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Fig. 1 Schematic of interaction between CO, laser and fused silica glass. (a) Three-dimensional numerical model; (b) flow chart
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Table 1 Thermodynamic parameters of fused silica glass

Parameter

Value Unit

Density p

2201 kg e m *

—120+4.56 X T—7.38X10 * X T*46.59X 10 * X T* —3.05X10 * X T' +

Heat capacity C _ Je (kg K)7!
5.72X10 ¥ X T°
Thermal conductivity & 1.12418+7.31454X10 ' X T+4.41871X10 "X T* We (m-+K) '
Imaginary part of refractive index n; 1.82X10 *410.1X10 ° X (T—273)
Surface emissivity f 0.8
Young modulus E 7.2X10" Nem*
Poisson ratio v 0.17
Thermal expansion coefficient a 5x10 7 K
Shear modulus G 31.3 GPa
Strain reference temperature T 293.15 K
Standard atmospheric pressure P, 10° Pa
Molar mass M 40X10°7 kg + mol '
Perfect gas constant R 8.31 J+ (Ke+moh™
Latent heat of evaporation U, 425 kJ « mol™!
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Fig. 2 Temperature distributions inside sample and initial surface damage morphologies under irradiation with different pulse

energies. (a)(d) 1J; (b)(e) 2.5]; (c)(f) 5.3
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HE S BRA B0 , AH BT AR 1] BR [ 25 5K — A
XA S 3 BT 48 ) I 3 R ER [] 7 g B8 AT A F W43 B
WOCH A TTPE T . (RS20 T0 1k I o
B B PN B AR 1] I g RN BR ) R T A TR A 4
TSR B T R O R RE A 3R AT
TN S5 . AR B UE T B AR Y I R S AR
it — R TR M S o, MW N T o, B9 AR
185 O, 76 b AR ) 9O AR R RS OL T 08 A B
PR A [i) YR B8 Ak ) A5 ) R B i) 7 7 4 A I 40 R 5
PR s e i g Bl 3R R TR ), IEAE R B T .
FH P 2 B9 43 T 0PI R0 1 36 F o TR B T ) 5040
AR AW /)N, BT OGRS B A RS2 AR K
P05 V50 N FRASAFAE I ) 43 A BN, -2 428 il 2k 1Y
RIS BE LR, X FREE R 1] BIE 0,
FEAN [FRE St R BE AR 00 T o 05 A 0 3 8 PN 38 1) A% 1) 1
J153 A 5 Ca) i . LATRIE Ry 30 pm W 77 J2
R B AE N T 5 e DB TR P L AR ] g R B Dk
F1. HAEHAR K 0. 04 mm {1 X BT AE AR B KR
N3 (14. 5 MPa) , B 2 v 8 Wy 2P 42 J7 ) 32 T 3 25
DN R DX I, 0F 07 ) T B A 85 38 U0 T I R A
JE BYAEAE S 5 A0 D i N B FAIE ik AN 3455, DT 7= A
Ry PR AR [ 8 7 32 U BE A R 194 5 Vi) T 328 T Uik
NIRRT, EANRIRE IR EE N 08 A 98 N Y
A8 1) 187 45 A3 T 7 38 B 30 (R B2 292 30 pem) B
T d K ), FEAERE IR BEE 45 pom A0 BT Y A2 1)
I 3 A R I T 22 2 il v ) I R A B 5 i 17T 38
W55 A% 1) LN S AE TR E 140 o Kb BFF T 27 T 2K .

AHEE T4 ] L J7  J A 0 P9 18 B 1) 18 g 43 A
5 G0 5 Ry B 4k, 5 3 T 3 B ST 1 B 1) 18 g 5 A ) g
JIRARL ¥R Fe 1 g, (H U B AR T 1), BE ) R
IV A SETAN I RE R BN EW R X W M I BT S
s /N A T L WA 5(h) Fr R, X BLR SR LR
FE 30 pm (R ) )2 A B, HUAS & OK R N )
14. 8 MPa WAL 8 LT 5 & KAR ] 1 ) i 47 & AR ]
ZJEHEEAE 0,36 mm Ab%E AL KRN ), B 1) 7 N )
FEFA2 0. 46 mm Ab A FIE(H 1. 8 MPa )5 . Wi A2 J5
)BT N B, TR R S UREE T L MR 3R
Tia] JN7 7 149 4 A RS AR 18] 2 T 04 43 A B AR AL, R
[F) % 8 A2 %) A 1) J7 3 0 Bl 1) 5t 14 R /N 5 (B AR T
B JE , JUT-FE A R G TR A, B 1) s 1 g R
D1 ¥ AT F R AR . 22 5 BE 5 Sl o) T R B BE S ) 1) U
55, BR8] N 77 3% 08N B

I JEWEE T A [ K o o il o IR AN [ R
Qb I AT S BB Y L ) A A A B Al 5 TR . B
B I O BE S 003G L R ey DX R I R R L
ISP e S EMN TR N VIEE S e RS s LR &
T . X FEREE 30 pm b4 RHZ B4R 1 7, 24 ik
PhEOCRER R 1) WK E 2.5 A1 5.3 ] B AR
B ) R B K, oA R(E R 1] B Y
14.5 MPa ${ K% 2.5 ] i Ay 21. 3 MPa #1 5. 3 ] i}
[ 26 MPaj; [R] B 42 ] i 7 A9 52 i 3 L AS W oK
HGEEH 1] A 140 pm SEHZE 2.5 ] BFEY 144 pm
F15.3 ] B 150 pm, G0 5Ce) F1 5Ce) fi s, TRl A
by, B 1) 17 A I A K b O g S 1 g g O, I

0101001-6



FRIEX

#4855 £ 1 H/2021 £ 1 B/ EEH,

TG B AW, i 5D 5D iR, T RR
] O] 3 I8 2 FA 1] W A7, ok p o6 g B B 38 S BUR

5
tensile T
0
53 compressive l
5 5F — ()
w0
2 —o— 30 um
= _10k —&— 40 um
= —+— 50 um
< —— 80 um
& -15F —— 160 pum
-20 L L
0.0 0.5 1.0 1.5
Radius/mm
tensile 1‘
0
£ compressive l
2 —=—0
% -10F =30 um
1= =40 um
= =+=50 um
‘-:63‘ -20 ——380 um
= == 160 um
-30 L L
0.0 0.5 1.0 1.5
Radius/mm
10
() tensile 1‘
< 0
[ compressive
S — ()
a2 -10F ——30
9] Hm
ot
7 —a— 40 um
= 20} —+— 50 um
§ —o— 80 um
=¥ 160 um
_30}F
0.0 0.5 1.0 1.5
Radius/mm

T A4 R P A 8, BAGS o DX sl TR B R b 1 0
NS 77 373560 J5E A W38 K 87 3 5 Wi DX I AN I I

5
(b) tensile 1
0
& compressive l
g o ——0
a —o— 30 um
g _10k —dt— 40 um
3 —#— 50 um
3 —— 80 um
T 15 == 160 um
-20 L L
0.0 0.5 1.0 1.5
Radius/mm t
tensile
0
< compressive l
% —0
2 -10F —e— 30 um
g —t— 40 um
2 == 50 um
8 -20 —— 80 um
= =¥ 160 um
-30 L L
0.0 0.5 1.0 1.5
Radius/mm
10
® tensile T
0
£ compressive
= — ()
g -1 —e— 30 um
£ —a— 40 um
2 20 —*— 50 um
r? —— 80 um
= =¥ 160 um
0.0 0.5 1.0 1.5
Radius/mm

B 5 RREIEOGRER T AN [FRE SR BE AL A48 1) L J1 FER 1] BE J7 434 . () (B) 15 (o) (d) 2.5 J; (e)(f) 5.3 ]
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Abstract

Objective Fused silica has been used in a variety of applications, including high-power laser devices, owing to its
excellent chemical stability and optical properties. However, the fused silica optical elements in high-power laser
devices are easily damaged owing to various complex physical and chemical mechanisms, thereby the system stability
is affected. Researchers have successively conducted a lot of basic and applied researches on laser induced damage.
However, most of the existing researches focus only on the dynamic process of material surface damages caused by
the interaction between optical materials and lasers, such as temperature distribution, material evaporation, and
damaged pit morphological change. Many researches have been conducted on the thermal stress distribution on fused
silica material surfaces. However, there are few studies on the stress field distributions inside materials along the
direction of an incident laser. This study presents a detailed research and an analysis on temperature and damage
morphological distributions of materials and clarifies the interaction mechanism between laser and matter from the
three-dimensional stress viewpoint.

Methods To study the three-dimensional stress distribution of laser damaged optical components, this study
establishes a finite element thermodynamic model describing the interaction between pulsed CO, laser and fused
silica. This model can simulate temperature evolution inside fused silica during laser irradiation, and can be used to
analyze the initial damage morphology of the specimen and three-dimensional stress distribution inside the material
after cooling. To ensure the accuracy of the constructed thermodynamic model, this study considers classical heat
conduction, heat radiation, and heat loss caused by heat convection on the specimen surface. Solving the heat
conduction equation, one can get the internal temperature distribution when laser interacts with fused silica.
Simultaneously, using the obtained surface temperature of the specimen, one can get the depth of damage pit.
However, a single thermoelastic equation is not enough to completely describe the change in the material cooling
process, and the viscoelasticity of materials is also needed to be included to investigate the variation of strain and
stress with time. Therefore, a generalized Maxwell model with a single element is introduced to represent the
viscoelastic materials, and the three-dimensional stress distribution of laser damaged fused silica can be calculated
after the material is cooled. Further, a more in-depth analysis of laser damage can be conducted.

Results and Discussion Based on the model we established above, we obtained the three-dimensional radial stress
and hoop stress in fused silica along the direction of the incident laser. As for the difference between the two
stresses, the corresponding parameters in the numerical simulation are selected according to the experimental ones,
and the comparison between the experimental and simulation results shows that the two stresses have a completely
consistent trend, which proves the accuracy of the numerical model describing the interaction between the pulsed
CO, laser and fused silica. Moreover, according to the interpretation of the obtained three-dimensional stress
distribution, the radial stress within the depth of the damage pit appears as a compressive stress. The radial stress
first increases to the maximum. After exceeding the damage depth, the radial stress gradually decreases until
approaches zero. In addition, the internal radial stress of fused silica first reaches the maximum compressive stress
value near the bottom of damage pit and then gradually transforms from the radial compressive stress to the tensile
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stress before gradually decreasing to zero along the axial direction. The hoop stress near damage pit appears as the
compressive stress, similar to the radial stress. With the radius value decreasing, the hoop compressive stress is
transformed into the tensile stress. The hoop stresses first increase along the z-axial direction until they reach the
maximum value and then gradually decrease with the increase of depth until they become zero. In addition, the
increase of laser pulse energy leads to the significant increase of the hoop and radial stresses and their influence
ranges. These numerical calculation results, especially the three-dimensional hoop and radial stress distributions, are
difficult to obtain with the traditional optical measurement technology.

Conclusion The traditional laser damage stress measurement experiment is complicated. It has a huge margin of
error, and it is difficult to directly measure the radial and hoop stress distributions through this experiment; only the
difference between these two stresses can be measured through this experiment. In this study, a finite element
analysis method is used to establish a thermodynamic model describing the interaction between a pulsed CO, laser and
fused silica. Based on the obtained temperature evolution inside fused silica and the initial damage morphology of
specimen during the laser heating process, the three-dimensional stress distribution inside the material is calculated.
The thermodynamic model considers the classical heat conduction, heat radiation, and heat loss caused by heat
convection on the specimen surface. The three-dimensional distribution of the difference between the radial and hoop
stresses calculated using this numerical model has the same changing trend as that from the experiment, which
proves the accuracy of the numerical model. Based on the calculation of the three-dimensional stress distribution, the
relationship between the radial and hoop stress distributions, the depth of damage pit, the distance from damage pit,
and laser pulse energy are also analyzed in detail. These results are helpful to establish a three-dimensional stress
field inside fused silica and provide a theoretical basis for the improvement of CO, laser repair process.

Key words laser optics; laser damage; three dimensional stress distribution; fused silica glass; temperature field;
finite element method
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