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1. Introduction

Hard and brittle materials (HBMs), such as ceramics, 
glasses, semiconductors, etc., are widely used in a broad range 
of various industries such as aerospace, power electronics, 
semiconductors, medical implants, military etc., due to their 
excellent chemical and physical properties such as chemical 
stability, high thermal resistance, low thermal conductivity, 
high hardness, wear resistance, wide energy bandgap, etc [1]. 
Although HBMs are considered preferred candidates for key 
components, especially those operating in harsh and elevated 
temperatures, they usually show poor machinability because of 
their hard and brittle properties. Damages such as surface and 
subsurface damage often occur during machining 
of hard and brittle materials, which not only leads to the 
degradation of surface quality, but also directly influences the 
function and performance of the HBMs components. To 
overcome these challenges, conventional polishing process as 

well as several newly developed polishing processes such as 
chemical-mechanical polishing (CMP) [2], plasma-assisted 
polishing (PAP) [3], magnetorheological finishing (MRF) [4], 
etc., have been used to remove above-mentioned 
surface/subsurface damages. Laser polishing is a newly 
promising approach that can be used to polish a wide range of 
workpiece materials especially those that are difficult to polish 
by conventional manufacturing techniques. However, the wide 
application of laser polishing in HBMs is limited by the several
challenges including temperature control, melt pool evolution 
dynamics, and the formation of heat-affected zones (HAZs). 
Moreover, the selection and precise control of laser processing 
parameters are critical to maintaining optimal surface integrity.

This paper provides a review on recent advances in laser 
polishing of HBMs. It begins by examining a summary of the 
fundamental principles of laser polishing and the mechanisms 
governing laser polishing. The discussion then focuses on the 
heat transfer, fluid flow, melt pool evolution, and HAZs. 
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Analytical and numerical models for the heat transfer and melt 
pool dynamics are highlighted. The review further addresses 
the influence of laser processing parameters on the surface 
integrity including surface roughness, morphology, 
microstructure, and hardness. The paper concludes with an
overview of the key findings and prospects for future 
developments in laser polishing of HBMs.

2. Laser polishing mechanism

Laser polishing is a surface refinement technique that relies 
on localized remelting rather than material removal, 
distinguishing it from conventional polishing methods. Figure 
1 presents a schematic of the laser polishing process. Upon 
laser irradiation, the surface layer rapidly absorbs heat, 
inducing localized melting or vaporization, depending on the 
laser intensity and pulse duration. The phase transition from 
solid to liquid or gas facilitates material flow, and as the laser 
beam traverses the surface, capillary pressure, surface tension, 
and gravity redistribute the molten layer, resulting in a 
smoother finish. Laser polishing can be categorized into 
thermal polishing (photothermal effect) and cold polishing
(photochemical effect) [5]. In thermal polishing, a continuous 
wave (CW) laser generates a high-power density, melting 
surface asperities and allowing material flow into valleys, thus 
reducing roughness. This process follows two mechanisms: 
surface over-melting (SOM) and shallow surface melting 
(SSM). In SOM, the melted layer depth exceeds the peak-
valley height, leading to full surface liquefaction and periodic 
structures under thermal capillary forces. In SSM, partial 
melting occurs, with the melted layer depth equal to or less than 
the peak-valley height, enabling roughness reduction under 
capillary pressure, surface tension, and gravity. In contrast, 
cold polishing employs short and ultrashort pulse lasers, where 
photon energy exceeds the material’s bond strength, disrupting 
the lattice structure and removing surface imperfections via 
vaporization. This photochemical process results in a refined 
surface topography without significant thermal effects.
Although thermal polishing has been used for HBMs [6], its 
associated large HAZs and defects (e.g., debris, microcracks, 
oxidation) [13], limit its application. Short/ultrashort 
wavelength lasers (nanosecond, picosecond, femtosecond) are 
preferred for micro-polishing due to reduced thermal impact, 
making cold laser polishing more suitable for HBMs. Table 1 
summarizes the advantages and drawbacks of both approaches. 

Fig. 1. Schematic of laser polishing; (a) continuous laser radiation and (b) 

pulsed laser radiation [7].

Table 1. Advantages and drawbacks of thermal and cold polishing [8].

Polishing Thermal polishing Cold polishing

Mechanism Thermal accumulation, 
the surface material is 
melted and evaporated.

Chemical bonds rupture, 
causing the molecules to 
dissociate and subsequently 
vaporize.

Type of 
laser

Continuous or long-
wavelength or long-
pulse lasers

Short/ultrashort laser pulse, high 
pulse energy, short/ultrashort 
laser wavelength 

Advantages High polishing 
efficiency 

Easy to control polishing 
thickness, no micro-cracks

Drawbacks Substantial temperature 
gradient, internal 
stresses, micro-cracks

Low polishing efficiency

Application Rough polishing of 
materials with better 
physical properties

Material difficult thermally 
polished, fine polishing of 
precision instruments 

3. Heat transfer and fluid flow

Laser polishing relies on localized heating, melting, and 
flow of the surface layer. Understanding temperature gradients, 
melt pool evolution, and surface tension is vital for controlling 
surface quality. Accurate heat-transfer and fluid-flow 
modelling clarifies how process parameters influence these 
phenomena, enabling defect minimization and process 
optimization, particularly for hard and brittle materials with 
unique thermal and mechanical sensitivities. Researchers 
employ both analytical and numerical modelling to investigate 
the underlying physics.

3.1. Analytical modeling

The analytical modeling of laser polishing can be 
categorized into two distinct components: laser beam model 
and laser polishing model [9].

3.1.1. Laser beam model

Most laser polishing models link the beam to its energy 
source, commonly using Gaussian or top-hat profiles, Gaussian 
being more studied [10]. The power per unit volume of a 
Gaussian beam in cylindrical coordinate system is defined as
[11]:

𝐼𝐼(𝑟𝑟, 𝑧𝑧) = 𝐼𝐼0𝑒𝑒𝑒𝑒𝑒𝑒 (−2
𝑟𝑟2

𝜔𝜔2)
2

(1)

Where 𝐼𝐼0 is peak power, 𝑟𝑟 is the distance from the laser 
beam center, and 𝜔𝜔 is the Gaussian beam waist radius. The 
peak power peak is defined as [12]: 

𝐼𝐼0 =
2𝑃𝑃
𝜋𝜋𝜔𝜔2 (2)

Where P is the laser power. For a top-hat (flat-top) profile, 
the Beer-Lambert law implies exponential intensity decay with 
depth z [10]:

𝐼𝐼(𝑧𝑧) = 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒−𝜔𝜔𝜔𝜔 (3)

Where 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 represents surface intensity and 𝜔𝜔 represents 
attenuation coefficient.
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For pulsed lasers, time is crucial in modeling, with such 
lasers represented as volumetric heat sources ( 𝑞𝑞𝑣𝑣 ) in the 
enthalpy-based energy balance equation [13]:

𝑞𝑞𝑣𝑣 = 𝐼𝐼0𝐴𝐴(1 − 𝑅𝑅)𝑒𝑒𝑒𝑒𝑒𝑒(−𝑧𝑧𝑧𝑧)𝑒𝑒𝑒𝑒𝑒𝑒 (− (
𝑟𝑟
𝜔𝜔)

2
) 𝑓𝑓(𝑡𝑡) (4)

Where, 𝑅𝑅 represents the reflectivity, 𝐴𝐴 represents the 
absorptivity, and 𝑓𝑓(𝑡𝑡) represents the distribution of laser pulse 
intensity. The pulse lasers typically adhere to a trapezoidal 
temporal distribution, which is expressed as [13]:

𝑓𝑓(𝑡𝑡) =
{
 

 
0, 𝑡𝑡 = 0
1, 𝑡𝑡𝑟𝑟 < 𝑡𝑡 < 𝑡𝑡𝑓𝑓
0, 𝑡𝑡 = 𝑡𝑡𝑝𝑝
1, 𝑡𝑡𝑝𝑝 < 𝑡𝑡 < 𝑡𝑡𝑐𝑐

(5)

Where 𝑡𝑡𝑟𝑟 is pulse rise time, 𝑡𝑡𝑓𝑓 is pulse fall time, 𝑡𝑡𝑝𝑝 is pulse 
length, and 𝑡𝑡𝑝𝑝 is cooling period. 

Some researcher tried to develop some models based on the 
principle of this analytical modelling. Niitsu et al. [12]
optimized laser recovery of silicon wafers, achieving a 
minimum surface roughness (Sa) of 1.1 nm within a peak 
irradiance range of 3.92 × 107 to 5.23 × 107 W/cm² and a pulse 
width of 38 ns. Chen et al. [14] utilized a two-temperature 
model (TTM) to predict selective polishing of RB-SiC, 
demonstrating significant differences in ablation thresholds 
between Si (0.066 J/cm²) and SiC (0.168 J/cm²). Acosta-
Zepeda et al. [15] developed an analytical model to describe 
the evolution of interfacial melt pools and subsequent 
thermocapillary flows, accurately predicting the formation of 
dimple-shaped surface topographies. Xu et al. [16] proposed a 
mathematical model to elucidate the mechanism of roughness 
formation during femtosecond polishing, emphasizing the 
importance of optimizing lower laser energy utilization through 
careful selection of offset distance.

The majority of the currently available models establish a 
connection between the laser beam and the energy sources. The 
current models are based on the either Gaussian or Top-hat 
laser beam distribution. These models use the parameters of 
laser beam sources such as power, radius of beam, wavelength, 
etc., in order to calculate the energy applied to the surface 
material. However, the main limitation of these models lies in 
their neglect of the main driving forces such as Marangoni 
force (thermocapillary force), surface tension (capillary force), 
recoil pressure, and fluid flow, which significantly impact laser 
polishing performance.

3.1.2. Laser polishing model

Accurately formulating heat transfer equations is essential 
for describing laser beam energy generation and transfer. 
Figure 2 presents a schematic of the melt pool and its boundary 
conditions. The governing equation for heat transfer within a 
fluid is defined as [17]:

𝜌𝜌𝐶𝐶𝑚𝑚𝑚𝑚 (
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + ∇. (𝑢𝑢𝑢𝑢)) = ∇. (𝑘𝑘∇𝑇𝑇) (6)

where 𝜌𝜌 represents density, 𝑇𝑇 represents temperature, 𝑡𝑡
represents time, 𝑘𝑘 represents thermal conductivity, 𝑢𝑢
represents velocity in the melt pool, and 𝐶𝐶𝑚𝑚𝑚𝑚 represents 
modified heat capacity, which can be expressed as [18]:

𝐶𝐶𝑚𝑚𝑚𝑚 = 𝐶𝐶𝑝𝑝 + 𝐿𝐿𝑚𝑚
𝑑𝑑𝑑𝑑𝐿𝐿
𝑑𝑑𝑑𝑑 (7)

Where 𝐶𝐶𝑝𝑝 represents heat capacity, 𝐿𝐿𝑚𝑚 represents latent 
heat of melting, and 𝑓𝑓𝐿𝐿 represents fraction of liquid, which is 
defined as [17]:

𝑓𝑓𝐿𝐿 = {
0 𝑇𝑇 ≤ 𝑇𝑇𝑠𝑠

𝑇𝑇−𝑇𝑇𝑠𝑠
𝑇𝑇𝐿𝐿−𝑇𝑇𝑠𝑠

𝑇𝑇𝑠𝑠 ≤ 𝑇𝑇 ≤ 𝑇𝑇𝐿𝐿
1 𝑇𝑇 ≥ 𝑇𝑇𝐿𝐿

(8)

where 𝑇𝑇𝑠𝑠 and 𝑇𝑇𝐿𝐿 represents the solid and liquid temperature 
of material, respectively. As depict in Fig. 2, there are 4 
boundary conditions. The boundary 2 is affected by the heat 
flux of laser beam, convection, and radiation from surface to 
ambient, which can be described as [19]:

−𝑘𝑘∇𝑇𝑇 = 𝛼𝛼𝛼𝛼 − 𝑞𝑞𝑒𝑒 + ℎ(𝑇𝑇 − 𝑇𝑇𝑎𝑎) + 𝜀𝜀𝜀𝜀(𝑇𝑇4 − 𝑇𝑇𝑎𝑎4) (9)

Where 𝛼𝛼 represents the material absorption, 𝑞𝑞𝑒𝑒 represents 
heat flux of evaporation, ℎ represents the coefficient of 
convective, 𝑇𝑇𝑎𝑎 represents the temperature of ambient, 𝜀𝜀
represents the emission of radiation, 𝜎𝜎 represents the constant 
of Stefan–Boltzmann, and 𝐼𝐼 represents the heat flux of laser 
beam with Gaussian distribution, which can be expressed as
[19]:

𝐼𝐼 = 2𝑃𝑃
𝜋𝜋𝑟𝑟𝑏𝑏2

𝑒𝑒𝑒𝑒𝑒𝑒 {−2(𝑥𝑥−𝑣𝑣𝑣𝑣)
2

𝑟𝑟𝑏𝑏2
} (10)

Where 𝑃𝑃 represents laser power, 𝑟𝑟𝑏𝑏 represents laser beam 
radius, 𝑣𝑣 represents laser scanning speed. The boundaries 1 and 
3 are subjected to convection and the radiation from surface to 
ambient There is an adiabatic boundary at boundary 4.

Fig. 2. Schematic diagram of melt pool and boundary conditions in laser 

polishing [17].

The mass and momentum conservation equations used in a 
fluid is expressed as [17]:

𝜌𝜌 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 + 𝜌𝜌(u. ∇𝑢𝑢) = ∇. (−𝑃𝑃𝐼𝐼𝑚𝑚 + 𝜇𝜇(∇𝑢𝑢 + ∇𝑇𝑇𝑢𝑢)) + 𝐹𝐹𝑣𝑣 (11)

Where 𝑃𝑃 represents pressure, 𝐼𝐼𝑚𝑚 represents identity matrix, 
𝜇𝜇 represents dynamic viscosity, and 𝐹𝐹𝑣𝑣 represents body force.
Boundaries 1, 3, and 4 are no-slip walls, whereas the top 
surface (boundary 2) is free and deformable, as shown in Fig. 
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2(b). The stress (𝜎𝜎) exerted on the top free surface of the melt 
pool can be described as [19]:

𝜎𝜎 = 𝜎𝜎𝑛𝑛 + 𝜎𝜎𝑡𝑡 (12)

Where 𝜎𝜎𝑛𝑛 and 𝜎𝜎𝑡𝑡 are the normal and tangential stress, 
respectively. Normal stress (𝜎𝜎𝑛𝑛) arises from capillary forces, 
whereas tangential stress (σt) depends on the thermocapillary 
(Marangoni) force governed by temperature gradients along the 
surface.

Based on the literature, a significant gap exists in laser 
polishing models for hard and brittle materials (HBMs), as the 
existing models have predominantly been developed for 
metals. This highlights the need for further investigation to 
address this gap.

3.2. Numerical modeling

By simulating the complex physical phenomena involved in 
laser polishing, researchers can gain valuable insights into the 
process and optimize laser parameters to achieve desired 
results.

Wang et al. [20] investigated Laser-polished ground fused 
silica using top-hat and Gaussian beams, reducing roughness 
from over 500 nm to below 0.5 nm. Simulations linked surface 
smoothing to increased temperature and decreased viscosity.
Zhao et.al. [21] developed a numerical model for CO2 laser 
polishing of fused silica optics, demonstrating a significant rise 
in surface temperature gradient during pulsed laser irradiation, 
as shown in Fig. 3.

Fig. 3. Schematic diagram of melt pool and boundary conditions in laser 

polishing [21].

Wei et al. [22] employed a multi-physics model to examine 
the effects of surface tension, Marangoni flow, light pressure, 
and gravity in CO₂ laser polishing of fused silica. Figure 4 
highlights surface tension as the dominant force for achieving 
sub-nanometre roughness, with the model accurately predicting 
final surface quality. Wang et al. [23] developed a 2D heat-
transfer and laminar-flow model for laser polishing of alumina 
ceramic, predicting capillary-driven fluid flow from peaks to 
valleys and achieving surface smoothing. Simulations closely 
matched experiments, with depth/height deviations of 13.9% 
and 17.8%.

A significant research gap exists in understanding the 
influence of process parameters on melting depth, melt pool 
evolution, and HAZ formation during HBM laser polishing. 
Further research should explore their impact on solidification 
and surface roughness, particularly considering the crystalline 
nature of most HBMs. Investigating the effects of temperature 

gradients, melt pool dynamics, and fluid flow on microstructure 
and recrystallization is crucial. Furthermore, current numerical 
models, largely focused on glasses and fused silica, need 
expansion to encompass other HBMs.

Fig. 4. Surface profile and velocity field distribution under various forces at 

21 ms: (a) light pressure and gravity, (b) Marangoni effect, (c) surface 

tension, (d) resultant force, (e) Maximum velocity evolution of the fluid field 

for various forces, and (f) Surface profile of the laser-polished surface under 

various forces [22].

4. Surface integrity

Experimental studies of using laser polishing to enhance 
surface integrity of HBMs towards reducing roughness, 
minimizing defects, and improving material properties, 
essential for high-performance applications, will be reviewed 
in this session.

4.1. Surface roughness

Zheng et al. [24] optimized femtosecond laser polishing of 
SiC ceramics, achieving a Sa of 0.187 μm and Sz of 2.313 μm 
at 10° incidence, 100 kHz, 200 mm/s, and 60 μJ, as shown in 
Fig. 5. Zhang et al. [25] demonstrated significant surface 
roughness reduction (82%) of Al2O3 ceramics using 
picosecond laser, achieving an SRa of 0.32 μm. Lu et al. [26]
investigated CO2 laser polishing of fused silica glass, reporting 
a minimum Sa of 0.22 μm with optimized parameters: 100 
mm/s, 15 kHz, 50% duty cycle, +5 mm defocus, 0.01 mm track 
pitch, 40 mm length, and 36 mm width.

4.2. Morphology

Zheng et al. [27] observed a correlation between scanning 
speed, void size, and surface morphology during laser 
polishing of SiC ceramics. Zheng et al. [28] demonstrated that 
femtosecond laser polishing of SiC ceramics in water resulted 
in crack and pit formation at 10 kHz. However, increasing the 
frequency to 40 kHz yielded a smooth, crack-free surface with 
minimal particulate deposition. Zhang et al. [29] reported that 
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low pulse energy during femtosecond laser polishing of SiC 
ceramics in air resulted in insufficient ablation, leading to the 
persistence of initial voids, pits, and cracks on the surface.

Fig. 5. Effects of laser frequency on (a) Surface roughness (Sa), (b) surface 

roughness (Sz) and (c) removal depth of SiC. Surface morphologies, SEM 

images and three-dimensional profiles of SiC ceramics under various 

frequencies; (d–f) 25 kHz, (g–i) 100 kHz [24].

4.3. Microstructure 

Zhang et al. [25] proposed a picosecond laser polishing 
mechanism for Al2O3 involving the recrystallization of 
nanoparticles generated during ultrafast laser scanning, 
observing the formation of numerous spherical nanoparticles 
(10-500 nm) at the treatment edge. Niitsu et al. [30] employed 
nanosecond laser irradiation on boron-doped silicon wafers 
with a Gaussian beam (48.4 ns pulse, 1.94 J/cm² fluence, 2.27 
kW peak power), achieving a 909 nm recrystallized depth and 
eliminating grooves and pile-up.

4.4. Hardness 

Hong et al. [31] demonstrated that laser polishing 
significantly improved the surface quality and hardness of 
WEDMed Zr-based MG. Surface roughness was reduced from 
1.27-4.58 μm to 0.09-0.21 μm, while hardness increased from 
6.30 GPa to 8.99 GPa. Liu et al. [32] investigated laser 
polishing of LSPed Zr-based MG, observing a hardness 
recovery trend (5.77 GPa to 6.05 GPa) with increasing laser 
power (2.9-5.0 W), attributed to residual stress relaxation and 
laser annealing. However, the final hardness remained slightly 
lower than the initial state due to the inherent softening effect 
of laser polishing. Figure 6 illustrates the influence of laser 
parameters on post-laser polishing hardness. 

4.5. Optimization

Yan et al. [33] optimized femtosecond laser polishing of 
RB-SiC using design of experiments (DOE) method, 
identifying an optimal parameter set, 0.62 J/cm² fluence, 4 μm 
scanning interval, two scanning passes, 150 mm/s scanning 
speed, and 100 kHz repetition frequency. Lu et al. [34] used the 

Taguchi method to optimize fused silica laser polishing, 
reducing surface roughness (Ra) from 0.157 µm to 0.005 µm.

In HBMs, laser-induced recrystallization is the primary 
defect recovery mechanism, necessitating further investigation 
into the influence of temperature on this process. Key areas 
requiring deeper exploration include the interaction of SSDs 
from prior processing with laser polishing and the effect of 
initial laser scan point on surface integrity. In addition, existing 
research on HBMs has largely focused on glass, highlighting 
the need to examine other materials. Finally, integrating data-
driven methods such as machine learning into laser polishing 
strategies for HBMs represents another promising avenue for 
future work.

Fig. 6. Effects of (a) laser power, (b) scanning speed, and (c) overlap rate on 

the surface hardness after laser polishing [32].

5. Conclusion and future perspectives

Hard and brittle materials (HBMs) are extensively used in 
various industries but suffer from poor machinability, often 
leading to surface and subsurface damage. Laser polishing 
offers a promising solution to mitigate these defects, yet 
challenges remain:

• Thermal Control and Process Parameters
Selection: There is a lack of research examining how 
temperature gradients and process parameter selection 
influence recrystallization. Maintaining temperatures 
within a narrow range prevents excessive heat-
affected zones and microcracking, while carefully 
balancing laser processing parameters fosters uniform 
melting and solidification. Together, these factors 
reduce surface damage and yield optimal finishing.

• Pre-Existing Defects: Limited research exists on how 
cutting, grinding, or lapping flaws affect laser 
polishing performance. Defects acting as stress 
concentrators necessitate further study of thermal 
shock, stress waves, and their influence on damage 
growth.

• Modelling Gaps: Current analytical approaches often 
overlook key forces, Marangoni flow, surface tension, 
recoil pressure, that govern melt pool dynamics. 
Incorporating these factors in simulations can enhance 
predictions of melting depth, surface roughness, and 
SSDs recovery.

• Simulation and AI Integration: Advanced 
modelling methods (e.g., FEM, CFD) are essential for 
precise temperature gradient control, while emerging 
AI techniques, including machine learning and data-
driven approaches, hold great promise for parameter 
optimization and predictive modelling.



396 Aref Azami  et al. / Procedia CIRP 137 (2025) 391–396

Acknowledgements

The authors would like to thank for the financial support 
from UKRI-EPSRC (EP/T024844/1, EP/X021963/1) and the 
University of Strathclyde (Global Research Studentship 
Award) to this study.

References

[1] K. You, G. Yan, X. Luo, M. D. Gilchrist, and F. Fang, “Advances in 
laser assisted machining of hard and brittle materials,” J Manuf 
Process, vol. 58, pp. 677–692, Oct. 2020, doi: 
10.1016/J.JMAPRO.2020.08.034.

[2] Y. Hu, D. Shi, Y. Hu, H. Zhao, and X. Sun, “Investigation on the 
Material Removal and Surface Generation of a Single Crystal SiC 
Wafer by Ultrasonic Chemical Mechanical Polishing Combined with 
Ultrasonic Lapping,” Materials 2018, Vol. 11, Page 2022, vol. 11, no. 
10, p. 2022, Oct. 2018, doi: 10.3390/MA11102022.

[3] N. Liu et al., “Damage-free highly efficient plasma-assisted polishing 
of a 20-mm square large mosaic single crystal diamond substrate,” Sci 
Rep, vol. 10, no. 1, Dec. 2020, doi: 10.1038/S41598-020-76430-6.

[4] G. Ghosh, A. Sidpara, and P. P. Bandyopadhyay, “Performance
improvement of magnetorheological finishing using chemical etchant 
and diamond-graphene based magnetic abrasives,” Precis Eng, vol. 
79, pp. 221–235, Jan. 2023, doi: 
10.1016/J.PRECISIONENG.2022.10.008.

[5] A. Krishnan and F. Fang, “Review on mechanism and process of 
surface polishing using lasers,” Frontiers of Mechanical Engineering, 
vol. 14, no. 3, pp. 299–319, Sep. 2019, doi: 10.1007/S11465-019-
0535-0/METRICS.

[6] S. Heidrich et al., “Optics manufacturing by laser radiation,” Opt 
Lasers Eng, vol. 59, pp. 34–40, Aug. 2014, doi: 
10.1016/J.OPTLASENG.2014.03.001.

[7] M. Hofele et al., “Laser Polishing of Laser Powder Bed Fusion 
AlSi10Mg Parts—Influence of Initial Surface Roughness on 
Achievable Surface Quality,” Materials Sciences and Applications, 
vol. 12, no. 1, pp. 15–41, Jan. 2021, doi: 10.4236/MSA.2021.121002.

[8] Z. Xia, F. Fang, E. Ahearne, and M. Tao, “Advances in polishing of 
optical freeform surfaces: A review,” J Mater Process Technol, vol. 
286, p. 116828, Dec. 2020, doi: 
10.1016/J.JMATPROTEC.2020.116828.

[9] S. Purushothaman and M. Ravi Sankar, “State of the art on atomistic 
modelling of laser polishing,” Mater Today Proc, vol. 44, pp. 689–
695, Jan. 2021, doi: 10.1016/J.MATPR.2020.10.612.

[10] S. Mohajerani, E. V. Bordatchev, and O. R. Tutunea-Fatan, “Recent 
Developments in Modeling of Laser Polishing of Metallic Materials,” 
Lasers in Manufacturing and Materials Processing, vol. 5, no. 4, pp. 
395–429, Dec. 2018, doi: 10.1007/S40516-018-0071-5/TABLES/3.

[11] A. F. H. Kaplan, “Analysis and modeling of a high-power Yb:fiber 
laser beam profile,” https://doi.org/10.1117/1.3580660, vol. 50, no. 5, 
p. 054201, May 2011, doi: 10.1117/1.3580660.

[12] K. Niitsu and J. Yan, “Effects of deep subsurface damages on surface 
nanostructure formation in laser recovery of grinded single-crystal 
silicon wafers,” Precis Eng, vol. 62, pp. 213–222, Mar. 2020, doi: 
10.1016/J.PRECISIONENG.2019.12.005.

[13] B. S. Yilbas, S. Z. Shuja, S. M. A. Khan, and A. Aleem, “Laser 
melting of carbide tool surface: Model and experimental studies,” 
Appl Surf Sci, vol. 255, no. 23, pp. 9396–9403, Sep. 2009, doi: 
10.1016/J.APSUSC.2009.07.042.

[14] H. Chen et al., “Femtosecond laser-selective polishing of RB-SiC at a 
fluence between its two-phase threshold,” Optical Materials Express, 
Vol. 12, Issue 4, pp. 1491-1501, vol. 12, no. 4, pp. 1491–1501, Apr. 
2022, doi: 10.1364/OME.452849.

[15] C. Acosta-Zepeda, P. Saavedra, J. Bonse, and E. Haro-Poniatowski, 
“Modeling of silicon surface topographies induced by single 
nanosecond laser pulse induced melt-flows,” J Appl Phys, vol. 125, 
no. 17, p. 175101, May 2019, doi: 10.1063/1.5053918/1059311.

[16] G. Xu, Y. Dai, J. Cui, X. Xiao, H. Mei, and H. Li, “Simulation and 
experiment of femtosecond laser polishing quartz material,” 
Integrated Ferroelectrics, vol. 181, no. 1, pp. 60–69, Jun. 2017, doi: 
10.1080/10584587.2017.1352332.

[17] J. Xu, P. Zou, W. Wang, and D. Kang, “Study on the mechanism of 
surface topography evolution in melting and transition regimes of 
laser polishing,” Opt Laser Technol, vol. 139, p. 106947, Jul. 2021, 
doi: 10.1016/J.OPTLASTEC.2021.106947.

[18] J. Xu, P. Zou, D. Kang, and W. Wang, “Theoretical and experimental 
study of bulge formation in laser polishing of 304 stainless steel,” J 
Manuf Process, vol. 66, pp. 39–52, Jun. 2021, doi: 
10.1016/J.JMAPRO.2021.03.059.

[19] W. Wang, P. Zou, J. Xu, and K. F. Ehmann, “Surface morphology 
evolution mechanisms of laser polishing in ambient gas,” Int J Mech 
Sci, vol. 250, p. 108302, Jul. 2023, doi: 
10.1016/J.IJMECSCI.2023.108302.

[20] D. Wang, F. Fan, M. Liu, T. Tan, H. Li, and Y. Li, “Top-hat and 
Gaussian laser beam smoothing of ground fused silica surface,” Opt 
Laser Technol, vol. 127, p. 106141, Jul. 2020, doi: 
10.1016/J.OPTLASTEC.2020.106141.

[21] L. Zhao et al., “Formation mechanism of a smooth, defect-free 
surface of fused silica optics using rapid CO2 laser polishing,” 
International Journal of Extreme Manufacturing, vol. 1, no. 3, p. 
035001, Jul. 2019, doi: 10.1088/2631-7990/AB3033.

[22] C. Wei, Y. Zhao, J. Shao, T. He, and Z. Jiang, “Super-smooth surface 
demonstration and the physical mechanism of CO2 laser polishing of 
fused silica,” Optics Letters, Vol. 43, Issue 23, pp. 5777-5780, vol. 43, 
no. 23, pp. 5777–5780, Dec. 2018, doi: 10.1364/OL.43.005777.

[23] Z. Numerical, C. Wang, Z. Zhao, H. Zhou, J. Zeng, and Z. Zhou, 
“Numerical Simulation and Validation of Laser Polishing of Alumina 
Ceramic Surface,” Micromachines 2023, Vol. 14, Page 2012, vol. 14, 
no. 11, p. 2012, Oct. 2023, doi: 10.3390/MI14112012.

[24] Q. Zheng et al., “Influence of surface morphology and processing 
parameters on polishing of silicon carbide ceramics using 
femtosecond laser pulses,” Surfaces and Interfaces, vol. 36, p. 
102528, Feb. 2023, doi: 10.1016/J.SURFIN.2022.102528.

[25] X. Zhang, L. Ji, L. Zhang, W. Wang, and T. Yan, “Polishing of 
alumina ceramic to submicrometer surface roughness by picosecond 
laser,” Surf Coat Technol, vol. 397, p. 125962, Sep. 2020, doi: 
10.1016/J.SURFCOAT.2020.125962.

[26] G. Lu, X. Li, D. Yan, D. Wang, Y. Peng, and K. Wang, “Influence of 
parameters on the surface roughness of the CO2 laser polished fused 
silica glass,” Optik (Stuttg), vol. 248, p. 168044, Dec. 2021, doi: 
10.1016/J.IJLEO.2021.168044.

[27] Q. Zheng, G. Jiang, J. Cui, Z. Fan, Z. Sun, and X. Mei, “Influence of 
Pulse Energy and Scanning Speed of Femtosecond Laser on Surface 
Roughness of SiC Ceramics,” Integrated Ferroelectrics, vol. 219, no. 
1, pp. 20–27, 2021, doi: 10.1080/10584587.2021.1911349.

[28] Q. Zheng et al., “Investigation on the underwater femtosecond laser 
polishing SiC ceramic,” Ferroelectrics, vol. 564, no. 1, pp. 28–36, 
Aug. 2020, doi: 10.1080/00150193.2020.1761699.

[29] X. Zhang, X. Chen, T. Chen, G. Ma, W. Zhang, and L. Huang, 
“Influence of Pulse Energy and Defocus Amount on the Mechanism 
and Surface Characteristics of Femtosecond Laser Polishing of SiC 
Ceramics,” Micromachines 2022, Vol. 13, Page 1118, vol. 13, no. 7, 
p. 1118, Jul. 2022, doi: 10.3390/MI13071118.

[30] K. Niitsu, Y. Tayama, T. Kato, H. Maehara, and J. Yan, 
“Characterization of recrystallized depth and dopant distribution in 
laser recovery of grinding damage in single-crystal silicon,” Mater Sci 
Semicond Process, vol. 82, pp. 54–61, Aug. 2018, doi: 
10.1016/J.MSSP.2018.03.029.

[31] J. Hong, H. Huang, L. Zhang, Z. Zhang, M. Jiang, and J. Yan, “Laser 
polishing and simultaneous hardening of the electrical discharge 
machined Zr-based metallic glass surface,” Mater Des, vol. 237, p. 
112599, Jan. 2024, doi: 10.1016/J.MATDES.2023.112599.

[32] B. Liu, J. Hong, Y. Qian, H. Zhang, and H. Huang, “Simultaneous 
improvement in surface quality and hardness of laser shock peened 
Zr-based metallic glass by laser polishing,” Opt Laser Technol, vol. 
179, p. 111323, Dec. 2024, doi: 
10.1016/J.OPTLASTEC.2024.111323.

[33] T. Yang et al., “Parameter Optimization of RB-SiC Polishing by 
Femtosecond Laser,” Materials 2023, Vol. 16, Page 1582, vol. 16, no. 
4, p. 1582, Feb. 2023, doi: 10.3390/MA16041582.

[34] K. Process Parameter et al., “Process Parameter Optimization for 
CO2 Laser Polishing of Fused Silica Using the Taguchi Method,” 
Materials 2024, Vol. 17, Page 709, vol. 17, no. 3, p. 709, Feb. 2024, 
doi: 10.3390/MA17030709.


