulation result. The laser parameters in the three
curves are as follows: the energy density of the ms laser
is 884.64 J/cm2 and the energy density of the ns laser
is 30.43 J/cm2 . t = 0 is the beginning time of the fused
silica irradiated by a CPL. It can be seen from figure
3 that the rapid temperature rise is caused by ns laser
irradiation. At the end of ns laser irradiation, there is a
short temperature plateau during the gradual decrease
in temperature, and the temperature range corresponding to the plateau period is closer to the melting point
of each layer. It can be seen that the phase transformation of the material occurs at the melting temperature.
The phase transition plateau appears because the latent
heat of phase transition exists in the fused silica. The
temperature of the centre point on the upper surface
of the fused silica reaches the enthalpy of the phase
transition latent heat and the laser energy is insufficient
to maintain the melting state of the irradiation centre
point, resulting in the phase transition plateau in the process of temperature drop. Comparing the experimental
results and simulation results, when the CPL irradiation is over, temperature drops faster in the experimental
results, which is due to the heat conduction between air
and the fused silica. The trend of the temperature change
of the centre point of the two is consistent. In the experimental study, the lowest temperature monitored by the
point thermometer is 735 K. Therefore, in the experimental and theoretical results, the time position of the
highest temperature is slightly different.
Temperature effects of CPL on the fused silica at
different energy densities (t = 0.8 ms, Ims =
884.64 J/cm2 ), are shown in figure 4. Figure 4a is the
experimental result and figure 4b is the simulation result.
It can be seen that when the ns laser energy density is
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Figure 3. The temperature variation of the centre point on the upper surface of the fused silica with time under different pulse
delay conditions.

(a)

(b)

Figure 4. The temperature variation of the centre point on the upper surface of the fused silica with time under different laser
energy density conditions.

30.43 J/cm2 , the temperature of the centre point on the
upper surface of the fused silica is the highest, and the
corresponding experimental result is consistent with the
upper surface temperature of the simulation result. It can
be seen that with the increase of ns pulse laser energy
density, the temperature of the centre point on the upper
surface of the fused silica increases. The real-time monitoring data of phase transition are supplemented in the
simulation result. This phase transition occurs in the
cooling process, which is called the solidification platform period. With the increase of ns pulse laser energy
density, the edge of the solidification platform becomes
longer. It can be understood that with the increase of ns
pulse laser energy density, the absorption energy of the
fused silica increases, resulting in longer solidification
time and longer solidification platform period.

4.2 Stress analysis
The temperature gradient of the fused silica axis leads to
thermal stress. Figure 5 shows the relationship between
radial stress and radial position of the fused silica
irradiated by CPL with different time delays (Ims =
884.64 J/cm2 , Ins = 30.43 J/cm2 ) when the maximum
damage stress is reached, where the negative value is
the compressive stress and the positive value is the
tensile stress. It can be seen that the centre of the material has compressive stress (119.58–116.94 Mpa). When
t = 0.0 ms, when the compressive stress drops to the
lowest value, the stress is zero and does not change. In
the other two curves, with the increase of radial distance,
the compressive stress first decreases, then increases,
and finally decreases. It can be seen that there is a

171

Page 6 of 8

Figure 5. The relationship between radial stress of the upper
surface of the fused silica and radial position under different
delay conditions.

Figure 6. The relationship between circumferential stress of
the upper surface of the fused silica and radial position under
different delay conditions.

stress inflection point near the laser irradiation boundary, which is caused by the change of damage threshold
caused by ns pulse laser irradiation in the irradiation
area after ms pulse laser irradiation [16]. It will result in
a significant stress gradient on the upper surface of the
material.
Figure 6 shows the relationship between circumferential stress and radial position of the fused silica irradiated
by CPL with different time delays (Ims = 884.64 J/cm2 ,
Ins = 30.43 J/cm2 ) when the maximum damage stress
is reached. It can be seen that the material centre point is
under compressive stress (117.82–116.94 Mpa). When
t = 0.0 ms, the compressive stress drops to the lowest value. In the other two curves, with the increase
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Figure 7. The variation of axial stress at characteristic time.

of radial distance, the compressive stress is converted
to tensile stress near the irradiation boundary, the tensile stress increases to the maximum and then decreases
gradually. The maximum tensile stress is 6.25 Mpa when
t = 0.8 ms. In the vicinity of the laser irradiation
boundary, the transformation of compressive stress into
tensile stress will cause destructive stress damage to the
fused silica, which will lead to ring stress stripes on the
material surface.
As shown in figure 7, the axial stress on the upper surface of the fused silica is studied at different times (t =
0.8 ms, Ims = 884.64 J/cm2 , Ins = 30.43 J/cm2 ).
When t = 0.8 ms, it can be seen that there is high compressive stress at the midpoint of the axial direction of
the fused silica. It can be explained that the long-term
irradiation of ms pulse laser transmits the temperature
to the inside of the fused silica. The thermal accumulation effect is the most obvious at the centre of the
axis, resulting in the generation of thermal stress. It
is observed that the maximum stress on the front and
back surfaces of the fused silica are about 177.1 and
175.7 Mpa. t = 0.8 ms + 6 ns is the moment before the
end of ns pulse laser irradiation after ms pulse laser preirradiation. There is a small stress rebound near the film,
the difference is about 3 Mpa. t = 0.8 ms + 12 ns is the
end of ns pulse laser irradiation after ms pulse laser preirradiation, and obvious stress rebound appeared near
the film, and the difference is about 13 Mpa. It can be
seen that in the process of CPL irradiation of the fused
silica, under the action of ms pulse laser pre-irradiation,
ns pulse laser not only increases the stress at the internal of the fused silica axis but also causes new damage
near the film. It can be understood that the ns pulse laser
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(e)
Figure 8. Damage morphology of the fused silica. (a) t = 0.0 ms, (b) t = 0.4 ms, (c) t = 0.8 ms, (d) t = 1.0 ms and
(e) detailed amplification diagram.

has high peak power and short action time, resulting in
obvious stress damage near the film.
4.3 Morphology analysis
Figure 8 shows the damage morphology of the fused
silica under different pulse delay conditions (Ims =
884.64 J/cm2 , Ins = 30.43 J/cm2 , rms = 0.6 mm,
rns = 0.3 mm). Figures 8a–8d show the damage morphology when t = 0.0, 0.4, 0.8 and 1.0 ms. Figure
8e shows the detailed amplification diagram of the area
near the centre point of the upper surface of the fused

silica. The upper surface damage area is divided into
the debris deposition and melting zone. In figures 8b
and 8c, obvious thermal stress spalling can be found,
which can be explained as: under the condition of ms
laser pre-irradiation, the fused silica is in a stable state of
thermal effect, and then the ns pulse laser starts and ends
leading to two temperature gradients of the fused silica.
The shrinkage stress of the fused silica is greater than its
own plastic deformation binding force when the fused
silica is solidified instantaneously, resulting in thermal
stress spalling. It can be found that the thermal stress
spalling in figures 8a and 8d is not obvious, and the
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thermal–mechanical coupling effect of the fused silica
is poor under the corresponding pulse delay conditions.
As shown in figure 8e, the distances between the irradiation centre point and the stress exfoliation position
are 327.295 μm and 633.637 μm, respectively, which
are near the ms pulse laser irradiation boundary and the
ns pulse laser irradiation boundary, respectively. At the
same time, the ring stress stripes are observed in the
region irradiated by a CPL. In summary, thermal melting damage and thermal stress damage are found on the
surface of the fused silica.

ary, the compressive stress is converted to tensile stress,
which will lead to ring stress stripes in the fused silica.
In the study of axial stress, it is found that due to the
action mechanism of the ns pulse laser, the combined
laser causes an obvious stress effect near the film.

5. Conclusions
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