Supplementary information for dynamics of molten pool
evolution and high-speed real-time optical measurement in

laser polishing

S1 simulation principle

To analyze the accuracy of optical time-stretch imaging and to simulate the process of
laser single-point heating of fused silica. The following assumptions were used to develop
mathematical models of the heating, flow, and evaporation processes using finite element
analysis software!.

(1) It is assumed that the material is isotropic and homogeneous.
(2) Weakly compressible laminar flow.

(3) Ionization of the evaporating material and laser shielding are not taken into

account.

The absorptivity of the material remains the main input assumption in the modelling
and is a difficult quantity to measure, so a calibrated constant value is used?.

The simulation ignores the shielding effect of the vapor plume on the laser, i.e., the
proportion of the total energy absorbed by the material at different laser power densities,
which is one of the reasons for the difference between the simulation and experimental
results. In Figure 4 in the main text, as well as in the supplementary information figure s4,
the density variation of the material is ignored in order to facilitate the calculation of
ablation as well as the variation of roughness during polishing.

1. The implementation details of simulation procedures:
Figure s1 depicts the boundary conditions, and Table s1 contains the corresponding

equations.
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Figure s1. Schematic of the computation model

Table s1 governing equations and boundary conditions.’
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The solid and fluid heat transfer model is strongly coupled with the laminar model,
and the related coupled physical field is the Marangoni effect. The deformation geometry
represents the change of material shape during the heating process.

Where V is the velocity of material, resulting from the evaporation and the flow of
melt material, and p, ¢, Cp and k are the density, viscosity, specific heat capacity, and heat
conductivity in the simulations of fused silica. Where Iy is the laser heat fluence, 7y is the
spot radius. Where i is the vaporization rate of target, L., is the latent heat of vaporization,
and T is the environment temperature.

Laser polishing parameters and constants used for simulation are listed in Table s2.

Table s2. Polishing parameters and constants

Parameter(unit) Nomenclature Value
Beam radius (um) re 650
Ambient temperature (K) Ta 293.15
Initial temperature (K) Ti 293.15
Convective coefficient (W / m? -K) he 100
Stefan-Boltzmann constant (W / (m? -K%)) o 5.67x108

Radiation emissivity € 0.91




S2. Material Properties

The transition point temperature of fused silica is 2273 K, and the evaporation
temperature is 2973 K* According to data from °, Fig. s2(a) shows the density, heat
capacity, and heat conductivity of fused silica as a function of temperature. Figure s2 (b).
For fused silica, the viscosity in relation to temperature is shown °. The Vogel-Fulcher-
Tamman equation is used to calculate the curves, and the data for the materials' viscosities

are taken from their data sheets.
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Figure s2. (a)Variation of density, heat conductivity, constant pressure heat capacity with

temperature. (b)Variation of dynamic viscosity with temperature.

S3. Simulation Results
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Figure s3. Temporal evolution of surface roughness versus temperature for pulsed laser

polishing of Ti6Al4V materials
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microseconds for metals and milliseconds for glass.

S4 Experimental setup

Figure s4. Temporal evolution of the surface roughness of quasi-continuous CO; laser

action on fused silica, (a) surface roughness and temperature; (b) molten pool and surface

As can be seen from figures s3 and s4, the polishing time scales are on the order of

The Fig.s5 illustrates the spatial positions of the carbon dioxide laser beam relative to the

femtosecond laser beam (probe pulse), showing an approximate 15° between them.
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Fig s5. Spatial position of the carbon dioxide laser beam in relation to the probe pulses



SS Experimental results-raw signal data from Fig. 3 in the manuscript
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Fig.s6. The nanosecond timescale raw signal from Fig. 3 of the main manuscript
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