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Combined studies of surface evolution and crack healing
for the suppression of negative factors during CO, laser
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In order to reveal the evolution mechanism of repaired morphology and the material's migration mechanism on the crack
surface in the process of CO, laser repairing surface damage of fused silica optics, two multi-physics coupling mathemati-
cal models with different scales are developed, respectively. The physical problems, such as heat and mass transfer,
material phase transition, melt flow, evaporation removal, and crack healing, are analyzed. Studies show that material
ablation and the gasification recoil pressure accompanying the material splash are the leading factors in forming the
Gaussian crater with a raised rim feature. The use of low-power lasers for a long time can fully melt the material around
the crack before healing, which can greatly reduce the size of the residual air layer. Combined with the experimental
research, the methods to suppress the negative factors (e.g., raised rim, deposited debris, air bubbles) in the CO, laser

repairing process are proposed.
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1. Introduction

Fused silica optics are widely used in terminal optical compo-
nents of high-power laser devices due to their excellent optical
characteristics and process performance. However, UV laser-
induced damage to the surface of fused silica inevitably occurs,
and the size of the damage pit increases exponentially in sub-
sequent laser irradiation, which seriously affects the stability
of optical components and limits the output flux of large
high-power solid-state laser devices'' ).

Research at home and abroad shows that the non-evaporative
repairing method of CO, laser local irradiation can greatly sup-
press the growth of surface damage of fused silica optics'*~®!. It
has been successfully applied to high-power laser systems in the
field of inertial confinement fusion'”~"), However, the residual
stress ') material modification!'>'?), surface deformation!*,
optical modulation!*), redeposited debris!'®, and air bubbles'”!
generated during the actual repairing process are the negative
factors that limit the improvement of the mitigation effect. It
significantly reduces the damage threshold of the fused silica
optics. Therefore, controlling and solving these problems is
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the key to improving the stability of the CO, laser repairing
method.

Feit et al. first proposed the theoretical models of heat con-
duction, melt flow, evaporation, and gasification in the CO, laser
repairing process. He pointed out that the recoil pressure gen-
erated by the evaporation of the material and the healing of
the crack at the bottom of the damage pit might affect the surface
quality of the repaired site"®). Guss et al. have found that the
4.6 pm CO, laser could repair deeper cracks at the bottom of
the damage pit and reduce the occurrence of ablation. The rela-
tionship between the crack size and the formation of bubbles
after repairing was preliminary analyzed'"®. Palmier et al. used
an experimental method to study the melt flow and evaporation
removal behaviors of the material around the damage pit under
different laser parameters, and the evolution law of repaired sur-
face morphology was obtained'*). He et al. analyzed the physical
mechanism during laser polishing of fused silica through
numerical simulation, and the influences of surface tension,
Marangoni effect, and light pressure on the surface processing
quality were revealed***!. Zhang et al. used two process plans
to repair the damage pits with the lateral dimension of
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150-250 pm and explored the bubbles’ formation mechanism, as
well as the method of controlling bubbles'*?),

It can be concluded that the research at this stage is more
focused on the experimental studies of the mitigation process
improvement and repairing effect evaluation, as well as the cal-
culation and analysis using the single mathematical model.
There is no systematic study on the phase transition kinetics
of the material, the evolution of surface morphology, and the
process of crack healing. However, these are the key to revealing
the formation mechanism of the negative factors in the CO,
laser repair process and seeking methods to suppress these
factors.

In this Letter, the physical problems (e.g., heat and mass
transfer, material phase transition, melt flow, evaporation
removal, crack healing, cooling, and freezing) involved in the
process of CO, laser repairing surface damage of fused silica
optics are analyzed through numerical simulation and experi-
mental methods. In order to reveal the evolution mechanism
of repaired morphology and the material migration mechanism
on the crack surface, two multi-physics coupling mathematical
models with different scales are developed, respectively. The
models include the material’s behaviors of melt flow and evapo-
ration and consider the internal effects of Marangoni, gravity,
capillary force, and gasification recoil pressure. Combined with
the experimental research, the methods to suppress the negative
factors, such as the raised edge around the repaired site and the
formation of bubbles, are proposed.

2. Theory and Model

The schematic diagram of non-evaporative CO, laser repairing
of fused silica surface damage is shown in Fig. 1. Figure 1(b) is
the original damage pit on the surface of the fused silica optics
measured by the optical microscope (Nikon ECLIPSE E600).
The damage pit has the diameter of about 260 pm and the depth
of about 60 pm. Cracks of various sizes are distributed at the bot-
tom of the damage pit. When the CW CO, laser acts on the sur-
face, the substrate temperature gradually increases. As the center
temperature exceeds the melting point of fused silica, the
material at the center of the damage pit gradually melts, forming
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Fig. 1. Schematic diagram of the non-evaporative laser repairing of fused
silica surface damage. (a) CO, laser repairing schematic; (b) original surface
damage pit.
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a molten pool. With the increasing of the laser irradiation time,
the molten pool gradually expands to the inside of the bulk, and
the molten material begins to flow outwards under the action of
the Marangoni effect and capillary force. When the substrate
temperature exceeds the evaporation temperature, part of the
material is evaporated and ablated. At the same time, the gasi-
fication recoil pressure formed by the outward splashing of the
vapor plume acts on the surface of the molten pool, which
prompts a large amount of molten material to flow outwards
and gradually accumulate on the edge to form the raised rim.
Additionally, the material’s melting flow can heal the cracks
at the damage pit, and the repaired site with smooth surface
morphology is formed eventually. When the laser is off, the sub-
strate temperature decreases instantly, and the molten pool dis-
appears in a short time. The material structure of the repaired
site region is modified by the thermal effect of the CO, laser.

Since the size range of the micro-cracks around the damage
pit is quite different from the scale of the surface damage, the
separate models are used to analyze the repairing morphology
evolution and crack healing behavior in this work. The thermo-
dynamic and dynamic behaviors of material in the process of
CO, laser interaction with fused silica can be solved by the con-
servation equations of mass, momentum, and energy, which can
be described as

pVu=0, (1)

oT
pcpa +pCp(u -VT)=V - (kVT), (2)

P% +pu-VIu=V - [-pA+ u(Vu) + (Vu)']
—pl-pT=T,)g+F ()

where p is the density of the material, k is the heat conductivity,
C, is the specific heat capacity, u is the velocity of melting flow, A
is the identity matrix, p is the pressure, y is the dynamic viscos-
ity, T,, is the melting temperature, f is the thermal expansion
coefficient, and F is the Darcy damping force.

For material flow in the molten pool, the freely deformable
surface is mainly affected by surface tension, in which the ther-
mal capillary force (Marangoni effect) acts in the tangential
direction, and its size is related to the temperature gradient.
While the capillary force acts in the normal direction, its size
is proportional to the curvature of the surface profile. They
can be expressed as'*"!

o=00—y(T—-T,), 4)
6,=K0 ‘M, (5)

do
=—V.T-t, 6
Gt 6T s ()

where ¢ is the surface tension, o, is the surface tension coeffi-
cient, y is the temperature derivative of surface tension, x is
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the surface curvature, VT is the temperature gradient, and o,
and o; are the normal and tangential components of surface ten-
sion, respectively.

When evaporative ablation occurs, part of the laser heat can
be taken away by the material escaping outwards, which can be
defined as'**!

qevap = MV X LV’ (7)
where L, is the latent heat of evaporation, and M, is the mass
flow rate of the escaped vapor plume, which is taken as a func-
tion of surface temperature:

m

M, =
v 27[ka

X Psat(T) X (1 _ﬁr)’ (8)

where m is the atomic mass, and f, is the retro diffusion coef-
ficient. In this study, taking f, = 0.17, P, is the vapor pressure,
which can be expressed as

M,L, (1 1
Psat(T) =Patmxexp[ ; - (T__T)j|’ (9)
v

where R is the ideal gas constant, M, is the molecular mass, T', is
the evaporation temperature, and P, is the standard atmos-
pheric pressure. At the same time, the upper surface of the mol-
ten pool is subjected to the gasification recoil pressure, which
can be defined as

Patm’ 0 S TS < TV
Precoil - {1+Tﬂr X Psat(TS)’ Ts > Tv . (10)

The mathematical model of this work considers the variations
of physical properties of fused silica with respect to temperature,
such as thermal conductivity, heat capacity, and dynamic viscos-
ity. The selection of relevant parameters has been published in
previous work!?*!,

3. Results and Discussions

The morphology evolution and phase transition processes under
the irradiation of CO, lasers with different powers are shown in
Fig. 2. The laser used is a 10.6 pm CW laser, with a spatial
Gaussian distribution with a spot diameter of 2 mm at 1/e2.
The laser power is set to 30 W, 31 W, and 32 W in sequence,
and the action time is 5 s.

In the heating stage, the material in the molten pool flows out-
wards under the combined action of Marangoni effect, gravity,
and capillary force, of which the Marangoni effect plays a pro-
moting role, while the capillary force acts as an obstacle. When
the center material is vaporized and ablated, certain ablation
morphology is formed, and the gasification recoil pressure acts
on the upper surface of the molten pool. Its value is much greater
than the thermal capillary force and capillary force, which
prompts the material to flow further to the outside and gradually
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Fig. 2. Surface morphology evolutions and phase transition processes of
fused silica optics irradiated by CO, lasers with different powers. (a), (c),
(e) represent the heating stage at the laser action time of 5 s; (b), (d),
(f) are the cases when cooling is for 0.1s. In the pseudo-color scale, one rep-
resents the liquid phase, while zero represents the solid phase.

accumulate at the edge of the molten pool to form the Gaussian
crater morphology with raised rim feature, as shown in
Figs. 2(a), 2(c), and 2(e). As the laser power increases, the
material ablation degree and the gasification recoil pressure
increase, and the depth of the Gaussian crater and height of
the protrusion become larger and larger. It can be obtained that
the gasification recoil pressure is the leading factor in the forma-
tion of the Gaussian crater with raised features. When the laser is
off, the substrate temperature and the molten pool area temper-
ature decrease rapidly within 0.1 s, as shown in Figs. 2(b), 2(d),
and 2(f). The molten material on the raised edge has a tendency
to reflow under the action of capillary force; however, it cannot
change the final surface morphology because of its small value. It
can be seen that the area of the remaining molten pool at the
same moment increases as the laser power rises, and the material
reflow tendency in this area becomes more obvious. The height
of the raised rim has reached 30 pm at the laser power of 32 W,
which will cause strong optical modulation and should be
strictly controlled.

Figure 3 shows the repaired morphologies obtained by experi-
ments of different laser powers. It is necessary to create a damage
pit on the surface of the polished Corning 7980 fused silica glass
sample (50 mm length, 50 mm width, 5 mm thickness) before
the experiment. The CO, laser power used for repairing is
30 W, 31 W, and 32 W, and the laser irradiation time is 5 s.
The right side of the experimental morphology in Fig. 3 is the
calculated morphology and surface temperature distribution
under the same condition.

Fig. 3. CO, laser repairing experiments of different laser powers and corre-
sponding calculated marphologies under the same condition.
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It can be seen from the repaired morphology in Fig. 3 that
there are bright circular rings and redeposited debris around
the repaired crater, which indicates that material evaporation
occurs, and the raised rim feature is formed on the edge in the
actual laser repairing process. The greater the laser power, the
more severe the material ablation, and the more pronounced
the raised rim. It shows that the material’s evaporative ablation
is the leading factor in the formation of the raised feature, which
is consistent with the conclusion obtained from the simulation
shown in Fig. 2. Since the redeposited debris distributed around
the repaired crater will enhance the absorption of light, reason-
able laser power and irradiation time should be selected to avoid
material ablation in the actual non-evaporative laser repairing
process. On the other hand, certain measures can be taken to
eliminate these negative factors, such as use of suction device
and large spot passivation**), The calculated morphology in
Fig. 3 is highly consistent with the experiment, and the diameter
of the ablation crater increases as the laser power increases. The
highest temperature region corresponds to the experimental
morphology. Since part of the laser heat is taken away by the
escaped evaporative material, the maximum temperature of
the fused silica surface is always kept below the vaporization
temperature.

Since there are many various cracks at the bottom of the dam-
age pit, the crack healing process, bubble formation mechanism,
and its control method during laser repairing will be analyzed
below. The schematic diagram of the crack healing process is
shown in Fig. 4(a). The diameter of the laser irradiation area
above the crack is 10 pm, and the laser power density is the same
as the Gaussian spot with the power of 30 W and the diameter of
2mm at 1/e%. The crack healing time 7 and the thickness d of the
healing area can be approximated by the following formula''®!:

7 =nw/ (o), (11)

d=@a, (12)

where 7 is the dynamic viscosity, w is the crack width, o is the
surface tension, E is the activation energy, and T is the maxi-
mum temperature of the material surface.

¥ ¥ ¥ ¥ Laser
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Fig. 4. Evolution process of crack morphology under laser action.
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Figures 4(b)-4(d) show the evolution process of crack mor-
phology under the action of the CO, laser. Due to the large varia-
tion range of the actual crack depth size (from a few microns to
hundreds of microns), considering the sizes of the geometric
model and the laser spot, the crack depth d is set to 20 pm,
and the width w is 0.3 pm. When the CO, laser acts on the crack
surface, the surface material gradually melts to form a molten
pool. The material in the molten pool melts and flows under
the effects of Marangoni, capillary force, and gravity, and the
top of the crack first closes inwards, as shown in Fig. 4(b). As
the laser action time increases, the molten pool gradually
expands into the bulk, and the melt flow rate increases. The
entire crack is in the liquid phase region at around 3 s, as shown
in Fig. 4(c). The crack gradually heals from the top to the bottom
until the morphology of the crack surface no longer changes
with the increase of laser action time, as shown in Fig. 4(d).
From the partially enlarged view of the crack morphology in
Fig. 4(d), it can be seen that, although the molten pool contin-
uously expands inwards with the increase of the laser action
time, there is always an air interlayer with the length of
10 pm and the width of 0.15 pm at the bottom of the crack.
This air layer is due to the fact that, when the CO, laser with
the power of 30 W equivalently acts on the crack surface, the
material at the top of the crack heals first, and the air inside
the crack is too late to escape. It corresponds to the formation
of bubbles during the actual repairing process. The larger the size
of the residual air layer after the crack heals, the larger the bubble
formed.

The size of the residual air layer inside the crack irradiated by
the laser of different powers is shown in Fig. 5. The action time in
the figure is the time from the start of laser irradiation until the
crack morphology no longer changes. It can be seen that when
the laser power increases from 30 W to 40 W, the width of the air
layer increases from 0.15 pm to 0.24 pm, and the length increases
from 10 pm to 16 pm. When the laser power is 20 W with the
action time of 10 s, the width and length of the air layer after the
crack healing are only 0.05 pm and 1 pm. This is because differ-
ent from the way of crack healing from top to bottom under the

Laser action time #/s

P=20W

P=30W
Crack healing with various laser power

P=35W P=40W

Fig. 5. Size of the residual air layer inside the crack irradiated by the laser of
different powers.
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action of the high-power laser, the use of a low-power laser for a The presence of bubbles in the CO, laser repairing process has
long time can fully melt the material around the crack before ~ a great impact on the ability of resistance to laser damage of
healing, which greatly reduces the size of the residual air layer. ~ fused silica optics. It can be drawn from the experimental test

It can be concluded from the above analysis that when the  results that the more bubbles and the denser the bubbles, the
high-power laser is used to repair surface damage directly, it ~ lower the damage threshold. In order to better control the num-
is easy to form large bubbles due to the uneven heating of the ~ ber of bubbles, it is necessary to optimize the processing param-
material in the damage pit. Therefore, in order to suppress  eters during the laser repairing process. The correlations
the formation of bubbles, the low-power CO, laser is recom-  between bubble, crack size, and laser parameters will be further
mended to irradiate the damage pit first for fully preheating  studied in the future.
the material and prompting the air inside the crack to escape,
and then the high-power laser is used to repair it immediately .
afterwards. The following two different schemes are used to & Conclusion
repair the damage pits with the lateral size of about 300 pm
and the depth of about 60 pm. In scheme I, the laser power is
set to 11 W for 40 s, then 14 W for 20 s, and finally 27 W for
5 s. Scheme II directly uses the laser with power of 27 W for
5 s. The repairing results of the two schemes are shown in Fig. 6.

The mitigation effect with scheme I is better, as shown in
Figs. 6(a)-6(c). It can be seen that only one bubble with the
diameter of about 9 pm is formed. The bubble of this size will
not affect the damage threshold of the fused silica optics.
While after repairing with scheme II, a large number of bubbles
appear below the repaired surface, as shown in Figs. 6(d)-6(f),

In summary, the physical problems in the process of CO, laser
repairing surface damage of fused silica optics were studied,
including heat and mass transfer, material phase transition, melt
flow, evaporation removal, crack healing, cooling, and freezing.
The evolution mechanism of repairing morphology and the
material migration mechanism of the crack surface were
revealed. Studies have shown that material ablation during
the laser repairing process and the gasification recoil pressure
accompanying the material splashing were the leading factors
in forming the Gaussian repaired morphology with raised rim
features. The molten material in the cooling stage tended to flow
most of which are around 10 pm. In the enlarged view, a bubble  p, k ynder the action of capillary force. Furthermore, the use of
with the size of 62 pm can be seen. These large numbers of small low-power laser for a long time can fully melt the material
bubbles are left by many tiny cracks when they are quickly closed 5 ;4und the crack and prompt the air inside to escape before heal-
at a higher temperature, and the larger-shaped bubbles are  jno \which could greatly reduce the size of the residual air layer.
formed by deeper cracks. These two types of bubbles should  (Op the basis of the above research, the methods to suppress the
be avoided during the laser repairing process. negative factors (e.g., raised rim, deposited debris, and air bub-
bles) in the CO, laser repairing process were proposed.
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