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ABSTRACT. Magnesium fluoride (MgF,) is a widely used optical window material in lasers. Laser-
induced damage in MgF, materials involves complex thermal-mechanical coupling
issues. With the rapid development of high-power fiber laser technologies and appli-
cation of optoelectronic countermeasures, it is necessary to investigate the damage
mechanism of 1.06 um high-power continuous-wave laser on MgF, optical windows
to clarify the laser damage threshold and factors influencing laser-irradiated MgF,
window mirrors. Therefore, based on the theory of heat conduction and elastic
mechanics, a simulation study was conducted using the finite element method.
First, based on the thermo-mechanical theory, established a thermo-mechanical
damage model for a laser-irradiated MgF, crystal. Second, we calculated the tem-
perature, stress, and strain fields of single-crystal MgF, material under the action of
a 100 W/cm? laser. When the laser was irradiated for 4.921 s, thermal stress-
induced burst damage was observed, but no melting damage occurred. Finally, the
impact of parameters such as the laser power density, spot size, and laser action
time on the damage effect was discussed using the parametric scanning method.
The calculation results showed that the aforementioned factors significantly impact
the damaging effect. Moreover, under the same laser parameters, material burst due
to thermal stress is expected to precede the melt damage.
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1 Introduction

The window mirror and fairing are the key components to ensure the regular operation of infrared
optical systems, such as infrared imaging and infrared guidance. In addition to being affected by
harsh environments, they may also face the risk of laser damage during actual use. Therefore,
it is necessary to study the damage of laser to window mirror materials. MgF, single crystals, as a
common window material, exhibit high hardness, stable chemical properties, and resistance to
mechanical and thermal shock damage.! They are an excellent optical material with good light
transmission performance in the wavelength range of 0.11 to 8.5 um, birefringence properties,
and high laser damage threshold.” With the development of high-power fiber laser technology,
the interaction between intense laser and window materials has become a research hotspot.*~'°
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There are many factors that affect the damage effect of laser on MgF,, such as laser intensity,
spot size, laser wavelength, and so on.'! The effect of different types of lasers on magnesium
fluoride is quite different. Liu et al.'” conducted an experimental study on the laser irradiation of
MgF, polycrystals under different powers and pulse parameters and found that when the MgF,
polycrystalline structure is subjected to a low-power long-pulse laser, the sintering and thermal
stress lead to microcracks on the cleavage surface of the target. Qi et al. used a 10.6 yum CO,
continuous laser to conduct an experiment on the irradiation effect of MgF, materials and found
that under certain power density, MgF, materials can be destroyed at the fastest speed.'* Wang
et al.'"* numerically simulated the temperature and stress-strain fields of a fluorine glass window
irradiated by a 3.8 um hollow rectangular laser beam. Sun et al.'® studied single-shot damage in
MgF, irradiated by an 800 nm femtosecond laser and found that both multiphoton and avalanche
ionization play an important role in femtosecond laser-induced damage in MgF,. Lou et al.'®
explored the thermodynamic damage mechanism caused by pollutants, and numerically simu-
lated the temperature and stress fields of optical components irradiated by a 3.8 ym hollow rec-
tangular high-power continuous wave (CW) laser. Kato et al.'” used the laser-induced deflection
method to measure the absorption rate of MgF, materials at a laser wavelength of 193.4 nm.
Andrus et al. experimentally studied the thermal lensing effect and nonlinear refractive index of
MgF, crystal materials under a 1035 nm high-power ultrafast laser.'® Migal et al.'” established a
laser-induced electron dynamics model based on the rate equation to explore the dependence of
threshold on the wavelength of plasma formation under a high-power mid-infrared laser. In the
aforementioned studies, mid-infrared and ultraviolet lasers were used as the light source for irra-
diation. However, few studies have analyzed the damage caused in MgF, windows by 1.06 ym
CW laser in the near-infrared band.

Thus, with the development of high-power laser technologies, it is important to study the
damage mechanism and threshold of MgF, windows by the irradiation of high-power lasers in
the near-infrared band. In addition, there is a problem of high efficiency and cost ratio in laser
damage experiment, so a theoretical model is urgently needed to predict and evaluate near-
infrared laser damage to MgF,. Our laboratory has already conducted research on the damage
caused by high-power lasers on window materials.?’->* In this study, heat conduction and elastic
mechanics were used to couple solid heat transfer and solid mechanics. The finite element
method was used to numerically simulate the thermodynamic damage behavior of a single-
crystal MgF, window by a high-power fiber laser. The simulation results showed the temperature
and stress field distributions of MgF, under different laser and material parameters. Accordingly,
the damage characteristics of MgF, window mirrors under near-infrared laser irradiation were
revealed, which can provide a reference for high-power laser irradiation optical window
materials.

2 Theory

In the laser irradiation of MgF, window lens, first, the laser is incident on the material surface
vertically; then, the part irradiated by the laser absorbs the laser energy and gets transferred to the
inside of the material through thermal conduction. When the thermal stress exceeds the breaking
strength of the material, the material bursts; moreover, when the surface temperature reaches the
melting point, the material melts. Owing to the complex thermomechanical coupling mechanism,
the thermodynamic parameters of the material change during laser action; therefore, the analyti-
cal solution can only be replaced by the numerical solution of temperature and stress. Based on
the theory of heat conduction and elastic mechanics, we conducted a numerical simulation study
on an MgF, window mirror irradiated by a single-mode Gaussian CW laser with a central wave-
length of 1.06 um; Fig. 1 shows the physical model. In this study, we focused on a single crystal
hot-pressed MgF, window lens (without surface coating). In Fig. 1, the white area represents
the Gaussian continuous laser irradiated at the center of hot-pressed MgF, (®100 mm X 4 mm)
window lens. The material surface absorbs the laser energy and conducts heat radially and axially
along the temperature gradients. Fixed constraints were applied on the sides of the window mirror
to simulate window mirror clamping.
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Fig. 1 Laser irradiation MgF, material model diagram.

2.1 Temperature Field

In the process of CW laser irradiation, to clarify the temperature change in the MgF, window
mirror, a temperature field model was established for the MgF, material according to the heat
conduction equation, presented in Eq. (1), where p, Cp, and k denote the density, constant pres-
sure heat capacity, and thermal conductivity of single-crystal MgF,, respectively; Q denotes the
bulk heat source generated by laser power deposition in the material.

To effectively obtain the numerical solution of Eq. (1), its initial temperature, 7y, was set to
be 293.15 K; moreover, thermal radiation and thermal convection, represented by Egs. (3) and
(4), respectively, were considered. Then, the corresponding boundary conditions were defined
for the surface, %,, irradiated by the laser. Equation (5) presents the heat source term. The
Gaussian body heat source was multiplied by the time function, g(z), to control the laser action
time, where R, P, ry, and a denote the reflectivity, laser power, spot radius, and absorption
coefficient, respectively. The function of laser action time can be given by Eq. (6)
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pC,) =T =0, (1)
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2.2 Stress Field

When the laser action time is increased, the accumulated heat is absorbed by the material to
generate thermal stress. We solved the elastic mechanics equation to clarify the thermodynamic
damage effect of CW laser on MgF,. First, the relationship between stress components was char-
acterized by a balanced differential equation, presented in Eq. (7), where o, oy, and o, denote the
positive stress in the x, y, and z directions, respectively. Moreover, 7y, 7y, 7.y, Ty, Ty, a0d Ty
represent the shear stress. The displacement method was used to solve the aforementioned equa-
tion by eliminating the stress component; then, combining with the heat conduction theory,
the equilibrium differential equation under variable temperature was obtained in the following
equations:

Optical Engineering 096102-3 September 2023 e Vol. 62(9)



Wang et al.: Thermodynamic damage behavior of single-crystal MgF.; irradiate. . .

do 0ty or

w Tt =0
do, 0,y o,
3_)',4’ x +0—Z—0 (7)
do, | Oty | 07y,
0_£+ ox +W_O,
sz”x+(K+G)%—£—§”%:O
GV2uy + (K +G) 3l =155, = 0 @®)
BE_oT _
GV2uz+(K+G)%3_@%§707
uE
ERECEITE T ©)
(1+pu)(1=2p)
E
=) 10
2(1+u) (10)

where p, E, and  denote Poisson’s ratio, elastic modulus, and thermal expansion coefficient,
respectively, and G is the shear elastic modulus of the material. u,, uy, and u, denote the dis-
placement in the x, y, and z directions, respectively. e,, €,, and e, represent the positive strains of
x, y, and z, respectively. The total positive strain, 6, can be represented by Eq. (11). The initial
conditions are presented in Eqs. (12) and (13); a fixed constraint was imposed on the side
tri-sector point, r’, of the cylindrical model. The boundary conditions are shown in Eq. (14);
the remaining interfaces are free interfaces

0=c¢,+e, +e, an
ux|z:0 =0, uy|t:0 =0, uz|t:0 =0, (12)
Jdu,
dusl g M o %y, (13)
ot | ot |, P
ul, = 0. (14)

3 Simulation

3.1 Parameter Determination
Table 1 and Fig. 2 list the critical parameters involved in the simulation calculation process. We
considered the transformation relationship between the characteristic parameters of MgF, mate-
rials and temperature in the simulation. Moreover, the built-in MgF, parameters of the material
library were used to characterize the thermodynamic parameters as a function of temperature.
We used the finite element method to simulate the optical window prepared by irradiating
the MgF, material with a high-power fiber laser. The window was shaped like a cylinder
(®100 mm X 4 mm); a Gaussian laser with a light spot of ®20 mm acted on the window surface.
During the meshing process, to improve the accuracy and convergence of calculation, a free
quadrilateral mesh was used to mesh the material surface. Then, the entire mesh was meshed
via sweeping, and the number of elements along the thickness direction was set to seven layers.
The mesh division is shown in Fig. 3, where the maximum and minimum mesh elements are
6 and 0.54 mm, respectively.

4 Results and Discussion

4.1 Simulation Results

A single-crystal MgF, window mirror with a thickness and diameter of 4 and 100 mm, respec-
tively, was irradiated with a 1.06 ym continuous laser (laser power: 1256.6 W, spot radius:
20 mm) for 10 s to better understand the time-dependent relationship between sample temper-
ature and stress during laser irradiation. The observation and laser action time were 60 and 10 to
20 s, respectively.
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Table 1 Key parameters in the simulation process.

Parameter Symbol Value
Laser wavelength (nm) A 1064
Laser power (W) P 1256.6, 2513.3, 3769.9
Spot radius (mm) ro 10, 20, 30, 50
Surface emissivity e 0.3
Convective heat transfer coefficient W/(m? - K) h 10
Poisson’s ratio nu 0.278
Tangential thermal expansion coefficient (1/K) r 13.7x 1078
Absorption coefficient (m-1) A 260
Reflectivity R 0.03
Action time (s) to 10, 20, 30
Young’s modulus /(GPa) E 138.5
Density (g/cm?3) p 3.16
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Fig. 2 Curve of thermophysical parameters of MgF, versus temperature. (a) Thermal conductivity
coefficient and (b) specific heat capacity.

Figure 4 illustrates the temperature distribution after laser action; it can be observed that the
laser irradiates the center of target surface, thus increasing the surface temperature and exhibiting a
decreasing distribution from the center to edge. The center temperature increased up to 619 K, but it
did not reach the melting point of the material (1528.15 K), indicating no melting damage in the
material. The edge temperature was 297 K, not significantly different from the ambient temperature
(293.15 K), indicating that the material edge was less affected by laser heating for 10 s.

Figure 5 shows that before the laser was applied, the material was deformed owing to the
imposition of fixed constraints on its sides. The blue area in Fig. 5(a) indicates that the defor-
mation was smaller than that in the unconstrained part due to fixed restriction. After 10 s of
laser action, thermal deformation was observed owing to the absorption of laser energy by the
material, resulting in a maximum displacement of 0.04 mm and maximum deformation occurs at
material edge. It should be noted that MgF, is a brittle material; according to the first strength
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Fig. 3 Grid subdivision of simulation model.
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Fig. 4 (a) Temperature distribution at the end of laser action and (b) isothermal distribution at
the end of laser action.
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Fig. 5 (a) Thermal deformation after laser action and (b) principal stress after laser action.

theory, damage in brittle materials can be mainly attributed to the maximum tensile stress. When
the maximum tensile stress is reached, a point of tensile fracture is observed, which leads to
rupture of the material; then, the material is considered to have failed. Figure 5(b) shows the
material fracture evaluation criterion; the material fractures when the first principal stress exceeds
49.6 MPa. When the laser was not irradiated, the principal stress of the material was around
0 MPa; when the laser was irradiated, the principal stress of the material became 90.6 MPa,
which is greater than the material breaking strength, indicating that the material broke. The larg-
est first principal stress was observed at the material edge; thus, it can be inferred that the material
demonstrated burst damage and the crack extended from the edge to center.

Figure 6 shows the evolution process of temperature, displacement, and thermal stress with
temperature. When the laser is not applied, the temperature, displacement, and thermal stress do
not change. During laser irradiation from 10 to 20 s, the values of aforementioned parameters
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Fig. 6 Thermodynamic effects of MgF, under 100 W/cm? laser power density irradiation.
(a) Temperature evolution with time, (b) displacement evolution with time, and (c) thermal stress
evolution with time.

significantly increased. The maximum values of these parameters were obtained when laser irra-
diation was stopped at 20 s, indicating that the material was not in equilibrium during the irra-
diation process. The temperature, displacement, and thermal stress values continued to increase.
After laser irradiation, these parameters exhibited a downward trend, but the displacement and
thermal stress tended to be in equilibrium. For the temperature, no new thermal equilibrium was
established inside the material, and gradually, its value decreased. More importantly, Fig. 5(b)
demonstrates that the first principal stress of the material reached its breaking strength during the
laser action process. Figure 6(c) shows that the material broke at 14.921 s. When the laser irra-
diated the material with a power density of 100 W/cm? for 4.921 s, the material underwent
fracture damage due to thermal stress. At this point, the temperature was 439.897 K lower than
the melting point of the material (1528.15 K). No melting damage was observed, and the material
was considered to have failed.

4.2 Influence of Parameters on Damage Effect

To reveal the damage mechanism of MgF, windows under 1.06 ym continuous laser irradiation,
we thoroughly analyzed the influence of various factors on the laser damage effect by changing
various variables, such as the laser power density, spot size, and action time.

4.2.1 Power density

Single-crystal MgF, material with a thickness and diameter of 4 and 100 mm, respectively, was
irradiated with a 1 um continuous laser for 10 s. During the laser irradiation process, the temper-
ature and stress of the sample changed with time. The observation and laser action time were 60
and 10 to 20 s, respectively. Moreover, we analyzed the influence of thermodynamic behavior
change in other samples by changing the laser power density under other conditions.

When the laser spot radius and irradiation time were 20 mm and 10 s, respectively, the laser
power was changed to 628.3, 1256.6, 1885, 2513.3, 3141.6, and 3769.9 W, corresponding to a
laser power density of 50, 100, 150, 200, 250, and 300 W /cm?, respectively. Figure 7 shows the
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Fig. 7 Thermodynamic effects of MgF, under different laser power density irradiation.
(a) Temperature evolution with time, (b) displacement evolution with time, and (c) thermal stress
evolution with time.
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simulation results of the evolution of temperature, displacement, and thermal stress with time
when the laser acted on the single-crystal MgF, material under different power densities. The
laws of the three graphs were found to be similar; the higher the power density, the faster the
temperature, displacement, and thermal stress rise. Under the action of a 50 W/cm? laser, the
maximum principal stress was 48.7 MPa, which did not exceed the fracture limit of the material.
The maximum temperature under the action of a 300 W /cm? laser was 1284 K, but the principal
stress was significantly over the fracture limit, indicating that the material burst. This is because
magnesium fluoride cannot absorb the laser heat in time to transfer. In the laser spot irradiation
area, the local temperature rises sharply, and a large temperature difference thermal stress is
generated in the material. When the thermal stress exceeds the fracture limit of the material,
cracks or fractures will occur. The above simulation results indicate that under the same laser
power density, the stress damage of Magnesium fluoride material fracture precedes the thermal
damage caused by melting. The simulation results are similar to the experimental research results
of Qi et al. proving the effectiveness of the simulation model."

4.2.2 Spot size

Ignoring the influence of the defects of MgF, crystal material, the radius of laser spot acting
on the MgF, crystal was is 10, 30, and 50 mm with a laser power density of 50, 100,
and 200 W /cm?, respectively, and action time of 10 s. Figures 8(a)-8(f) illustrate the temper-
ature and stress distributions at 50, 100, and 200 W/cmz, respectively. It can be observed
that under the aforementioned laser power densities, the temperature did not exceed the
melting point. Even at the same power density, when the light spot was expanded, significant
differences were observed in the internal temperature and stress of the material. Figures 8(a)
and 8(b) show that only under a power density and spot size of 50 W/cm? and 10 mm,
respectively, the corresponding maximum stress did not exceed the fracture limit. When the
light spot became 30 and 50 mm, the material stress exceeded its fracture limit during laser
irradiation.
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Fig. 8 Evolution of temperature and thermal stress with time for different laser spot sizes.
(a) Temperature evolution under a power density 50 W/cm? and spot size of 10 mm, 30 mm, and
50 mm. (b) Thermal stress evolution under a power density 50 W/cm? and spot size of 10 mm,
30 mm, and 50 mm. (c) Temperature evolution under a power density 100 W/cm? and spot size of
10 mm, 30 mm, and 50 mm. (d) Thermal stress evolution under a power density 100 W/cm? and
spot size of 10 mm, 30 mm, and 50 mm. (e) Temperature evolution under a power density
200 W/cm? and spot size of 10 mm, 30 mm, and 50 mm. (f) Thermal stress evolution under
a power density 200 W/cm? and spot size of 10 mm, 30 mm, and 50 mm.
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Fig. 9 Evolution of temperature and thermal stress with time for different laser action time.
(a) Temperature evolution of 50 W/cm? laser for 10's, 20 s, and 30 s. (b) Thermal stress evolution
of 50 W/cm? laser for 10's, 20 s, and 30 s. (c) Temperature evolution of 100 W/cm? laser for 10 s,
20 s, and 30 s. (d) Thermal stress evolution of 100 W/cm? laser for 10 s, 20 s, and 30 s.
(e) Temperature evolution of 200 W/cm? laser for 10's, 20 s, and 30 s. (f) Thermal stress evolution
of 200 W/cm? laser for 10's, 20 s, and 30 s.

4.2.3 Action time

We explored the effect of laser irradiation time on the thermal damage in single-crystal
MgF, materials. Accordingly, temperature and stress distribution diagrams were simulated for
a laser power density of 50, 100, and 200 W/cmz, with an action time of 10, 20, and 30 s,
respectively.

As shown in Fig. 9, as the laser action time was increased, the material absorbed more laser
energy, and the temperature and stress continued to increase until the end of laser action. In
addition, compared to Fig. 7(a), Fig. 9(e) shows that when the 300 W /cm? laser was applied
for 10 s, the maximum temperature rise in the material was 1283 K, which did not reach the
melting point (1528.15 K). If the laser heating time was extended to 20 s, the material temper-
ature would have reached the melting point and led to damage under a laser power density of
200 W /cm?. This shows that even at low laser energy density, the MgF, window mirror will be
damaged by prolonging the action time.

5 Conclusions

In this study, a finite element software was used to numerically simulate the thermal-mechanical
coupling process of high-power fiber laser-irradiated MgF, windows. The three-point clamping
method demonstrated a significant impact on thermal stress distribution. When a high-power
near-infrared continuous laser with a power density and spot diameter of 100 W/cm? and
20 mm, respectively, irradiated a single-crystal MgF, window with a thickness and diameter
of 4 and 100 mm, respectively, for 4.921 s, the thermal stress in the MgF, window exceeded
the fracture. The strength was 49.6 MPa, and a burst was observed. At this time, the material
temperature was 1528.15 K; the melting point of MgF, was not reached and no melting damage
occurred. In the three-point clamping method, under the same irradiation conditions, the
burst damage in MgF, material due to thermal stress preceded the melting damage. Using the
parameter scanning method, we changed certain parameters, such as the laser power density,
spot size, and laser action time. The aforementioned factors demonstrated a significant impact
on the thermal damage effect of the material. Our research work has important guiding signifi-
cance for laser damage and laser protection in the field of optoelectronic countermeasures. In the
future, in-depth research can continue on new systems of laser action and laser induced thermal
deformation.
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