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 In this study, we examine texturing features on soda-lime (SDL) silicate glass bottles achieved 

using a Carbon Dioxide (CO2) laser with continuous wave power (25 W at 10.6 µm). SDL glass 

samples were subjected to irradiation in both static and dynamic modes. In the static mode, 

exposure time (τON) varied from 10 µs to 2 ms, while the dynamic mode involved scan velocities 

(line) ranging from 20 mm/s to 3 m/s. Our evaluation focused on engraving rate, fracture 

morphologies, and damaged zone characteristics. Using optical microscopy and stylus profilometry, 

we identified three distinct process regimes: partial texturing, full texturing, and material removal. 

To gain insights into the underlying mechanisms of the process, we developed a 2D axisymmetric 

thermo-mechanical model using COMSOL Multiphysics®. This model allowed us to compute the 

transient laser-induced thermal stress and the relaxation occurring in the viscoelastic state of SDL. 

Remarkably, our simulation demonstrated a correlation between the tensile cracking threshold of 

SDL (0.1 GPa) and experimental data. By comapring the experimental and simulation results, we 

were able to estimate the damaged zone diameter with an accuracy of ±3% in the partial texturing 

regime and an overall accuracy of ±8% across all regimes in the static mode.  

Keywords:  glass marking, CO2 laser, thermal stress, decoration, crack formation, COMSOL 

simulation 

1. Introduction

Product personalization has represented a growing

market since the 2000s in the high value-added consumer 

products industry e. g., perfumery, wines and spirits, jewel-

ry, and cosmetics [1]. The use of in-store personalization 

machines allows brands to offer personalization features 

for a moderate additional cost. When used for a gift, this 

personalization greatly increases the satisfaction of the re-

cipient and the giver [2]. This feature can also be used by 

the brands to create event-related limited-edition series e. g., 

Valentine’s Day, directly in the store, avoiding massive 

destruction of unsold products after the event.  

Nowadays, in-store personalization machines rely 

mainly on CO2 lasers which are able to mark almost every 

material used in the packaging industry, e. g. wood, plastic, 

paper, and glass, thanks to their high infrared wavelength. 

CO2 lasers are still the most common lasers in the marking 

industry because of their high efficiency, high power and 

versatility [3–5].  

The main container material for perfumery, wines and 

spirits is SDL glass [6]. It represents more than 90% of the 

worldwide production of glass [7]. This common glass is 

known for its high absorption coefficient (>103 cm-1) in the 

infrared (IR) spectral region 9 to 13 µm [8–10] leading to a 

high temperature rise of the irradiated material surface. 

Additionally, its relatively high coefficient of thermal ex-

pansion (9.10-6 K-1) creates thermal stress in the material 

that can sometimes lead to its cracking [11]. Several studies 

[11–15] have explored methods to improve marking quality 

by reducing the heat affected zone and therefore removing 

glass without cracking. Previous work in our lab [16] man-

aged to reduce the cracking effect by studying the heat af-

fected zone for the glass cutting process. Despite these 

studies, to the best of our knowledge, the thermal-induced 

fracture initiation and growth in SDL glass has never been 

studied for fine decoration purposes.  

The transient thermal stress experienced by the glass 

above its transition temperature Tg is a complex phenome-

non that induces structural relaxation and material flow. 

Some models [17,18] that consider these phenomena are 

based on pure amorphous silica glass for the static condi-

tion. Yamamoto et al. [15] simulated 3D temperature evo-

lution and estimated thermal stress without considering 

relaxation phenomena. Based on these previous studies, we 

chose to simulate the static mode with a COMSOL 2D-

axisymmetric plane and use a physical criterion (beam 

dwell time τdw) to compare it to the dynamic mode which 

requires heavier computational resources (3D). 

In this article, we will first study the engraving rate, 

fracture morphologies and damaged zone features from the 

near-threshold cracking regime to a continuous material 

ejection regime for both static and dynamic modes. We will 

discuss the process regime in which process-controllable 

cracking occurs. The influence of the process parameters 

for static and dynamic modes is also investigated. Secondly, 

we will compare experimental data to the simulation using 

COMSOL Multiphysics that takes structural relaxation into 

account. 
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2. Method and materials

2.1 Substrate properties

 The chosen substrate is a common commercial small 

perfume glass bottle of about 10 mL with flat faces measur-

ing 50x30x13 mm outer dimensions (Fig. 1 (a)). The inner 

surface of the bottle is not flat as the samples are formed by 

blowing and moulding. There is however an area measur-

ing about 30x25 mm with a fairly constant wall thickness 

of 1.5 mm (Fig. 1 (b)). All the engraving tests were per-

formed in this area named engraving area. The sample sur-

face is considered flat because its surface waviness (±200 

µm) is small compared to the Rayleigh length of the laser 

spot (±3.0 mm). Because our sample’s material properties 

are not given by the supplier, we decided to measure its 

chemical composition by X-fluorescence and compare it 

with the chemical composition of an SDL glass container 

from the literature, see Table 1.  The relation of viscosity 

to temperature was estimated using Fluegel’s material 

properties simulator [19] based on the measured chemical 

composition. This preliminary study confirmed the SDL 

nature of the bottles. All the other SDL material properties 

were then taken from the literature. The material properties 

considered for this study and the associated literature refer-

ences are listed in Table 2. 

 

 

The temperature dependence of some glass properties has 

to be taken into account [15,17,21]. When glass is heated to 

the Tg, the specific heat capacity suddenly increases and 

remains constant for higher temperatures whereas viscosity 

drops by several orders of magnitude [22,23]. This drop of 

viscosity allows any applied stress to relax over time 

through a characteristic time constant τrel= η/G. The rela-

tion of viscosity to temperature is modelled using the em-

pirical Vogel–Fulcher–Tammann (VFT) law (1). 

𝜂 𝑇 = 10
𝐴𝜂+

𝐵𝜂

𝑇−𝐶𝜂  (1)

Aη, Bη and Cη are empirical coefficients depending on 

the material composition, T is the temperature (°C), η the 

dynamic viscosity (Pa.s) and G the shear modulus (Pa). 

The viscoelastic state experienced by the sample at 

temperatures between Tg and Tm can be represented with 

mechanical bonds between glass particles [24]. The nature 

and the configuration of these mechanical bonds can model 

a viscoelastic behavior. In this case, mechanical bonds are 

composed of purely Hookian springs and purely viscous 

damps that relax over time. In this study, we chose to use 

the standard linear solid (SLS) viscoelasticity model be-

cause it only involves the relation of viscosity to the tem-

perature and the shear modulus, and describes both creep 

recovery and stress relaxation. 

2.2 Thermo-mechanical modelling 

Following Bäuerle et al. [21], depending on the absorp-

tion coefficient α of the material and the radius of the laser 

beam ω0 hitting its surface, the heat source can be consid-

ered as surface heating when the normalized absorption 

coefficient α*=αω0≫10 and as penetrating when lower. In 

the case of a CO2 laser on a SDL glass substrate, the heat 

source can be considered as a surface heat source because 

we have a short radiation penetration depth [25] that satis-

fies the prerequisite assumption α*=48≫10. Moreover, the 

absorption coefficient has a tendency to increase with tem-

perature, increasing the surface absorption effect [17].  

The laser power density involved in this process is on 

the order of 105 W/cm2 which is not enough to produce 

non-linear effects but does induce high enough temperature 

gradients for thermal stress to reach the failure limits of the 

sample [11]. 

Following Bennett et al. [17], above the stress relaxa-

tion temperature the glass can be considered liquid-like. It 

only supports hydrostatic pressure, converting thermal 

stress into axial strain. During subsequent cooling, the 

same relaxation point is encountered but leads to strain 

freezing which builds up radial tensile stress between the 

relaxed zone and the unrelaxed surroundings. It is im-

portant to note that SDL glass presents a failure stress that 

is weaker in tensile mode (0.1 GPa with a strain rate of 10 

s-1) [26] than in compressive mode (0.8 GPa with a strain

rate of 10 s-1) [27].

2.3 FEM Computation 

Modelling of the laser-matter interaction was done with 

the COMSOL Multiphysics® software (release version 6.1). 

For the laser source, we chose to consider a top-hat beam 

profile as the laser presents high Transverse Electromagnet-

ic (TEM21) modes in the beam intensity profile. An ablation 

test on soft material revealed an approximately flat intensi-

ty profile.  

The steepness of the top-hat profile was set to 0.1ω0 to 

maintain continuity of the derivatives. The temporal profile 

was also adapted for continuity with a laser power rise/fall 

time of 50 µs, which was experimentally measured.  The 

heat transfer in solids and solid mechanics equations were 

applied to the whole simulated domain using cylindrical 

coordinate (R, Z, θ). 

Table  1 Composition of the bottles measured by X-fluorescence. 

(%mol) 
Our glass 

bottles 

Typical SDL 

glass [20] 

SiO2 72 73 

CaO 9.9 12 

Al2O3 2.1 1 

Na2O 15.5 14 

K2O 0.3 

CeO2 0.1 

Fe2O3 0.1 

Engraving 

area 

30 x 25 mm 

30 mm 

50 mm 

(b) (a) 

Fig. 1 (a) Photograph of the bottles with their dimensions. 

(b) Engraving area represented with dashed line.
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Thermal expansion is the phenomenon that yields dis-

placements (stress and strain) in the material due to tem-

perature gradients. We will solve the heat diffusion equa-

tion (2). The laser heating term (3) is set as a boundary 

condition of the domain (4). The initial state and boundary 

conditions of the temperature are stated in (5). 

𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
= ∇ 𝐾∇𝑇   (2) 

(3) 

(4)

(5)

where Q is the laser heating surface source, P the laser CW 

power, τON the exposure time, H the Heaviside function and 

T0=273.15 K the room temperature. 

The simulation was run on a 2D-axisymmetric plane of 

radius r=1 mm and height z=500 µm, divided into 2 sub-

domains, see Fig. 2 (a). The first one is the interaction re-

gion where most of the thermo-mechanical processes occur. 

This region has a refined free triangular mesh of size 2 µm 

±10% and is located at the origin. The dimensions of this 

subdomain were set to r=2ω0 and z=2ω0. The second sub-

domain is the bulk region with an adaptative coarser free 

triangular mesh size of 40 µm ±10%, see      Fig. 2 (b). 

These dimensions were chosen to ensure adiabatic condi-

tions and free displacement on the external boundaries of 

the domain. The simulation time was finely divided into 

steps of 1 µs from t=0 to t=τON to follow the heating of the 

material which can reach rates of 106 K/s. Then, from t=τON 

to t=3τON, the time step was lengthened to 10 µs because 

the material’s cooling rate is much slower than its heating. 

Lastly, we used a logarithmic time step scale from t=3τON 

to t=100τON with 10 steps per decade to continue the simu-

lation time until the whole material had cooled to the initial 

room temperature. 

 

 

3. Experimental setup

3.1 Engraving system

To engrave SDL glass, we used a 25 W CO2 laser emit-

ting at 10.6 µm wavelength. On the output of the laser head, 

Fig. 3, there is a galvo-mirror 2D deflection system named 

scanning head. This scanning head can move the laser 

beam at velocities ranging from 1 mm/s to 10 m/s in the 

scanning area of 60*60 mm. The deflected beam is finally 

focused through a ZnSe flat-field lens with a focal distance 

80 mm. 

The laser presents high Transverse Electromagnetic 

Modes, (TEM21) estimated by observation of the ablated 

profile of a thick PMMA slab. At the focal distance, the 

laser beam has a radius of ω0=100±5 µm experimentally 

measured by a method inspired by Liu et al.’s method [30] 

on anodised aluminium. The diameter is measured along its 

two main axes. We measured the evolution of the damaged 

zone on anodised aluminium with increasing energy dose 

(P/V). This technique allows a precise diameter measure-

ment for a focused beam. The use of anodised aluminium is 

very convenient for measuring a CO2 laser beam spot size 

because only the anodized paint is removed proportionally 

to the laser fluence, leaving a white mark on a black sur-

face. 

The corresponding average irradiance at the working 

distance is then 80 kW/cm² estimated from the laser beam 

diameter measurement. The influence of the incident angle 

is considered negligible. The sample is placed in the scan-

ning area with its surface to be marked at the focal distance 

of the lens. The marking process is done at atmospheric 

conditions without gas assistance. 

Material properties Unit Ref. 

α Absorption coefficient at 10.6 µm 4800 cm-1 [8, 25, 28]

R Normal incidence Reflection coefficient 0.16 [11, 15, 25, 28] 

K Thermal conductivity 0.0014*T + 0.8 W/m.K [17]

Cp Specific heat 
909.8 + 0.3468/T2 for T<Tg 

1430 for T>Tg 
J/kg.K [23]

ρ Density 2520 kg/m3 [19, 29]

Aη, Bη, Cη VFT model coefficient -3,231, 4800, 357 °C [19]* 

Tg, Tm Glass transition and melting temperature 672, 1492 °C [19]* 

ΔHm Enthalpy of melting 100 kJ/kg [13]

E Young’s modulus 62 GPa [11, 15, 29]

G Bulk Shear Modulus 25.4 GPa [29]

ν Poisson’s ratio 0.22 [11, 15, 29]

γ Coefficient of thermal expansion 9 ppm/K [11, 15, 29]

 Table  2 Material properties of our samples and soda-lime silicate glass. *Values are calculated with a properties simulator based on the 

chemical composition of our samples. 

Fig. 2 (a) 3D representation of the simulated domain with irradi-

ated surface coloured. (b) Mesh discretization of the domain. 
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 Fig. 3 Scheme of the CO2 laser engraving system.

3.2 Characterization tools 

The markings are characterized with three instruments. 

The first one is the numerically driven confocal microscope 

KEYENCE VHX 5000, which can assemble depth profiles 

using 2D in-plane surface sharpness information to build 

3D surfaces. This feature is convenient because it can out-

put large area surface profiles at once. However, measuring 

transparent media is a difficult task because sharpness in-

formation is often retrieved under the surface of the glass 

and thus creates many artefacts. To overcome this problem, 

we used a stylus profilometer Bruker DektakXT with a 

stylus tip diameter of 25 µm and 3 g weight to measure 

surface profiles of the damaged zone.  

A second microscope OLYMPUS SZ61 was used to 

photograph larger areas. 

4. Results

4.1 Crack initiation threshold

The fracture initiation threshold region was studied to 

estimate the variability of the glass damaging conditions. 

Five glass bottles were irradiated for different pulse dura-

tions, each value being repeated 62 times (2 lines of 31 

shots per value of pulse duration). Samples 1, 2 and 3 were 

independently irradiated and Samples 4.1 and 4.2 were 

both irradiated at the same time. The comparison between 

samples irradiated together and independently makes it 

possible to estimate the variability of the cracking phenom-

enon and the variability of the laser power between engrav-

ing sessions.  

We define the engraving rate as the number of damaged 

sites over the 62 irradiation sites. A site is qualified as “not 

damaged” when no visible crack is detected at the surface 

under naked eye observation. Microscope measurements 

were also done to verify that a naked eye verification was 

accurate enough to estimate the presence of cracks. 

The results in Fig. 4 show that samples 4.1 and 4.2 pre-

sent a similar engraving rate. This implies that laser-matter 

interaction does not depend on the sample and that pulse-

to-pulse stability is negligible. However, the differences 

observed for samples 1, 2, 3 and 4 mean that we have a 

high variability between consecutive irradiation sessions. 

Considering the “50% engraving rate” threshold, we see 

that two independent irradiation sessions can lead to differ-

ences of hundredths of microseconds. This difference leads 

to equivalent power variations between sessions of ±5 W. 

This value comes from the power compensation to make 

every measure fit inside the Sample 3 confidence interval. 

In a nutshell, we have to be careful to always engrave sam-

ples in a row in order to compare them.  

Finally, we can estimate the “100% engraving rate” 

threshold as 500 µs. This value is the minimum τON process 

parameter to obtain reliable and repeatable marking. 

4.2 Cracking morphologies of single shot irradiation 

The results presented in Fig. 5 are the damaged zone 

analysis for the static irradiation condition, named “dot” 

pattern. They were all made in a row and repeated 6 times 

because of the random nature of cracking experiments. The 

micrograph pictures were selected among repeated experi-

ments to illustrate the main features of the cracking mor-

phology. A stylus profilometry measurement systematically 

accompanies the micrographs to help visualize the 3D na-

ture of the damaged zone. The values of irradiation time 

τON were chosen to encompass the different cracking re-

gimes based on results from section 4.1, from a very short 

exposure of τON=10 µs, where no damage is visible, to a 

constant ablation regime for τON>1000 µs. The background 

colors of Fig. 5 (b) and Fig. 5 (c) are different because the 

High Dynamic Range (HDR) option was enabled in the 

microscope configuration. This option improves color and 

light intensity rendering but does not influence our meas-

urements. 

The dynamic mode, see Fig. 6, is done with CW laser 

irradiation and a moving source relative to the sample at 

velocity V. The source describes single-pass straight lines 

in the XY plane on the sample’s surface. Velocity values 

range from 18.8 mm/s to 3000 mm/s. The velocities are 

converted to dwell-time τdw= 2ω0/V in order to compare the 

results of the dynamic mode with the static mode.  

4.3 Numerical simulation of the damaged zone 

Fig. 7 (a) presents the radial component of the viscoe-

lastic stress tensor σRR in the RZ plane with the stress re-

laxation process considered. The other components of the 

viscoelastic stress tensor were also studied; the results are 

not shown in the figure but are explained here. The relaxed 

region in the final state (t=100τON) presents a homogeneous 

compressive stress of σZZ≈0.1 GPa along the ZZ compo-

nent. The main shearing stress is found along σRZ and is in 

the order of 1 MPa. Other shearing components (σRθ, σZθ) 

are equal to 0. Because both compressive and tensile 

stresses are experienced by the glass during the simulation, 

we used red for tensile stress and blue for compressive 

stress. The results are presented for different τON and at 

increasing cooling times proportional to the latter: t=3τON 

corresponds to significant cooling compared to the maxi-

Fig. 4 Engraving rate of 5 different samples irradiated with 8 val-

ues of τON, each value repeated 62 times. The picture is a photo-

graph of Sample 1. Damaged sites are the small white dots. Verti-

cal error bars are the confidence interval of the 62 attempts and 

horizontal error bars are the uncertainty based on laser pulse-to-

pulse stability (±10%). 
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mum temperature reached during heating and t=100τON 

corresponds to the time required for the material to return 

approximately to RT. The radius of the relaxed zone rr in 

the final state (t=100τON) was compared with the damaged 

zone radius from experimental data. For the sake of clarity, 

temperature isovalues in K are shown in black lines on the 

results pictures. They correspond to Tg, Tm and Tvap namely, 

glass transition temperature, glass melting temperature and 

silica vaporization temperature. Stress isovalues are also 

shown on Fig. 7 (a). The first one is 0.1 GPa, the tensile 

failure stress of SDL glass, and the second value, not visi-

ble in our case, is -0.8 GPa, the compressive failure stress 

of SDL glass. Fig. 7 (b) shows the extremum stress values 

which occurred during the simulation for each irradiation 

condition. The comparison of the results given by our mod-

el and experimental data from previous experiments is pre-

sented in Fig. 8.  

Because damaged zones are slightly oval, we averaged 

the diameter of the long and short axes of the ellipse. Static 

irradiation diameters are averaged over the 6 repetition 

experiments and error bars are scattering information 

(standard deviation) from the 6 experiments. We consid-

ered the microscope measurement uncertainty negligible 

compared to the scattering of the damaged zone diameters. 

Scattering information is not available for the dynamic 

mode because the experiment was not repeated. Additional-

ly, the sensitivity of the simulation results to laser beam 

power variations is presented on the graph. Along with the 

thermal conductivity, it was estimated to be the parameter 

with the greatest impact on rr. The ±5 W criterion comes 

from results obtained in section 4.1. 

Fig. 5 Static irradiation damaged zones on SDL glass for increasing τON . Each picture scale and profile X-axis is displayed with the 

same scale factor (200 µm). Each profile Y-axis is displayed with the same scale factor. Red arrows correspond to the profile meas-

urement path. (a) The glass fragment has been removed by air blowing. This allowed 3D surface profile measurements with the 

KEYENCE. The profile on the right corresponds to the yellow arrow of the figure in the middle. (b) Microscope photograph and 

corresponding stylus profilometry. (c) Microscope photograph of damaged sites and corresponding stylus profilometry. 
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Fig. 6 Dynamic mode microscope photograph and corresponding transverse surface profile (red dashed arrows). Dwell-time τdw  is 

mentioned above each photograph. V is the equivalent velocity. The horizontal axes of the charts and the pictures are represented with 

the same scale factor. (dashed contours) highlight large glass scales. (green circles) are escaping cracks. 

Fig. 7 (a) Images of the RZ-plane showing numerical results of CO2 laser heating of SDL glass. The color map shows the radial com-

ponent of the viscoelastic stress tensor in GPa (blue is compressive and red is tensile). (black lines) are temperature isovalues labelled 

with the corresponding temperature in K. (green lines) are stress isovalues labelled with the corresponding stress in GPa. rr is the 

measured radius of the relaxed zone at RT. (b) Simulation extremum stress for each value of τON. 
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4.4 Transient thermal stress 

From the simulation model that we implemented, we 

plotted on Fig. 9 the radial component of the stress σrr ver-

sus the temperature for the heating and the cooling cycles 

at the surface center point (r=0, z=0). This measure allows 

us to gain greater insight into the transient stress experi-

enced by the glass during thermal cycles and to estimate 

the relaxation temperature of our sample. Glass transition 

temperature and melting temperature are also plotted to 

show that the relaxation process occurs in between those 

values. 

This result illustrates the transient stress relaxation pro-

cess, as reported by Bennett et al. [17]. All the curves start 

from RT and stress is equal to zero. Then, the temperature 

rises, and stress rapidly increases toward negative values 

(compressive stress) and, at some point, the stress drops to 

0 GPa in less than 10 µs independently of the irradiation 

condition. The temperature reaches its maximum and then 

slowly decreases until some strain freezing temperature is 

reached. Note that if the relaxation temperature is not 

reached (10 µs) the material evolves under elastic defor-

mation and no tensile stress is created. 

5. Discussion

5.1 Partial texturing regime

The partial texturing regime is identified by an engrav-

ing rate less than 100% and greater than 0% which corre-

sponds, for the static mode, to 25 µs≤τON≤500 µs (Fig. 5) 

and for the dynamic mode to τdw≤270 µs (Fig. 6).  

The accuracy of our model in this regime for the static 

mode is evidenced by the fact that the smallest non-zero 

cracking rate value lies, for both experimental and simulat-

ed results, between τON= 10 µs and 25 µs (Fig. 8).  

Moreover, in this regime, the relaxed zone radius (sim-

ulation) and the damaged zone radius (experimental) re-

main equivalent to the laser beam radius. This comes from 

the fact that the heat is mainly directed toward the Z-axis  

Fig. 9 Radial component of the transient stress σrr versus tempera-

ture at the surface center point. (r=0, z=0) Vertical lines corre-

spond respectively from left to right to the glass transition tem-

perature, stress relaxation point (1250 K) and melting temperature. 

All traces correspond to different values of τON. Positive stress is 

tensile and negative is compressive. 

and, thus the temperature remains almost constant along 

the R-axis. 

Additionally, the fracture morphologies, see Fig. 5 in 

this regime, do not exhibit any forking effect [31], which 

means that the stress intensity is relatively low compared to 

the full texturing regime. Because this stress is relatively 

low, the crack propagates along the most stressed zone 

which describes a circle around the relaxed zone. During 

crack propagation, when enough stress is released, the 

crack stops before completing the full round of the frag-

ment, leaving it partially attached to the bulk. The rise of 

the surface in this regime is explained by the compressive 

stress present in the relaxed area along the Z component of 

the viscoelastic stress tensor. Such fragments can be re-

moved during or after the irradiation process and leave 

large mirror-like surfaces, named glass scale-shaped frag-

ments that appear transparent to the naked eye, see Fig. 6 

and Fig. 5 (a). Because they appear transparent, we need to 

avoid this phenomenon for our application. Lastly, it has to 

be noted that the scale-shaped glass fragments (Fig. 5 (a)) 

typically found in this range seem to have random in-plane 

directions. The random distribution of orientations means 

that there is no preferential direction of propagation for the 

crack, and thus no significant residual forces in the glass 

before and during the process. 

5.2 Full texturing regime 

The full texturing regime is identified for moderate ex-

posure which corresponds for a static source to 500 

µs≤τON≤1000 µs (Fig. 5), and for a moving source to 330 

µs≤ τdw≤1.3 ms (Fig. 6). This regime is delimited by a reli-

able engraving condition (engraving rate = 100%) as the 

lower τON bound, and no significant material removal as the 

upper τON bound. 

As more energy is delivered to the sample than in the 

partial texturing regime, the temperature can rise until the 

vaporization point of silica is reached. In this case, the 

glass is totally molten and boiling can occur. Bubbles form 

in the melt and travel toward the surface. Following All-

Fig. 8 Comparison between damaged zone width for dynamic 

mode (experimental), damaged zone diameter for static mode 

(experimental) and relaxed zone diameter 2rr (simulation) versus 

exposure time. Laser power influence on 2rr and laser beam di-

ameter are also plotted. 
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cock et al. [11] and glass manufacturers [32], the nature of 

these bubbles is likely to be dioxygen and sodium evapo-

rating from the SDL glass melt. When the gaseous compo-

nents reach the surface, they may be excited by the laser 

radiation and form the typical yellowish plasma plume 

above the irradiated area (no images provided). When bub-

bles reach the surface and burst, the glass melt surface is 

deformed. If, during the cooling phase, the temperature 

falls below the strain freezing temperature Tr (Fig. 9) while 

bubbles are reaching the surface, the deformed melt surface 

will freeze, leaving blowholes that appear darker in Fig. 5 

and Fig. 6.  

Moreover, the glass surface is fractured into smaller 

fragments and more forking effects are visible than in the 

previous regime. This qualitatively indicates a greater 

stress level which is confirmed by the simulation on Fig. 7 

(b) where the tensile stress level is the greatest for 500

µs≤τON≤1000 µs. The higher number of fractures and the

presence of trapped bubbles are very interesting for our

application as they scatter incoming light, making the en-

graving more visible. However, the damaged zone has to be

as small as possible to ensure high resolution marking.

5.3 Material removal regime 

The last regime is called the material removal regime 

(long exposure). It is identified by a surface profile present-

ing a crater or groove deeper than 5 µm. This regime is 

reached in static mode for τON>1000 µs (Fig. 5) and in dy-

namic mode for τdw>1.3 ms (Fig. 6).  

In this regime, the heated glass reaches its vaporization 

point (≈3700 K) [33]. The evaporation process induces a 

recoil pressure on the melt bath that is ejected by the latter, 

forming a crater. The proportion of evaporated matter over 

pressure-ejected matter is difficult to quantify without in 

situ recording. However, we can qualitatively estimate that 

the pressure-ejecting process is not the dominant mecha-

nism as the crater walls’ volume and the quantity of glass 

redeposited in the surrounding area seem small compared 

to the amount of matter missing in the crater. For example, 

in Fig. 5 at τON=1500 µs, the wall volume projected by the 

revolution of the stylus profile around its center point does 

not seem to compensate for the matter missing inside the 

crater.  

Moreover, we can see from Fig. 7 (b) that the critical 

compressive stress of glass (0.8 GPa) is reached in this 

regime. Despite the short duration of this crack initiation 

state, which lasts for a duration equivalent to the respective 

τON, compressive cracking may occur. However, it should 

be remembered that, similarly to the behavior of the en-

graving rate presented in Fig. 4, the engraving rate in this 

state will not be 100% in the near threshold range. Moreo-

ver, the melt pool continues to increase until approximately 

t=3τON which will melt the hypothetical compressively 

cracked zone. For much higher exposure time, e. g. τdw>5 

ms (Fig. 6), cracks propagate outside the irradiated zone 

(escaping cracks). These cracks may be compressive-stress 

induced cracks that can lead to destruction of the sample. 

Additionally, the simulation results in this range under-

estimate the relaxed zone radius by 14%. This deviation 

from the experimental results can be explained by the fact 

that we did not consider material ejection in the simulation. 

The radius of the simulated relaxed zone would have been 

larger if material ejection had been considered. Moreover, 

the properties simulator seems to have overestimated the Tg, 

Tm and VFT coefficients, thereby reducing the relaxed zone 

radius. These properties are very critical because they are 

the parameters responsible for the relaxation process which 

is the key phenomenon for explaining glass cracking during 

the cooling phase. 

Lastly, the use of the dwell time criterion for compari-

son between static and moving source shows a satisfactory 

trend but the experimental results rapidly diverge from the 

static mode diameters in this regime. A deeper characteriza-

tion of the laser beam profile could enhance the precision 

of this comparison criterion and a 3D model will help us to 

understand the stress field differences between static and 

dynamic mode. 

6. Conclusion

The primary objective of this article was to study the

cracking mechanisms of SDL glass bottles irradiated by an 

industrial CO2 laser system for the purpose of decorating 

through engraving. By irradiating SDL glass samples in 

both static and dynamic modes, we varied the exposure 

times while maintaining continuous power (25 W). The 

resulting damaged zone diameters were carefully examined 

using microscopy and profilometry, leading us to identify 

three distinct cracking regimes: partial texturing, full tex-

turing, and material removal. Each regime was observed to 

occur with increasing exposure time and exhibited unique 

characteristics, which we thoroughly analyzed to under-

stand their underlying mechanisms. 

To validate the mechanisms, we employed COMSOL 

Multiphysics to simulate the interaction between the laser 

and the glass material in a 2D axisymmetric plane. By 

comparing the threshold exposure time required for crack-

ing, we confirmed the accuracy of our simulation model. 

Additionally, we conducted a comparative analysis be-

tween the simulated relaxed zone diameter and the experi-

mental damaged zone diameter. Remarkably, we found a 

strong correlation in the partial texturing and full texturing 

regimes, with the simulation predicting the damaged zone 

radius with a relative uncertainty of ±3%. However, the 

accuracy decreased to +14% in the material removal re-

gime, as the simulation did not account for the groove 

depth of up to 20 µm observed in experimental results. This 

discrepancy may be attributed to the relatively high values 

of viscosity-to-temperature relation (VFT coefficients) and 

Tg given by the material properties simulator, which devi-

ate from typical SDL glass values. Thus, incorporating 

temperature-to-viscosity measurements specific to our 

samples would enhance the precision of our model. 

Furthermore, we employed a physical criterion τdw to 

compare the static and dynamic modes, finding a satisfac-

tory trend. However, the damaged zone diameter in the 

dynamic mode exceeded and deviated from that in the stat-

ic mode. To gain deeper insights into crack initiation and 

propagation in the dynamic mode, it is imperative to con-

duct further investigations concerning the beam intensity 

profile and perform 3D simulations. Finally, our future re-

search aims to expand the knowledge surrounding SDL 

glass cracking initiation and the propagation process, par-

ticularly for large-scale surface texturing applications. 
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