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Abstract
This study investigates laser-induced damage in thin silicon (Si) wafer ablation both experimentally and numerically. A 40-W 
continuous-wave CO2 laser is employed as the volumetric heat source. Experiments are conducted that involve variations 
in the laser cutting speed from 5 to 20 mm/s and the number of passes from one to three while maintaining a constant laser 
power of 40 W for investigation. The measured output parameters include surface morphologies, heat-affected zone (HAZ), 
and kerf width. For the first time, a finite element solution based on the brittle–ductile transition (BDT) phenomenon is 
introduced to predict temperature-stress gradients in the laser cutting region. Johnson–Cook (J-C) plasticity, along with the 
introduced damage criteria, are employed to analyse the cutting characteristics. The results show that the lowest CO2 laser 
speed and minimal number of passes enhance Si wafer quality. Nevertheless, increasing cutting speed and the number of 
passes significantly intensify material ablation and oxidisation due to elevated laser heat input. Using optimal parameters, 
numerical analysis shows a high level of agreement with experimental findings. Transverse/longitudinal stresses correlate 
with temperature, while the longitudinal stress is substantially lower compared to the transverse stresses due to thermal 
expansion and the direction of heat transfer. Following that, computed assessments of compressive and tensile stresses are 
used to refine specific laser parameters and locations for experimental setup.

Keywords  Laser materials processing · Laser machining · Laser cutting · Laser optical measurement

1  Introduction

In electronics, silicon wafers (known as Si wafers) are thin 
slices of highly pure crystallised silicon (c-Si). The study 
reported by Atabaki et al. [1] shows that this wafer is a 
substrate for building electronic devices and circuits at 
micro-scales owing to its conductivity and affordability. 
Ultra-thin Si wafers play an important role in fabricating 
more than 90% of semiconductor devices, as they find their 
application in electronics and micromechanical devices. 
As discussed by Jiang et al. [2], it is also a preferred mate-
rial for use in thermal imaging and night vision applica-
tions due to its important optical and biological proper-
ties. Drawing from the study done by Arif et al. [3], the 
escalating surge in demand for microelectronics-driven 
products during recent years underscores the inescapable 
necessity of cutting thin silicon wafers for semiconduc-
tor manufacturing, which enables customisation, supports 
testing and quality control, and allows for the creation of 
specialised configurations devising swift and economically 
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viable methodologies. Nevertheless, the fine processing of 
silicon wafer is utterly essential to the industry.

Most semiconductor wafers are brittle materials. Due 
to the hardness and brittleness of semiconductor wafers, 
their machining is significantly difficult as compared to 
conventional mechanical cutting techniques. Using metal 
or diamond saws, mechanical issues such as irregular path 
of cut, chip generation, and sharp edges leading to frac-
tures provide intractable challenges for thin Si wafers. 
For these reasons, ultra-precision machining of Si has 
become a focused research area in recent years. Over the 
past many decades, the use of lasers has become popular 
in material processes such as cutting, joining, welding, 
and drilling, with advantages such as reduced heat-affected 
zones (HAZ), higher processing speed, versatile control, 
and relative environmental friendliness. In addition, the 
process of cutting using lasers is contact-free, which is 
particularly useful for Si wafer dicing and cutting. Com-
pared to a mechanical saw, the laser beam allows a micro-
scale precision, thereby leading to less chipping and lower 
delamination. Resultantly, the outcome is a higher yield 
with a lower cutting width (kerf). So far, different types 
of laser machines have been utilised by researchers to 
develop laser cutting of Si wafer.

Li et  al. [4] examined femtosecond laser cutting of 
200-μm-thick Si wafers by varying pulse energy, parallel 
scan lines, and cutting speed. It was noted that the increased 
pulse energy and scan lines improved kerf straightness and 
reduced sidewall roughness due to Coulomb explosion 
effects. Mottay et al. [5] demonstrated reduced thermal 
damage through amplified peak power and shorter interac-
tion times experienced during femtosecond laser processing. 
Domke et al. [6] observed higher Si ablation rates at slower 
scanning speeds that plateaued between 100 and 200 mm/s 
cutting speeds. In another study, Fang et al. [7] employed 
picosecond lasers for the purpose of cutting polysilicon 
wafers. They observed an elevation in the surface rough-
ness and the emergence of stress effects. Furthermore, their 
investigation revealed the presence of numerous micro-cav-
ities, attributed to the subsurface superheating phenomenon. 
Neuenschwander et al. [8] reported enhanced Si removal 
using picosecond laser bursts, with higher sub-pulse counts 
leading to improved energy absorption with increased sur-
face roughness. Metzner et al. [9] found the sub-pulse counts 
increase ablation efficacy, differing from Neuenschwander 
et al. [8] due to plasma shielding and redeposition. Shaheen 
et al. [10] compared lasers’ interactions with silicon, observ-
ing distinct crater morphologies. Numerical simulations car-
ried out by Cai et al. [11], Zhao et al. [12], Cheng et al. 
[13], and Cheng et al. [14] focused on crack propagation 
during laser cutting, including techniques like pre-cracks 
and guided cleaving. Overall, these studies focused on the 
effects of processing parameters on crack behaviour in Si 

wafer laser cutting, thus contributing towards improved cut-
ting quality and underlying physics.

For laser cutting of Si, a thorough cut is needed along 
the thickness of the wafer. The main factor is the laser abla-
tion rate, which relates to the wafer diameter as well as its 
thickness, along with the kerf width and the total time for 
cutting. Increasing the average laser power to enhance the 
ablation rate has its own limits. A sufficient amount of laser 
energy remains one of the cornerstones of effective laser 
micromachining. Nevertheless, the saturation of the abla-
tion rate owing to higher laser intensity results in thermal 
and mechanical damages; therefore, the selection of an ideal 
laser beam cutting speed (feed rate) and number of laser 
beam passes may improve the total ablation rate and process 
throughput. On the contrary, although advanced lasers are 
employed as a non-contact technique to improve the pre-
cision during the cutting of silicon, the heat-affected zone 
cannot be eliminated completely in laser direct process-
ing, which was thoroughly discussed by Wang et al. [15]. 
Therefore, damage assessment of Si laser cutting is crucial 
to monitoring the surface quality in order to produce a good 
surface finish.

It is evident that numerous researchers have employed 
shorter-wavelength pulsed lasers to cut Si wafers. Compared 
to the short-wavelength lasers and pulsed lasers, Witteman 
[16] showed that continuous-wave CO2 lasers have the capa-
bility to deliver a continuous and steady stream of energy. 
This is due to a consistent and uninterrupted beam, unlike 
the intermittent energy emitted by short-wavelength lasers 
and pulsed lasers. This feature is particularly advantageous 
when precision, uniformity, and minimal thermal damage 
are required in applications such as cutting, welding, and 
certain medical procedures. To the best of the authors’ 
knowledge, there is no profound research on the continuous-
wave CO2 laser employed for cutting Si wafer and the cor-
responding numerical simulation to verify the experimental 
result and understand the underlying physics. In addition, 
previous numerical modelling performed by other research-
ers majorly discussed the crack onset using laser-induced 
thermal-crack propagation (LITP), employing thermal 
elastic analysis with the extended finite element method 
(XFEM). However, material removal from the surface due 
to strength loss and transition from the Si brittle behaviour 
to the ductile phase was not considered previously, which 
necessitates a new detailed mathematical model of thermal-
damage propagation and subsequent element deletion based 
on the definition of material damage characteristics. There-
fore, this paper presents the experimental investigation, 
microstructure evolution, and detailed three-dimensional 
finite element modelling for the prediction of temperature 
distributions and thermally driven stresses in the CO2 laser 
cutting of Si wafers under various scanning conditions. This 
approach has the potential to accelerate the development of 
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optimal manufacturing protocols achieved through effective 
mathematical and numerical modelling.

The structure of the paper is as follows: Sect. 2 describes 
the experimental setup, the specimen specifications, and 
the inspection method along with the employed processing 
parameters. In Sect. 3, microstructural observations includ-
ing kerf characteristics, HAZ, surface roughness (Ra), and 
energy-dispersive X-ray (EDX) analysis, are discussed using 
digital microscope and scanning electron microscope (SEM) 
results. In Sect. 4, the numerical simulation of laser material 
interaction is described through the description of the finite 
element analysis (FEA) model and associated parameters 
for simulations. The mathematical model consisting of a 
volumetric heating source, temperature-dependent material 
properties, and the brittle-to-ductile transition are included. 
Section 5 summarises the temperature and stress distribu-
tions along with damage/failure propagation profiles. Con-
clusions are drawn and presented at the end.

2 � Experimental setup

2.1 � Laser cutting system

The experiments on the Si wafer are carried out using a 
continuous-wave CO2 laser machining operated in Gauss-
ian mode focused at a focal length of 50.8 mm on the work 
piece. The spot size of the laser beam is approximately 200 
μm, and the laser wavelength is 10.6 μm. To determine an 
optimal parameter set for better-cut quality, varying cutting 

speeds in the range of 5–20 mm/min and different numbers 
of laser passes are investigated. The laser power is set to 40 
W. The cutting experiments were carried out in a computer 
numerically controlled Fabool software (Make: smart DIYs 
Co., Ltd.). The schematics of the operations are shown in 
Fig. 1a for the CO2 laser system. The desired motion of the 
workpiece is achieved by mounting it on the cutting table 
during laser micro-machining. As the laser ablation mecha-
nism is dominated by thermal effects, however, it takes some 
time for the imparted heat to penetrate the target (semicon-
ductor) from the source (laser) to subsequently generate a 
proportionately extensive molten layer. In the findings of 
Venkatakrishnan et al. [17], it was ascertained that the intro-
duction of assist gas led to a noteworthy reduction (around 
30%) in laser cutting speed for thin silicon wafers. Further-
more, the studies conducted by Daud et al. [18] and Tang-
warodomnukun et al. [19] revealed contrasting outcomes, 
suggesting that employing assist gas may not necessarily 
enhance the cut quality of the machined surface or prevent 
the silicon from reaching temperatures exceeding its melting 
point during the laser ablation. Thus, in the current study, 
both experiments and simulations were performed with-
out activating the assist gas. In the current study, the target 
material is a single-side polished crystalline silicon wafer 
of 78.6 mm diameter and 0.35 mm thickness (Fig. 1d). The 
study done by Huang et al. [20] showed using UV–VIS-NIR 
spectroscopy measurements that the Si wafer is a very high 
reflective material. Since the process of material vaporisa-
tion generates recoil pressure, which assists in expelling 
the molten liquid, the objective material is eliminated by 

Fig. 1   Schematic diagram of 
CO2 laser machining. a Laser 
setup and specimen cutting 
direction. b Cutting sample 
by Gaussian laser beam and 
schematic of material removal 
mechanisms. c Melt expulsion 
and vaporisation of Si water 
during laser cutting procedure. 
d The utilised silicon wafer in 
experiments
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both the vapour and liquid phases, as shown in Fig. 1c [21]. 
HAZ denotes a region where alterations in microstructure 
differentiate between molten and foundational substance 
materials. This phenomenon finds authentication through 
a meticulous scrutiny of microstructural manifestations and 
quantification of defects resulting from laser traversal across 
the irradiated surface. The vaporised/melted material from 
the cutting direction is shown as the kerf width. Figure 1b 
illustrates the schematic diagram of HAZ and kerf width.

2.2 � Processing parameters and method 
of characterisation

The quality of the Si wafer-cutting process is influenced by 
many process variables and parameters. Initial screening of 
these parameters was carried out to evaluate the operational 
ranges of each. Amongst all, two important aspects, i.e. 
number of laser passes (N) and laser cutting speed (mm/min) 
are considered only for reporting here. As shown in previ-
ous studies carried out by numerous researchers ([22–25]), 
a decrease in laser speed increases the laser input energy 
significantly. It was shown that more gradual laser cutting 
speeds allow for more controlled material removal, ena-
bling better management of heat accumulation and thermal 
stresses. This controlled approach minimises the risk of 
undesirable outcomes such as thermal damage. Since the 
10.6-μm CO2 laser is highly reflected by the Si wafer, this 
phenomenon becomes a constraint in applying the laser cut-
ting process. A preferred method to enhance the absorptivity 
of Si is to increase the temperature locally [26, 27]. When 
the sample’s temperature increases, some burnt marks are 
noticeable, which can be attributed to the formation of a 
thin oxide layer on the Si surface that may cause irreversible 
damage (known as optical material damage [28]), subse-
quently influencing the infrared transmission. Hence, ini-
tial preliminary experiments were undertaken to ascertain 
the requisite laser power for a single laser pass in order to 
achieve a whole cut. Subsequently, drawing from insights 
presented in prior investigations concerning single-pass and 
multi-pass strategies by Oh et al. [29] and Li et al. [30], 
the approach of this study centres on the selection of lower 
cutting speeds at the highest laser power setting. Simulta-
neously, the manipulation of the number of laser passes is 
employed to amplify the thermal influence at elevated cut-
ting speeds, thereby facilitating the accomplishment of a 
comprehensive cut. Various levels of these parameters are 
tabulated in Table 1.

A 3D digital microscope (HIROX RH-2000) was 
employed to inspect and analyse various objects from 
laser micromachining of Si wafers at different laser cutting 
parameters. The kerf width and HAZ were estimated by 
the captured micrographs. In addition, a SEM (HITACHI 
TM-3030) was utilised to capture high-resolution images of 

each specimen and measure the geometrical dimensions of 
irradiation areas in different mediums.

3 � Results and discussion

3.1 � Microstructural observations

Figure 2 displays micrographs of cut characteristics taken 
by a 3D microscope as functions of cutting speed (varying 
from 5 to 20 mm/s) and number of laser passes (varying 
from 1 to 6). It is seen from Fig. 2 that the optimum CO2 
laser parameter to achieve a clean surface with no cracks 
and minimal chippings is set to the minimum cutting speed 
(5 mm/min) and single laser pass (specimen E1). When 
the laser at 5 mm/min was used, the laser energy was suf-
ficient to trigger silicon electrons, causing the material 
to melt and evaporate in the first pass. Figure 2a presents 
the top surface of the cutting specimen with melted resi-
dues. It can be seen that fewer solidified residues appeared 
on the surface after cutting. On the contrary, as shown in 
Fig. 2e, i, it is evident that a large portion of the mate-
rial was ablated from the top surface in specimens E2 and 
E3, respectively. A higher number of laser passes means 
higher heat accumulation after each laser pass in the irra-
diated area, which led to a wider kerf. The laser beam 
becomes confined within the groove region, leading to an 
increase in the kerf width through the process of Si melt-
ing and vaporisation from the upper surface. Figure 2i 
shows a significant ablation area on the cut surface of 20 
mm/min, which is mainly composed of silicon dioxide. 
The reason is owing to the significant accumulation of 
laser heat caused by the higher number of passes. When 
the number of passes increases, more heat is trapped in the 
cutting region, thereby inducing material ablation and the 
oxidation of silicon in the adjacent area. The high inten-
sity of laser energy may improve efficiency in terms of 
vaporisation through enhanced thermal-material interac-
tion; however, this may also cause oxidation of Si and 
lead to poor quality of sidewall surfaces. Nevertheless, this 
may not be of greater concern for full-depth cutting as the 
sidewalls are ablated in such a scenario with the tendency 
to shift away from the central focus of the Gaussian laser 

Table 1   The selected laser processing parameters

Specimen Power (W) Cutting speed 
(mm/min)

Number of 
passes (N)

Standoff 
distance 
(mm)

E1 40 5 1 50.8
E2 40 10 3 50.8
E3 40 20 6 50.8
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beam. Similarly, the results indicated by Cheng et al. [13] 
prove that the degree of ablation rises with the increase of 
heat input, which would induce severe thermal damage on 
the sidewall and a dramatic increase in surface roughness.

In general, the depth of cut varies inversely with cutting 
speed; however, a direct proportionality can also be seen 
for the same with the output power and number of laser 
passes, as discussed in refs. [31–34]. However, the effect of 
elliptical beams is also unavoidable, which could produce 
deeper grooves at optimum laser parameters. This is mainly 
related to the distribution of laser intensity. In the case of the 
high level of ellipticity for the elliptic beam spot, one scan-
ning time is assumed to be enough to provide ideal cutting 
quality. Thus, elliptical distribution is relatively beneficial 
in terms of improving of the processing efficiency as well 
as saving overall energy [35–37]. Figure 2b, c contains the 
magnified pictures of HAZ for experiment E1. In contrast, 
by increasing the number of passes, the length of HAZ for 
E2 and E3 becomes notably higher, as shown in Fig. 2f, g, 
j, k, respectively. With heat conduction, it is noted that a 
larger degree of ablation is formed along with an enhanced 

pile of material debris near the kerf due to excessive heat 
entering the material.

Figure 2d, h, l shows the cross-section of the cut region. 
Figure 2h, l shows the formation of distinct peak and valley 
features along the sidewall for specimens E2 and E3, respec-
tively. In the multi-pass technique (shown in Fig. 2h, l), the 
quality of the cross-section cut achieved in secondary passes 
at higher cutting speeds is significantly inferior compared 
to the cut created by a single pass at lower cutting speeds 
(Fig. 2d). The most probable reason is related to the exist-
ence of HAZ beneath the laser beam, whereby the thermo-
physical properties of the affected material is significantly 
different from pristine silicon.

Figure 3 shows SEM of laser cutting the top surface of the 
Si wafer at different cutting speeds and number of passes. 
For laser beam moving at 5 mm/min, Fig. 3a indicates that 
on the irradiated Si surface, a narrower extent of debris re-
deposition in the form of a thin black layer of silica (SiO2) 
and carbon oxides was observed (see Fig. 11). Figure 3b 
(marked red arrows) shows a magnified image of speci-
men E1, which ascertains a small part of the top surface is 

Fig. 2   Optical micrographs of 
the laser cutting surface of Si 
wafer using different cutting 
speeds and number of passes at 
the same laser power. a Speci-
men E1, V = 5 mm/min; N = 1. 
b, c Magnified pictures of heat-
affected regions for E1. d Cross-
sectional macroview of speci-
men E1. e Specimen E2, V = 10 
mm/min; N = 3. f, g Magnified 
pictures of heat-affected regions 
for E2. h Cross-sectional 
macroview of specimen E2. i 
Specimen E3, V = 20 mm/min; 
N = 6. j, k Magnified pictures 
of heat-affected regions for E3. 
l Cross-sectional macroview of 
specimen E3
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affected by laser heat and very less debris appeared on the 
cutting region.

As the cutting velocity was enhanced along with a num-
ber of passes, it was observed that the spatter deposition area 
was getting distributed over larger regions. For E2 and E3, 
as seen in Fig. 3c, e, respectively, a large amount of material 
can be seen forming on the top surface during kerf formation 
after getting melted and subsequent vaporisation. Accord-
ingly, the material solidified adjacent to the cutting zone, 
which caused the accumulation of melted residues on the top 
surface and the generation of bigger HAZ. Therefore, more 
debris deposition was also obtained at a higher number of 
passes and cutting speed. This can be attributed to the expul-
sion by recoil pressure from the cut channel after increased 
molten material generation.

Above the focus position, the laser beam moved through 
the mirrors, and by passing the focal lens, it was subjected 
to the Si wafer with no blocking effect. Thereafter, the 
maximum laser energy was applied to the Si surface to 
improve the material removal process. As depicted in 
Fig. 3d, f, specimens E2 and E3 show the formation of 
irregular shapes and rugged deposition at the surface’s 
top. It is seen (Fig. 3f) that particles of spherical shapes 
are usually formed in a balling phenomenon as the result 
of melting and subsequent re-solidification of the ejected 
droplets. It is seen from the red arrows that the larger 
molten droplets were found closer to the cut edge and 
they were solidified adjacent to the cutting region, while 
smaller debris was deposited further away from the kerf.

Fig. 3   SEM morphologies of 
top cutting surfaces with magni-
fied micrographs for each laser 
cutting experiment. a Specimen 
E1, 5 mm/min; 1 laser pass. b 
Magnified picture of burnt resi-
dues and debris for specimen 
E1. c Specimen E2, 10 mm/
min; 3 laser passes. d Magni-
fied picture of burnt residues 
and debris for specimen E2. e 
Specimen E3, 20 mm/min; 6 
laser passes. f Magnified picture 
of burnt residues and debris for 
specimen E3

Specimen E1, V= 5 mm/min, N= 1

(a)

(b)

(b)

(c) (d)

(d)

(e) (f)

(f)

Specimen E2, V= 10 mm/min, N= 3

Specimen E3, V= 20 mm/min, N= 6

550000 μμmm 110000 μμmm

550000 μμmm

550000 μμmm

110000 μμmm

110000 μμmm



4863The International Journal of Advanced Manufacturing Technology (2024) 132:4857–4884	

The typical behaviour of a homogeneous material follows 
an approximate log profile, as shown in Fig. 4 for its ablation 
rate with varying laser fluence (laser energy concentration) 
at a given wavelength and power of a laser source. The log 
curve has three distinctive zones. Zone 1 or phase 1 is the 
pre-ablation region whereby the threshold is yet to reach 
(i.e., ablation threshold fluence (Fth)). Here, the thermal 
stresses lead to changes/degradations in the micro-changes 
in material and its properties upon the impact of laser irradi-
ation, although no ablation occurs. Phase 2 lies between the 
lower shelf region between Fth and the transition point (Fc). 
This region leads to the activation of Si melting observed 
in almost all specimens. Here, the ablation rate is relatively 
low, with better processing quality, a smoother kerf, and less 
chipping and/or cracking. Thus, better ablation morphology 
with less debris size and distribution, and HAZ dimension 
are observed in this phase. The results found in the case of 
specimen E1 as well as the results of other researchers [38] 
show good agreement with the observations of phase 2. On 
the other hand, in phase 3, with the increase in laser fluence, 
a drastic ablation rate increase is seen at a higher number of 
passes. A saturated regime is then seen, whereby the pro-
cessing quality seems to have degraded with less control 
over the ablation dimensions and generated features. Speci-
mens E2 and E3 demonstrate the results of phase 3.

Figure 5 shows the SEM images of the cross-section of 
the cut sample performed by the CO2 laser using different 
cutting parameters. The magnified pictures for each experi-
ment have been placed to provide a better comparison. These 
illustrate variations of laser parameters and their effect on 
the ablation of silicon through the thickness and creation of 
melted residues and debris on the surface. It is seen from 

SEM images that melting and ejection of molten material 
surrounding ablation craters are frequent phenomenon. The 
density and size of ejected particles vary, however, depend-
ing on the value of the cutting speed and the number of laser 
passes.

The effect of a higher number of passes on the quality of 
the cutting region was greater than that of the velocity speed. 
It is seen in Fig. 5a that a lower cutting speed could not only 
process a neat cutting region but also less slag deposited in 
the processing zone. Almost no slag is visible adhering to 
the cutting zone of Si at the cutting speed of 5 mm/min using 
a single laser pass. This is directly linked to heat transmis-
sion and the removal of material. Moreover, the degree of 
laser scattering can be lowered significantly in a single laser 
pass, as only debris clusters at the entrance of the cutting 
region. On the contrary, it is shown in Fig. 5d, g that mate-
rial slag of large quantities covered the inner zonal walls 
of the zone of cutting and penetrated throughout the entire 
depth, which can be attributed to a higher number of passes 
despite possessing a larger cutting speed value.

It is noteworthy to mention that the appearance of sur-
face striations, as shown in Fig. 5b, e, h, is due to laser heat 
accumulation in experiments whereby the vapour pressure 
causes periodic harmonic perturbations in the melt pool, 
leading to instability under the Gaussian beam profile inten-
sity. This agrees well with the findings of Balbaa et al. [39] 
and Richter et al. [40].

The ejected particles from craters, which have been pro-
duced by the slowest cutting speed and a single laser pass 
(Fig. 5c), demonstrate less aggregation and agglomeration 
of particulates on the sample cut surface than that of par-
ticles ejected from craters formed by faster cutting speeds 
and several laser passes, presented in Fig. 5f, i. The cuts 
introduced by the laser produce molten droplets, which are 
subsequently solidified at the walls of the cut. As the energy 
of the laser gets absorbed in the layer of liquidated material 
beneath the laser pass, this adds to the surface temperature, 
which can become higher, leading to volume boiling inside 
the superheated layer. This accumulation and sub-surface 
boiling/explosions can lead to the ejaculation of a large num-
ber of disintegrated micro-sized droplets. These scattering 
droplets are then solidified on the wall surface, thus leading 
to increased roughness values for E2 and E3 (Ra = 0.12 mm 
and Ra = 0.158 mm, respectively, compared to Ra = 0.015 
mm for E1). Resultantly, the scattering re-solidification gen-
erates micro-cavities at the surface, which are visible upon 
removal of the surface layer.

3.2 � Kerf width and HAZ measurement

The bar graphs in Fig. 6 illustrate that at fixed laser power, 
increasing the number of passes and cutting speed gener-
ates larger kerf widths. This phenomenon is because, at the 
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Fig. 4   Schematic representation of laser ablation rate versus laser 
fluence for the employed CO2 laser and homogeneous silicon wafer: 
laser fluence below ablation threshold fluence (Fth) corresponds to 
phase 1, between Fth and transition point (Fc) is named as phase 2, 
and higher than Fc is considered phase 3
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beginning of the through cut for experiments E2 and E3, 
the cutting quality is poor. As elucidated by Soltani et al. 
[41], a noticeable fraction of laser energy is absorbed by 
the wall surfaces. Nevertheless, the work of Yeo et al. [42] 
shows that the absorbed laser energy at the base of the laser 
cut does not significantly contribute to material ablation. 
The absorbed laser energy does not effectively contribute 

to the ablation of the material at the base of the laser cut. 
The rebound of the laser beam off the wall, influenced by 
the input energy density, plays a distinct role in directing 
the laser energy to the bottom of the cut, which results in a 
significant increase in the temperature on the sidewalls, thus 
melting and burning major part of the specimen (Fig. 7). A 
similar finding was discussed by other researchers [43, 44]. 
For each cutting process, a total of five positions for the 

Fig. 5   SEM micrographs of 
performed experiments using 
different laser cutting param-
eters. a E1: V = 5 mm/min; 
N = 1. b, c Magnified pictures 
of the cut section for E1. d E2: 
V = 10 mm/min; N = 3. e, f Mag-
nified pictures of the cut section 
for E2. g E3: V = 20 mm/min; 
N = 6. e, f Magnified pictures of 
the cut section for E3

noitaidarriresaL
noitaidarriresaL

noitaidarriresaL

(a)

(b)

(c)

(d)
(e)

(f)

(g) (i) (i)

(h)

(h)

(b) (c)

(e) (f)

Experiment : E1, V= 5 mm/min, N= 1

Experiment : E2, V= 10 mm/min, N= 3

Experiment : E3, V= 20 mm/min, N= 6

550000 μμmm

550000 μμmm

550000 μμmm

110000 μμmm

110000 μμmm

110000 μμmm

5500 μμmm

5500 μμmm

5500 μμmm

E1 E2 E3
Mean HAZ 109.74 244.47 370.848
Mean Kerf 56.638 60.74 126.204

0

50

100

150

200

250

300

350

400

450

M
ea

su
re

m
en

t (
μm

)

Fig. 6   The values of mean HAZ and mean kerf width for each laser 
cutting experiment of Si wafer
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Fig. 7   Illustration of keyhole form by laser depth cutting and the 
effect of sidewalls on laser reflection and the creation of a bigger kerf
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kerf width were measured whereby an average kerf width 
is calculated. Consequently, the error bar would reflect the 
variation in kerf widths. Similarly, the same method was 
applied for HAZ measurement.

Figure 7 shows the comparison of focused and reflected 
laser beam impacts along the central axis of the kerf for a 
single laser pass cutting as highlighted by a green dotted 
line. In multi-pass laser cutting, employing higher cutting 
speed values, the groove width is small in the first laser pass, 
and the dense generated vapours may block the incident laser 
beam from penetrating the profound groove to ensure a full-
depth cut. Thus, subsequent laser passes are necessitated 
whereby enlarging the cut area. This increases vapours in 
the cut groove with ease of ejection in a timely fashion, hav-
ing a wider spread and enabling the incoming laser beam to 
penetrate the designated zone. So that the delivery of the 
laser beam into the lower region is facilitated. Therefore, at 
a higher cutting speed, the multi-pass technique enhances 
the efficiency of ablation and makes the full-depth cut easier. 
On the contrary, the method generated wider kerf widths 
on the top surface, and a bigger HAZ was observed due to 
heat propagation on a wider area and the creation of melted 
residues.

The cutting process is primarily a two-phase process. Ini-
tiating the penetrating phase, the laser beam is used to form 
a keyhole still trapped inside the cutting zone. The shape of 
the keyhole as a still trap is similar to the blind hole, which 
has a high aspect ratio, as shown in Fig. 7. However, as 
the cutting speed increases, the cutting pressure inside the 
region increases, and the trap hole may become unstable. 
The instability arises owing to uneven and random interac-
tions of reflected and incident beams inside the hole, which 
have uneven sidewalls, thus leading to excessive heat accu-
mulation in the region in random directions. This also dete-
riorates the sidewalls of the cutting section. High-intensity 
and continual application of the laser passes leads to further 
deterioration of the surfaces. During each laser pass time 
interval, the vapour pressure has a reverse influence on the 
cutting surface quality.

This is followed by the second phase, which starts when 
full penetration is accomplished. At low cutting speed (E1: 
5 mm/min), the laser beam penetrates completely, and the 
molten material is ejected by the created pressure, resulting 
in an improvement in the cutting quality. On the contrary, by 
increasing the traverse speed (E2: 10 mm/min, E3: 20 mm/
min), owing to lower interaction time, the interaction over 
the main stream and the cut surface is not sufficient in terms 
of required heat transfer, thus the first phase remains incom-
plete (incomplete penetration). Thus, subsequent increases 
in the number of laser passes and additional recoil pressure 
may only deteriorate the cutting quality.

In contrast, HAZ was highly dependent on the number 
of passes, whereby N = 6 (E3) shows a much larger HAZ 

compared to N = 1 (E1) due to the higher thermal conduc-
tivity of Si. This enhances the temperature gradient in the 
substrate with dependency on the material thermal conduc-
tivity (K), specific heat (C), density (ρ), and time (T), which 
defines the thermal penetration depth (δ) [45]:

It is observed that higher thermal conductivity at higher 
processing times leads to more penetration of laser heat into 
the material.

3.3 � Surface roughness

Figure 8 represents the cross-sectional 3D surface topogra-
phy of each cutting strategy used for experimentation. The 
3D digital microscope (HIROX RH-2000) was employed 
to capture this topography as well as quantify surface 
roughness and waviness. Surface roughness and waviness 
were plotted through the transparent red arrow shown on 
the cross-section topography. With the advancing laser 
beam spot, the melt pool starts solidifying immediately as 
the residues in contact with the melted zone show the re-
solidification owing to their partial melting. The irregular 
portion of the residuals at the edges of the melt pool leads 
to higher surface roughness behaviour. The surface quality 
is highly improved at low speeds of cutting (5 mm/min) at 
a single pass (Fig. 8a). With an increase in either cutting 
speeds or the number of passes, the surface quality degrades 
significantly. Figure 8b shows that with a twofold increase 
in cutting speed and triple the number of laser scans, the 
surface roughness in specimen E2 increased. Accordingly, 
for specimen E3, Fig. 8c indicates a significant increase in 
surface roughness by increasing the cutting speed to 20 mm/
min and the number of passes to 6, which ascertains a lesser 
quality surface due to heat accumulation and the creation of 
more solidified residues.

The mean value of surface roughness for each experi-
ment was also measured, as shown in Fig. 9. The average 
roughness is lowest for E1, followed by the average/median 
value for E2, and highest for E3. Thus, results support the 
claim that the better quality of sidewalls was obtained by 
decreasing the cutting speed at a single laser scan. It pro-
vided enough time for the laser beam to get through the Si 
thickness, melt the stimulated material elements, and create 
the whole cut by expelling the melted substance. However, 
at high cutting speed, the quality of the sidewall was dimin-
ished significantly with the increase in multi-passes.

The morphology of the actual surface generated on the 
samples was obtained from the sample shown in Fig. 2d, h, 
l. The partial melt zone and associated solidified particles 
cause poor finish in the laser cutting, as evident. As Si has 

(1)� =

√
K

�C
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a higher melting point, the partial melting phenomenon is 
more common in such a scenario. Moreover, the deposition 
rates in experiment E3 (Fig. 8c) are higher compared to E1 
and E2 (Fig. 8a, b, respectively), causing higher regular 

interval fluctuations due to serious deposited residues and 
black spots induced by a laser beam. The observed regular 
interval fluctuations, also sometimes referred to as wavi-
ness and previously shown by Micallef et al. [46], are not 
included in the calculation of roughness estimates while 
having measurements for the surface roughness. However, 
the impact of such waviness is detrimental to the life of 
the prepared component and its real-time applications. A 
schematic diagram for roughness and waviness is shown 
in Fig. 10.

Fig. 8   The typical surface 
topography cross-section 
measurement of laser cutting of 
silicon wafer (taken from cross-
sections shown in Fig. 2d, h, l, 
respectively), including sample 
waviness and roughness graph 
based on specified directional 
arrow using optical microscope. 
a E1 (V = 5 mm/min; N = 1). b 
E2 (V = 10 mm/min; N = 3). c 
E3 (V = 20 mm/min; N = 6)

0
0.02
0.04
0.06
0.08
0.1

0.12
0.14
0.16
0.18
0.2

0 5 10 15 20 25

E1 (1 pass)
E2 (3 passes)
E3 (6 passes)

Fig. 9   Average surface roughness for different laser cutting speeds 
and number of laser passes

Side wall

L
as

er
 

ir
ra

d
ia

ti
o

n

Roughness

W
av

in
ess

Thickness: 350 µm

Fig. 10   Schematic view of surface roughness and waviness
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An important finding from waviness graphs is to discover 
the possibility of a straight cut for each experiment, which 
is crucial for the micromachining of high-tech industries. 
The perpendicularity can be measured based on the devia-
tion from the top surface, taken as the reference point for 
longitude, to the bottom surface. This is also known as the 
kerf taper angle, as discussed by previous researchers [47, 
48]. It acts as a quality identifier for laser cutting. Liu et al. 
[47] showed that cutting speed has a significant impact on 
kerf taper. Reduced cutting speed increases the input energy, 
therefore stimulating the complete vaporisation of the tar-
get material from the bottom kerf. Consequently, the kerf 
taper decreases significantly. In another study performed 
by Mustafa [48], higher cutting speed caused an increase 
in the taper angle owing to a reduction in the interaction 
time between the laser beam and the cutting zone. The cur-
rent study shows that once lower cutting speeds and single 
passes (E1) are employed, the taper angle of the cutting 
section is mostly near 0° (Fig. 8a; α1 = 2.617°), which indi-
cates that the edge of cutting surface is perpendicular to the 
top surface. Whereas, in samples E2 and E3, by applying 
higher value of cutting speed and with more passes, the taper 
angle deviates significantly from 0°, and an inclined plane 
is created (Figs. 8b, c; α2 = 27.216° and α3 = 33.31°, respec-
tively). This can be explained with the gradual defocusing 
of the beam, which is initially focused at the top surface of 
a 350-µm-thick silicon plate. With the formation of depth 
of cut, the laser beam is gradually defocused, especially for 
full depth of cut. At the beginning, the incident beam is 
at an angle of around 0° with reference to the top surface 
of the substrate. During this period, most of the incident 
energy of the laser beam was absorbed by the material, irre-
spective of speed, number of passes, etc. Upon ablation, 
the top surface is gradually removed, and a hole/groove is 
formed. This leads to the interaction of the laser beam with 
sub-surface regions, generating deeper cavities, especially 
when lower cutting speeds are used. Thus, the incident angle 
swiftly shifts from zero to near 90°. In addition, since the 
starting focus was the top surface, it is inevitable that the 
taper angle will be generated, which cannot be avoided in 
such a scenario.

3.4 � EDX analysis

The EDX analysis was also performed to study the elements 
on the surface of the specimen after laser cutting, as shown 
in Fig. 11. The SEM image was taken from the top-cut sur-
face of sample E1, corresponding to sound laser cutting. 
A certain area on the laser cutting surface was selected, 
and compositions were measured using the EDX, as shown 
in Fig. 11a. The analysis revealed that the cutting surface 
mainly contains Si and C (Fig. 11b). The reason can be 
found in decomposing into SiO2 and carbon oxides due to 

burning and highly induced heat by laser. It was shown by 
Osipov et al. [49] and Ma et al. [50] that when Si wafers are 
exposed to laser irradiation below the damage threshold, a 
thin surface layer undergoes a chemical transformation, and 
Si may react with the ambient air to form compounds like 
silicon dioxide (silica). In this case, due to the presence of 
some defects induced by laser, the original crystal shape of 
the Si wafer alters and the bonds of two adjacent Si atoms 
become broken, resulting in dangling bond formation. Due 
to the presence of oxygen ions surrounding the regions of 
silicon material under laser irradiation, the dangling bond 
has the capacity to trap the oxygen atoms, and therefore, 
the oxygen is incorporated into the Si wafer surface. On 
the other hand, the laser cutting process creates a localised 
high-temperature zone, specifically near the cutting region. 
In such a high-temperature environment, carbon can dif-
fuse and migrate into the Si wafer structure. It results in 
the formation of silicon carbide (SiC) when carbon reacts 
with Si under high-temperature conditions. It is also noted 
that, despite the fact that the surface of the Si wafer was 
cleaned strictly before the laser processing, the presence of 
residues, oils, or particles during handling of the substrate 
may cause the release of carbon atoms when the high-inten-
sity laser beam combusts these contaminants. The chemical 
compositions, calculated in the weight percentage, are given 
in Table 2. The findings of Uddin et al. [51] show similar 
chemical compositions, while they have used traditional cut-
ting of silicon wafer. Although the CO2 laser is a non-contact 
heat source and it increases the material temperature to make 
a removal process, it is found that the increased interface 
temperature for both methods results in chemical affinity at 
high temperatures. In addition, the sample was mapped and 
line-scanned to observe particles distribution of other mate-
rials in the region induced by laser heat and its adjacent area. 
The distributions of silicon (Si) and carbon (C) particles are 
represented in blue and red colours in Fig. 11d, respectively. 
Oxygen (O) is shown in green. It is observed that major ele-
ments are Si particles, which is also confirmed by line-scan 
analysis (Fig. 11c).

4 � Numerical analysis

In this section, a simplified model of the experimental pro-
cess is discussed to demonstrate the distribution of tempera-
ture gradients and to provide stress variations that can result 
in a proper understanding of the cutting characteristics of the 
experimental process. The results encompass various key 
parameters such as temperature profiles, surface quality met-
rics, stress gradients, and element removal. The three-dimen-
sional mathematical model of workpiece material during 
laser cutting is described, and the numerical method based 
on the finite element method (FEM) is outlined. ABAQUS, 
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a commercially available FE analysis tool, is employed to 
calculate the thermally generated stress distribution and 
subsequent element removal process for Si wafers. The pro-
posed model differs from previous simulation work in laser 

cutting of Si wafers considering LITP [12–14], which pri-
marily centred on utilising the XFEM method and assessing 
the stress intensity factor. Here, the main focus is on utilising 
the threshold value for the elemental failure criterion of Si 
under combined stresses generated by thermal/mechanical 
loads with the estimation of the spatial and temporal removal 
of elements upon failure. This makes the numerical simula-
tion more realistic as the actual process of material ablation 
and removal is practically similar in nature (as discussed 
in Sect. 4.3). Before simulating the temperature and stress 

Fig. 11   a Selected SEM micrograph and element distribution for EDX measurement of experiment E1. b Spectrum E1. c Line scan of specimen 
E1. d Overall mapping of specimen E. e Si individual of specimen E1. f C individual of specimen E1. g O individual of specimen E1

Table 2   EDX result in weight%

Area Silicon (Si) Carbon (C) Oxygen (O)

Spectrum E1 66.3% 30.6% 3.1%
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distribution, a list of basic assumptions and considerations 
are summarised below:

1	 The workpiece is assumed to be homogeneous, isotropic 
material with no defects.

2	 The effects of gravity, support-driven forces, friction 
between the supports and workpiece, and other such 
causes of residual stresses are ignored. Moreover, the 
strain caused by creep is also not considered owing to 
shorter thermal cycles at the peak temperature.

3	 Parameters that are set constant in the simulation model 
include laser power, laser cutting speed, laser beam spot 
diameter, ideal Gaussian distribution, and convectional 
heat transfer coefficient. The absorptivity coefficient is 
considered temperature-dependent. Moreover, beam 
quality is ignored here.

4	 Material properties are defined, including density, which 
is set as constant; specific heat; thermal conductivity; 
Young’s modulus and Poisson’s ratio of Si; thermal 
expansion coefficient; Johnson–Cook (J-C) plasticity; 
and fracture model for element failures (to remove the 
elements that have lost their strengths via ablations). All 
other parameters are ignored or set as zero.

5	 Since fluid flow is not simulated, the melt pool and asso-
ciated physics of pressure distribution leading to vapori-
sation are not considered here.

Using the previously published works and guide, the 
laser radiation introduced a thermal-induced tension on the 
area under consideration. This tension begins as a progres-
sive crack process leading in the direction of the laser on 
the wafer surface. However, due to the limitations of the 
defined material model, the material removal and the actual 
laser cutting process were not elucidated properly. How-
ever, the process is highly coupled, involving laser material 
processing, heat transfer along the moving source, followed 
by material ablation and removal. Here, a commonly used 
approach of sequentially coupled thermal and mechanical 
analysis is used, which was previously successfully done by 
Cai et al. [11], Moghadasi et al. [52], and Moghadasi et al. 
[53]. Thus, initially, a 3D transient thermal analysis is car-
ried out, and the thermal map is then used for mechanical 
load and stress evaluations. The flowchart of the simulation 
process is shown in Fig. 12. It is seen that after the model 
preparation, a sequential coupling of the thermal-stress 
method is adopted, which consists of two phases: (i) heat 
transfer calculation and (ii) thermal-stress and mechanical 
failure calculation. The first phase is heat transfer analysis. 
The DFLUX user subroutine is used to calculate the tem-
perature field based on the Fourier heat transfer model. Upon 
heat transfer calculation, stress and damage-failure propaga-
tion analysis are carried out in second phase. Temperature-
driven thermal stress is applied to the system to perform 

mechanical failure calculation and its dynamic damage prop-
agation, which help finding stress variations and HAZ. The 
stress field and damage propagation pattern are calculated 
using the J-C failure model approach. This phase uses the 
elastoplastic model and temperature-dependent parameters.

4.1 � Mesh and model

For the present study, hexahedron-type mesh cells are 
employed using the Hex-dominated method. The element 
selected for the heat transfer analysis is an eight-node linear 
convection/diffusion element (DCC3D8). In order to demon-
strate the transient non-linear stress analysis of laser cutting 
process behaviour, an explicit physics option is preferred 
for all simulated cases. The use of an eight-node brick ele-
ment (C3D8R) allows hourglass control along with reduced 
integration, which is useful for stress analysis. At places 
deemed to have higher gradients and transitional behaviour, 
relatively finer meshes are employed compared to other 
locations. The model dimension and mesh properties are 
shown in Fig. 13. In this study, the sample is modelled in 
a rectangular shape with dimensions of 2 × 2 × 0.35 mm3. 
Figure 13a shows the created model in ABAQUS. A denser 
number of elements is found adjacent to the cutting region 
to achieve accurate results (Fig. 13c). The total number of 
nodes is 90,695, while there are a total of 82,944 elements. 
Figure 13d shows the magnified zone of cutting involving 
denser mesh with a bias number of 0.4. With a quad-core 
processing unit having 32 GB of RAM (high computing 

Fig. 12   The flow chart of the simulation procedure
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facility), the single analysis took an estimated 20 clock 
hours.

4.2 � Thermal mechanisms

4.2.1 � Heat transfer equations

The mathematical model for transient heat transfer needed 
for laser material processing involves (i) heat conduction 
within the workpiece and (ii) heat transfer to the surround-
ings through convection and radiation modes, as illustrated 
in Fig. 1c. The three-dimensional variations of the time-
dependent temperature profile T(x, y, z, t) in the specimen 
are given by Eq. (2) along with the initial as well as bound-
ary conditions:

where ρ is the density of the material (kg/m3), K is the ther-
mal conductivity (W/m K), Cp is the specific heat capacity 
(J/kg K), T is the temperature (K), t is the time variable (s), 
Q is the amount of heat generated per unit volume due to 
laser irradiation, Q′ is the internal heat source, which is null 
(owing to the absence of internal heat generation by Si), and 
k
�T

�y
 (known as Qv) is the heat loss due to heat convection. 

Considering the Si surface as the main heat loss area while 
other surfaces are insulated (i.e. adiabatic), the correspond-
ing boundary condition by considering Qv as the heat loss is 
given by:

where h is the heat transfer coefficient due to natural convec-
tion, � is the emissivity, σ is the Stefan–Boltzmann constant, 
∑ is the external boundaries of the substrate, including the 
top surface, the bottom surface, and the surrounding surfaces 
of the silicon layer, and Ts and T0 are respectively the surface 
and the initial temperatures (K).
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4.2.2 � Heat source equations

The accurate prediction of the thermal field and subse-
quent damage/loss of material highly relies on the heat 
profile. Here, the following heat flux model is used, con-
centrating at the centre and varying exponentially as R 
increases:

Q represents laser intensity, while the material prop-
erty of absorptivity is given by a, and P represents the 
laser power. The beam spot has R0 as the radius, with R 
being the distance to the beam centre. The shape factor of 
the Gaussian heat flux is controlled using B, which is the 
shape factor. A schematic illustrates the three-dimensional 
heat flux as shown in Fig. 13b, which is modelled using the 
DFLUX routine to ensure conical shape of volumetric heat 
flux. The expression of the surface heat flux density is:

where H is the sample thickness, and zt and xt are the loca-
tions of the laser along the cutting line at a specified cutting 
speed (υ). As previously discussed in Sect. 1, crystalline Si 
absorbs very little radiation at the 10.6-μm wavelength and 
room temperature, unless free carrier absorption is enhanced 
by temperature or through doping level [26, 54]. Therefore, 
for absorptivity a, the finding discussed by Boyd et al. [27] 
is considered to define temperature-dependent absorption 
coefficient (For the sake of brevity, the readers are encour-
aged to see the Supplementary information (SI) for addi-
tional discussion). The properties of the material are given 
in Table 3 [55–58].
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Fig. 13   a The square shape of 
the mathematical model for 
silicon wafer. b Laser beam 
shape and its intensity through 
the thickness. c Mesh distribu-
tion. d Mesh density along the 
cutting line
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4.3 � Stress (mechanical) mechanism

In laser processing, with the melting of material, the heat 
is absorbed during phase change. This leads to stress for-
mation owing to the thermal gradient and leads to residual 
stress appearance in subsequent laser passes. Therefore, 
the temporal-spatial variations of temperature from each 
step of thermal analysis are used as input for stress analy-
sis, while the same mesh characteristics were employed to 
avoid interpolation and mapping challenges.

4.3.1 � Mechanical behaviour formulation

For stress analysis, the quasi-equilibrium approach is used:

where σ is denoted as the Cauchy stress tensor and f is the 
body force tensor. The mechanical constitutive law can be 
defined as:

where D is denoted as the fourth-order elastic tensor and �el 
is the elastic strain tensor calculated by:

where �T , �P , and �thermal are denoted as total, plastic, and 
thermal strain tensors, respectively. The thermal strain ten-
sor is defined as:

where α is the temperature-dependent thermal expansion 
coefficient (1/K), T is the local element temperature (K), TR 
is room temperature, and I is the identity tensor (The equa-
tions for large deformations are seen in the SI as additional 
discussion).

(6)∇ ⋅ � + f = 0

(7)� = [D]
{
�el

}

(8)�el = �T − �P − �thermal

(9)�thermal = �(T)
(
T − TR

)
I

4.3.2 � Brittle‑to‑ductile transition

At room temperature, single crystal Si exhibits brittleness, 
and its crack propagates without significant plastic deforma-
tion due to the presence of sp3 bonding and the crystalline 
cubic diamond structure of Si. It is widely recognised that 
specific materials undergo significant changes in mechani-
cal behaviour in response to variations in factors such as 
temperature, strain rate, and others. One of the most note-
worthy expressions of such mechanical variability is the 
transition between brittle and ductile behaviour (BDT), 
commonly observed in various engineering materials. The 
pivotal determinant influencing the brittle or ductile char-
acteristics of materials is the nature of the atomic bonds. 
Bond types with greater electron mobility tend to promote 
ductile behaviour. Conversely, restricted electron mobility 
contributes to brittle characteristics. Given that metallic 
bonds (ionic bonds) exhibit higher electron mobility, they 
are conducive to the material’s ductile response, whereas 
covalent bonds, characterised by limited electron movement, 
result in brittle behaviour. In this context, Si demonstrates 
robust directional covalent bonds within the structure of a 
diamond. Consequently, at room temperature, dislocations 
remain immobile, rendering silicon’s response brittle. How-
ever, it displays metallic ductile behaviour above a certain 
temperature. Dislocations of Si can only be activated at a 
high temperature (> 600°C), based on findings discovered 
by Yan et al. [59]. By transitioning to the ductile mode, Si 
is deformed plastically and removed when stresses meet the 
failure requirement, while in a brittle state, material removal 
occurs by creating cracks on both the surface and subsurface. 
To achieve high-precision engineering in Si wafer machin-
ing, it is preferred to explore the ductile mode. This is why 
the transition from BDT material removal mode has been 
extensively studied through both experimental investigation 
and numerical simulation.

Table 3   Thermal and 
mechanical properties of Si 
wafer

T (°C) Density (kg/m3) Specific 
heat (J/kg 
°C)

Thermal con-
ductivity (W/m 
°C)

Young’s 
modulus 
(GPa)

Poisson’s ratio Expansion coeff. 
alpha (10−6/°C)

25 2329 713 148.0 165.6 0.28 2.63
125 – 788 98.9 164.3 – 3.23
225 – 830 76.2 162.9 – 3.60
325 – 859 61.9 161.5 – 3.83
425 – 887 51.0 160.1 – 4.01
525 – 908 42.2 158.7 – 4.14
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4.3.3 � Plasticity behaviour and failure criteria

The establishment of an appropriate Si constitutive model 
is a critical step to achieving accurate stress results. As for 
the thermo-mechanical problems, with the rising tempera-
ture, the bonds connecting material points keep expand-
ing, which causes an increase of dislocation density in the 
microstructure, and the bonds are resultantly broken. This 
is the stage where the material transitions into the ductile 
phase, plastic behaviour starts, and eventually, by meet-
ing the failure criteria, damage occurs [59, 60]. Therefore, 
the “Material Model: J-C Plasticity Model” module in the 
ABAQUS software was employed in this study. The gen-
eral plasticity model of J-C is written as:

where A, B, and C are material parameters measured at room 
temperature. T, TR, and TM denote the operating tempera-
ture, room temperature, and melting temperature, respec-
tively. Subsequent to the plasticity model, a failure growth 
criterion is established in this study based on accumulated 
damage as proposed in the J-C damage model [61]. The 
expanded form of Johnson and Cook’s (1985) basic model 
included the constitutive model for fractures and relating 
them to cumulative damage. Moreover, the expanded model 
included the multiplicative effects of stress triaxiality, strain 
rate, and local heating. For the J-C damage model, damage 
D is determined as:

where ∆εpl is the incremental effective plastic strain and εF is 
the fracture strain. The general cumulative-damage fracture 
model for the fracture strain (εF) is given as:

where D1–D5 are the material constants in the J-C fracture 
model, �∗ is the stress triaxiality ratio defined as 𝜎m

𝜎̃
 , where 

�m and 𝜎̃ represent the average of the three principal stresses 
and the von Mises equivalent stress, respectively. 𝜀̇ and 𝜀0 
represent the equivalent strain rate and reference strain rate, 

(10)𝜎 =
[
A + B𝜀N

]
⋅

[
1 + Cln

(
𝜀̇

𝜀̇0

)]
⋅

[
1 −

T − TR

TM − TR

]

(11)D =
∑ Δ�pl

�F

(12)

𝜀F =
[
D1 + D2exp(D3𝜎

∗)
][
1 + D4ln

(
𝜀̇

𝜀0

)][
1 + D5

(
T − TR

TM − TR

)]

respectively. The mean values of D1–D5, TM, and 𝜀0 for the 
Si wafer substrate are shown in Table 4.

4.4 � Morphology and temperature analysis

With the exposure of the isotropic workpiece to intense laser 
energy, the temperature gradient leads to the formation of the 
molten pool. As the transmitted heat flux gets transmitted to 
the inside of the material slab through diffusion, the material’s 
internal energy increases instantaneously. The simulations of 
the temperature gradient at five distinct z positions are shown 
in Fig. 14. The specified red line in Fig. 14a indicates the laser 
beam track of scanning. With the Gaussian distribution of 
energy, the central regions exhibit higher intensity. Accord-
ingly, the elements located in this region approach the melting 
temperature to cause total material strength loss and lead to 
elements’ failure. With the tracing of the moving heat source, 
the elements of the specimen are heated accordingly, and the 
cutting line is created by removing elements whose strength 
loss has occurred. The value of the highest temperature along 
the direction of the heat source also increases as heat accumu-
lates. This finding was indicated by other researchers using dif-
ferent types of materials, e.g. fibre-reinforced composites [62] 
and thermoplastics [63]. As shown in Fig. 14b, the temperature 
field with plot contours of reference case 1 rises quickly, when 
the laser is at position z = 0.005 mm (at time t = 0.06 s). Trac-
ing the laser towards the scanning line for subsequent reference 
cases 2–5 shows that the rate of temperature change becomes 
relatively stable. It exceeds the melting point at 1450°C, as 
shown in Fig. 14b–f. The maximum recorded temperature is 
1585°C, which is 9.3% higher than the melting point. How-
ever, despite disparities in the selected processing parameters 
and modelling methodologies between the present investiga-
tion and the studies conducted by Cheng et al. [14] and Cai 
et al. [11], a consistent pattern of temperature gradient emerges 
across all outcomes. Additionally, the correlation between the 
laser position and energy absorption indicates consistent peaks 
and valleys in the time history curves, as shown in Fig. 15a.

The rapid heating during laser processing is the result of the 
induction of a significantly high-temperature gradient. This 
gradient is usually ahead of the beam spot, and when the spot 
passes over the location, it rises and then exponentially lowers 
subsequently (Fig. 15a). Ahead of the laser source, the heat 
cannot be rapidly conducted or transferred; instead, the ele-
ments behind the source of laser beam lead to rather homog-
enised temperature field. Consequently, the melt pool shapes 

Table 4   Values of Johnson–
Cook (J-C) plasticity and 
fracture model coefficients for 
the Si wafer material

Material Coefficients of J-C plasticity 
model

Coefficients of J-C fracture model

Silicon A B N C D1 D2 D3 D4 D5 TM 𝜀
0

280 380 0.35 0.06 0.026 0.266  − 0.512 0.017 0.05 1450 0.007
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of cases 1–5 (Fig. 14b–f) show a long tail and a penetration 
through the thickness of the substrate. Dependant on the pro-
cessing parameters such as laser power, reflection, interaction 
diameter, and material properties, the energy distribution is 
largely impacted by the scanning speed. Thus, using a con-
trolled processing parameters tuning, the desired meltzone and 
pool can be relatively controlled.

On the contrary, the influence of cutting duration does 
not completely control the temperature distribution or 

its peak value; rather, it depends on the thermo-physical 
properties of the substrate, which affects the tempera-
ture distribution. Figure 15b shows the thermal cycles in 
specified cases (1–5). The temperature profiles over time 
reach the maximum value when the laser meets specified 
cases. Moreover, after the operation of the laser passage, a 
gradual decrement in heating and cooling can be seen. For 
all regions in post-operation, the profile of temperatures 

Fig. 14   The simulations of 
temperature gradient at five 
distinct z positions. a Schematic 
view of five reference cases at 
different positions. b Tempera-
ture gradient of reference case 1 
at z = 0.005 mm. c Temperature 
gradient of reference case 2 at 
z = 0.5 mm. d Temperature gra-
dient of reference case 3 at z = 1 
mm. e Temperature gradient of 
reference case 4 at z = 1.5 mm. 
f Temperature gradient of refer-
ence case 5 at z = 1.92 mm
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decreases at similar slopes and rates, as reported by Cai 
et al. [11] and Anjum and Shaikh [64].

The transfer of heat along the thickness of the wafer 
exhibited through cross-section A–A′ at t = 12 s can be 
visualised using the temperature profile for the same 
predefined paths at the top (path i), middle (path ii), and 
bottom (path iii) of the cross-section surface, shown in 
Fig. 16a. The temperature profile for each path is pre-
sented in Fig. 16b. The temperature distribution is sym-
metric around the laser source, and the maximum tem-
perature is found at peak laser fluence. In general, as the 
distance increases from the cutting line, the intensity of 
the heat gradient lessens and becomes flatter eventually. It 
is attributed to the influence of temperature on the specific 
heat capacity and thermal conductivity. These parameters 
impact the heat distribution in the material, in particular 
along the direction perpendicular to the laser scanning 
axis. The magnified Fig. 16c shows a closer look at tem-
perature decay from top to bottom. It shows that the lowest 

location passed melting temperature, resulting in element 
strength loss and its failure through the whole thickness.

4.5 � Stress analysis and material failure

During the laser cutting process, the Si wafer is subjected 
to thermal and mechanical stresses that can cause deforma-
tion, cracking, or even complete material failure. There are 
two types of stresses that occur during silicon wafer laser 
cutting: thermal stresses and mechanical stresses. Thermal 
stresses occur when the subsystem’s electrons’ tempera-
ture increases at a very high rate and causes expansion, 
which is due to the quick heating process corresponding 
to the laser. Mechanical stresses occur when the wafer is 
subjected to mechanical forces during the cutting process, 
such as from clamping. In order to assess stress levels, 
the prescribed displacement field and surface forces are 
used to calculate nodal displacements. The resulting strain 
and constitutive stress increments at all locations are then 

Fig. 15   a Temperature profile 
for reference cases 1–5 on the 
laser scanning path. b Time 
history curves for reference 
cases 1–5
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evaluated through the process of interpolation. Local equi-
librium conditions are maintained by correlating nodal dis-
placements with enabling forces via the elemental stiffness 
matrix. Laser heating and resulting temperature fluctua-
tions cause tensile and/or compressive stresses, which may 
adversely affect the quality of machined parts, particu-
larly if thermal stresses exceed the critical values of the 
Si wafer. In such cases, permanent damage and/or fracture 
may occur. Therefore, it is crucial to closely monitor and 
control these stresses to prevent any negative impact on the 
finished product. To elucidate the impact of the scanning 
strategy on residual stress, an investigation is conducted 
on the transversal stress σx, the longitudinal stress σz, and 
the Mises stress σM. The stress components of σx and σz 
are represented for selected elements on the surface of cut-
ting when the laser irradiates at specific locations. Mises 
stresses are presented through the thickness of the selected 

paths shown in Fig. 16a having positive values for tensile 
and negative values for compressive stresses, respectively.

Figure 17a shows the transversal stress σx versus tem-
perature gradient of a selected element at z = 0.005 mm in 
line with the cutting path. By entering the laser into the 
material, the elements are thermally shocked due to an 
immediate temperature increase. This phenomenon results 
in stress variations when the laser enters the specimen, as 
displayed in Fig. 17b. Primarily, tensile stresses are gener-
ated on the surface region of the irradiated object as the 
temperature rises, causing expansion of the elements. The 
maximum amplitude is 40.1 MPa. By propagating a stress 
wave into the material thickness and adjacent elements 
and increasing temperature, the specimen near the cutting 
region enters the compression phase. The peak magnitude 
of compressive stress is obtained at − 130.3 MPa, and it is 
followed by a significant drop to − 70.8 MPa. The graph 

Fig. 16   a Temperature gradient 
through the thickness of the 
model. b Temperature graphs 
at different paths located on 
the top (path i), middle (path 
ii), and bottom (path iii) of the 
model. c Magnified picture of 
profiles at (b) for comparison of 
peak temperatures
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indicates that for a short period of time, as the temperature 
increases from 600 to 1450°C, the level of compressive 
stress continues to increase constantly until it decreases 
dramatically and becomes zero. It is inferred that the 
material strength loss is highly stimulated by passing the 
temperature from the melting point, which causes fracture 
initiation and resulting failure of elements parallel to the 

laser scanning line. It entails element removal from the 
cutting line. The captured results from the simulation obvi-
ously show the process of element removal from the speci-
men at different stages. Similarly, it is seen as ejected or 
exfoliated of complete layers of material from the surface 
in the experiment’s microstructure (Figs. 2 and 5).

Fig. 17   a Transverse stress (σx) versus temperature history for an element on cutting line at z = 0.005 mm. b Magnified graph to see different 
steps of stress variation and element strength loss by increasing the temperature
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Similarly, longitudinal stress σz versus temperature gra-
dient is represented in Fig. 18a. However, the peak magni-
tudes of longitudinal stress σz are substantially lower than 
the transversal stress σx. At higher temperatures, the aniso-
tropic thermal expansion of the material, especially along 
the dominant direction of heat transfer, results in lower lon-
gitudinal stress σz compared to transverse stress σx. As the 
laser beam heats up the material, the heat is predominantly 
transferred in the longitudinal direction. This results in mate-
rial expansion in the same direction and, resultantly, stress 

distributions that are anisotropic owing to thermal boundary 
conditions. Owing to the sharp gradient in the transverse 
direction (perpendicular to the laser beam) and restrained 
by the solid, unmelted material, the usual thermal expansion 
is restricted, resulting in higher stress levels in the trans-
verse direction compared to the direction along the beam 
(longitudinal direction). In addition, the focused beam, in 
terms of the spot, causes an elliptical power density distribu-
tion. This may also result in a relatively imbalanced higher 
power density distribution, particularly in the transverse/

Fig. 18   a Longitudinal stress (σz) versus temperature history for an element on cutting line at z = 0.005 mm. b Magnified graph to see different 
steps of stress variation and element strength loss by increasing the temperature
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major direction than in the longitudinal/minor direction. The 
complete comparison was done by Abadi et al. [65]. Moreo-
ver, it is known that heated material with thermal expan-
sion usually helps in alleviating stresses, whether tension 
or compression stress. Upon expansion, the strain energy is 
released under the influence of external factors. This may 
also alleviate some of the longitudinal stresses compared to 
transverse stresses, especially at very high operating tem-
peratures. The effect of thermal expansion was previously 
discussed by Soltani et al. [41], whereby it was noted that 
the large temperature operations on the irradiated surface 
caused localised expansions and led to changes in density 
and subsequent thermal crack generation. It is shown in 
Fig. 18b that σz initially displays compressive behaviour, 

and the maximum magnitude is achieved at − 99.4 MPa. 
Rising temperatures up to T ≥ 600°C increase the ductility 
of the Si wafer considerably and start decreasing the mate-
rial’s strength. Therefore, it is seen that when the tempera-
ture gets higher than 600°C, the plotted values for material 
compressive stress predominantly remain consistent. It can 
be inferred that when the material is increasingly heated, 
it undergoes a phase change from an elastic behaviour to a 
complete plastic state. During this phase change, the mate-
rial’s physical properties, such as strength and stiffness, 
degrade dramatically, and the rate of plastic strain increases. 
In particular, the material’s ability to withstand compressive 
stress decreases significantly. Subsequently, by reaching the 
melting temperature (1450°C), the material’s ability to resist 

Fig. 19   a Transverse stress (σx) versus temperature history for an element on cutting line at z = 0.5 mm. b Magnified graph to see different steps 
of stress variation and element strength loss by increasing the temperature
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tensile stress will increase, and therefore the stress state in 
the material will change from compressive to tensile. It is 
observed that the stress turns to zero when a ductile failure 
in noted, owing to stress concentration release upon plastic 
deformation and the element loses its total strength. It is 
confirmed by the material damage model explained in Eqs. 
(17) to (19).

Figure 19 represents the transverse stress σx versus tem-
perature result at z = 0.5 mm. By approaching the laser at this 
location, the stress gradient becomes larger. This is induced 
by the presence of laser heat through conduction, which 
would yield a greater temperature gradient in the specimen. 

Also, by laser movement through the cutting direction to 
this point, previous elements were removed from the cutting 
line due to a loss of strength. As shown in Fig. 19a, along 
the laser direction, the rise of local temperature increases 
the tensile stress of the element. As knowledge of fraction 
mechanics suggests, the maximum tension stress is located 
at the front of the crack [66]. Thereafter, the compressive 
stress increases significantly as the local temperature of 
the element reaches 600°C. The maximum difference at a 
fixed geometric point for stresses ranges from + 20 MPa (at 
the start of the cutting process with a temperature below 
200°C) to − 151 MPa (at a temperature of 550°C just below 

Fig. 20   a Longitudinal stress (σz) versus temperature history for an element on cutting line at z = 0.5 mm. b Magnified graph to see different 
steps of stress variation and element strength loss by increasing the temperature
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the plastic strain point of 600°C of Si). A significant drop 
in stress is seen after the transition phase at 600°C, which 
entails a significant strength loss of the element, and the 
stress value turns to zero. As shown in Fig. 19b, a compres-
sive stress zone in front of the tensile stress zone and on the 
sides can prevent the fracture front from transcending the 
laser spot irradiation zone, as discussed by other researchers 
[67, 68]. For regions with compression stresses, especially 
near the boundary, the stress decreases from the adjacent 
cutting surface to the exterior surface.

Figure 20 depicts the longitudinal stress σz versus tem-
perature result at z = 0.5 mm. Figure 20a shows that when 
the laser spot is approaching the element at z = 0.5 mm, the 
Si wafer expands as the temperature rises gradually. This 
results in a great compressive longitudinal stress (139 MPa) 
at 200°C. Thereafter, the stress gradually decreases and even 
turns into tensile stress after the temperature passes 600°C. 
As the changes of the outer compared to the inner tempera-
tures are more rapid, the differential dimensional changes 
cause restraint of the free changes, whether expansion or 
contraction of the volume adjacent to the Si wafer. Thus, 
rapid changes in temperature may lead to tensile stress.

Figure 20b gives pictures and an enlarged view of the 
plotted graph within the time frame of element strength loss. 
The induced tensile nature of the stress, especially in the 
very neighbourhood of the cutting zone, will further accel-
erate damage and have a negative impact on the Si wafer 
in terms of its performance. The compressive nature of the 
stresses may have a slightly beneficial impact in terms of the 
mechanical properties and service life of Si, as discussed by 
Amer et al. [69].

The equivalent von Mises stress distribution is a preva-
lent method and commonly used yield criterion for fore-
casting material yield in engineering. This approach oper-
ates under the assumption that maximum deviatoric strain 

energy triggers yielding in the material. For all simulations, 
the equivalent von Mises stress distribution provides a com-
prehensive analysis of the overall magnitude of these factors.

Figure 21 displays the von Mises stress through the thick-
ness of the Si wafer, measured along three paths (shown 
in Fig. 16a). Numerical simulations show predominantly 
symmetric stress distributions, which are almost constant 
towards the specimen sides. Von Mises stress is more pro-
nounced in areas with a significant temperature gradient, 
specifically in the vicinity of cutting edges. The anisotropic 
variation can be partly linked to the temperature profiles 
along the cutting direction (shown in Fig. 16b). At the centre 
of the model, the stress is equivalent to zero. Consequently, a 
loss of strength is seen, which is attributed to the lowering of 
the elastic modulus of the Si wafer due to temperature rise. 
Elements, with their temperatures having passed the melting 
point, lose their total strength and are subsequently removed 
from the region of cutting. A similar finding was shown in 
previous studies by Moradi et al. [63] and Fu et al. [70]. 
Whereas, a steep rise in the effective von Mises stress at the 
edges of the kerf is seen. This is attributed to showing higher 
strength by lowering temperature towards the boundary 
edges based on the temperature profile shown in Fig. 16b. 
Thereafter, minimum stress is seen along each path as it 
gradually decreases, resembling a similar pattern of tem-
perature profile. Since path (i) is located on the top surface 
of the model, a larger area corresponds to zero stress due to 
excess heat energy accumulated by the laser, which confirms 
wider kerf width. After analysing the numerical outcome 
and experimental data, it was found that the variance in kerf 
width is less than 4 μm and the deviation factor is below 
5%. On the contrary, paths (ii) and (iii) are located at the 
middle and bottom surfaces through the material thickness, 
respectively. Through the stress analysis of the thickness of 
the model, one can identify von Mises stress gradients along 

Fig. 21   von Mises stress distri-
bution for different paths along 
x direction at z = 1 mm
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paths (ii) and (iii), which reveal the degradation of elements 
owing to the heat conduction to the interior of the sample 
to create the whole cut. However, it is noted that increasing 
the rate of heat loss in the form of thermal convection and 
reducing the amount of heat entering the material through 
heat conduction cause a reduction in the amount of stress on 
the sides of the model. At position x = 0.5 or 1.5 mm along 
paths (ii) and (iii), there is a noteworthy reduction in stress 
levels to 60 MPa. Subsequently, there is a gradual decline 
in stress levels that remain consistent towards both ends.

Figure 22 shows a comparison of residual stresses for 
numerical and experimental results and their effect on the 
neighbourhood of the cutting zone with a relatively accept-
able agreement. To facilitate comparison, the numerical out-
come in Fig. 22 is partitioned into three distinct regions. It 
is seen that the area exposed to high laser heat (region (i)) is 
showing less stress values, which is attributed to a signifi-
cant loss of strength at high temperature. This follows the 
same pattern in the experimental result, where the top part 
shown by the red arrow has completely burned and turned 
into solidified residues due to adverse thermal effects. On the 
contrary, by looking into the centre region of the Si thickness 
(region (ii)), the stress gradients show higher values up to 
158 MPa. This result is confirmed by the blue arrows shown 
on the experimental micrograph, which indicates that the 
material on the surface of the cutting channel is ablated and 
some slags are adhered to on the cross-section of the cutting 
region. The bottom part, illustrated as region (iii), confirms 
minimum stress gradients and a roughly clear surface with 
no slags adhered to it. By looking at regions (i) to (iii), the 
degradation of the surface quality of the upper regions is due 
to the increased laser absorption at the wall with a reduction 
of the amount of delivered laser energy at the bottom of 
the zone due to several reflections from the wall, previously 
discussed by Soltani et al. [41]. The regular ripple-like step 
lines are seen on the fracture surfaces of the Si layer, which 

represent the damage propagation and crack growth along 
the cutting line. Similar results were shown by Cai et al. 
[11], Zhao et al. [12], and Cheng et al. [13]. This is primarily 
due to the distribution of stress and related physical proper-
ties such as thermal expansion and thermal conductivity.

It is noted that the errors in the model arise primarily due 
to either the unavailability of reliable temperature-dependent 
properties or ignoring the presence of ambient atmosphere 
during laser absorption and flow within a molten pool or 
powder particle motion due to complexity.

5 � Conclusion

This study presents the results and physics of a 350-μm-thick 
semiconductor Si wafer processed using CO2 laser cutting 
both experimentally and numerically. Due to the highly 
reflective 10.6 μm CO2 laser, an increment of temperature 
was proposed to increase the material absorptivity locally. It 
was performed by decreasing the cutting speed at identical 
high laser power to enhance the absorptivity of Si. Unlike 
previous studies, this research considered a different mod-
elling technique of Si wafer laser cutting. The sequentially 
coupled thermo-mechanical modelling was considered to 
calculate the thermal gradient and subsequently the stress 
distribution on the surface of the Si wafer. The BDT was 
employed to model the Si material behaviour at high temper-
atures, and therefore, Johnson–Cook plasticity and damage 
failure were concurrently defined to model the stress/failure 
mechanism. The main conclusions are drawn as follows:

1	 The minimum value of cutting speed at high laser power 
and single laser pass (5 mm/min, 40 W, one laser pass) 
led to smaller kerf width, lesser HAZ, lower surface 
roughness, and good sidewall quality. On the other hand, 
considerable deposited residues and black spots induced 

Laser irradiation

Fig. 22   Side-by-side comparison of cutting cross-section between numerical simulation and experimental micrograph for specimen E1
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by the laser beam were noted, especially at higher cut-
ting speeds and with a higher number of passes.

2	 A lower material removal rate was found as a result of 
laser ablation with a higher cutting speed, which is due 
to a slight reduction of laser efficiency. On the contrary, 
the increasing number of laser passes trapped a signifi-
cant amount of laser heat and led to an increase in kerf 
width by melting and vaporising the silicon from the top 
surface.

3	 Highly extended HAZ was observed for both specimens 
E2 (10 mm/min and 3 laser passes) and E3 (20 mm/min 
and 6 laser passes) owing to significant heat conduction 
as a result of the temperature gradient in the workpiece. 
It concurs that the change of traversing speed impacts 
the time for interaction between the main stream and the 
cut, which may cause an incomplete first phase of cut-
ting (complete penetration to the bottom surface of the 
material); therefore, increasing the number of passes and 
recoil pressure led to deteriorating the cutting quality.

4	 The analysis of EDX for specimen E1 showed that a sig-
nificant amount of carbon material in the neighbourhood 
of the kerf edge was formed due to burning and highly 
induced heat from the laser; nevertheless, the distribu-
tion of silicon showed a high particle percentage (66.3%) 
for the selected region.

5	 In the numerical analysis, by moving the laser source 
energy along the cutting line, the elements were con-
tinuously heated, and they approached the melting 
temperature, which became a reason for a total loss of 
their strength and resulted in material failure. Tempera-
ture fields at selected reference cases showed consist-
ent peaks and valleys in the time history curves. It was 
found that heat conduction plays a crucial role in rapid 
heat transfer to homogenise the temperature field. A 
temperature decay was observed through the thickness. 
On the other hand, upon the temperature variations at 
the specific heat capacity and thermal conductivity, 
the intensity of the temperature gradient decreased as 
the distance from the cutting line increased to the sides 
of the model perpendicularly, where a flat pattern was 
observed.

6	 The longitudinal and transverse stresses were plotted 
versus temperature gradients. Longitudinal stress is 
substantially lower than transverse stress due to ther-
mal expansion and the direction of heat transfer. It was 
observed that rapid temperature changes at the top sur-
face of silicon lead to rapid volume changes, which in 
turn cause tensile stress due to the constraining effect on 
adjacent volumes. However, the compressive stress near 
the area experiencing tension stopped the fracture from 
spreading beyond the zone where the laser was applied. 
It was also noted that Si experienced a phase change 
from an elastic behaviour to a complete plastic state 

due to a laser heat increment. During the phase change, 
the material’s physical properties, such as strength and 
stiffness, started degrading dramatically, resulting in an 
increment of the plastic strain rate.

7	 For future experiments, it is recommended to explore 
the utilisation of higher-power CO2 lasers across a spec-
trum of laser power settings and cutting speeds. This 
will enable an examination of the impact of increased 
input energy on the alterations in both the heat-affected 
zone and kerf properties. Additionally, conducting a 
comparative analysis of various numerical simulation 
models would provide valuable insights into stress gra-
dients along the cutting perimeter.
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