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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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A mathematical model is developed to find the depth of laser ablation and laser-material interaction in laser processing of Si3N4 (SL200-BG) by an 
ultrashort (picosecond) pulse laser. The model is verified with experiments which were carried out at different laser scan speeds from 1 mm/s to 100 
mm/s. Experimental validation shows a model accuracy of 85%. Additionally, the results show that in laser intensities (IL) higher than 1.5 × 109

W/cm2, the laser-material interaction is “Multi Photon Ionization” (MPI) with no effects of thermal reaction while in lower values of IL, there are 
effects of thermal damages adjacent to the laser cut. 
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1. Introduction 

Machining of high performance ceramics (HPC) has always been 
difficult and costly. Hence, The laser ablation prior to machining 
has recently been introduced to enhance the machinability of 
these materials. It was attempted to achieve the best surface 
quality by varying the laser parameters. Parameters such as 
wavelength, laser power and laser intensity were considered as 
the most effective factors in the laser ablation performance. 
Controlling these parameters influence on the size of thermal 
cracking on the surface and subsurface of the workpiece, the 
surface roughness and the cut edge smoothness [1,2]. 

The thermal shock is a common destructive damage in laser 
processing of ceramics, which is controllable by laser pulse 
duration, laser power and wavelength. The effects of molten 
materials and thermal damages in laser ablation is increased with 
increasing the pulse time from several hundred femtosecond  to 
about 1 µs  [3]. The study by Herbst et al. on the ablation by the 
nanosecond laser showed that increasing the wavelength from 
200 nm to 700 nm leads to a drop in absorption of the laser energy 
[4]. In 2016, Oosterbeek et al. conducted a study on laser ablation 
of alumina by the nano- and Femtosecond lasers with pulse times 
of 80 ns to 110 fs and wavelength of 800 nm. It was shown that 

using a femtosecond laser, the ablation of material without 
thermal degradation is possible [5]. 

In the laser ablation process, the material heating up does not 
follow Fourier equations. In fact, the laser energy is absorbed 
through electrons which is followed by lattice warming and 
ionization of atoms.  According to Lazanu and Sugioka et al., 
electron heating is initiated in less than 100 femtoseconds and the 
thermal energy could be conducted from free electrons to the 
atoms in about 10 ps [6,7]. Most of the introduced models for the 
laser-material interaction are based on Fokker-Planck's [8] and 
Boltzmann's equations [9]. In the models, the process of material 
warming does not follow the Fourier thermal conductivity 
equations. The laser energy is absorbed through free electrons, 
causing warming of lattice and ionization of atoms [10,11]. Laser 
wavelengths and Laser light intensity are parameters that affect 
the laser-material interaction mechanism. Average Laser 
intensity,  is defined as [12]: 

(1)  =  × : Laser Pulse energy : Pulse duration : Laser irradiation area
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The laser-material interaction mechanism based on the laser light 
intensity,  , can be defined as follows; In the case of  up to 
108 W/cm2, in the first stage, the irradiated material is melted and 
then is evaporated [13]. In range of  = 108 - 1010 W/cm2, the 
small amount of the material is removed by melting and 
evaporation while the transfer from solid phase to the gas and 
plasma phases is dominant. In this case, the laser energy is 
consumed for heating atoms and increasing material temperature. 
If the temperature exceeds the sublimation temperature, Tsub, or 
the boiling temperature, Tb, the material transforms in gas state in 
equilibrium condition. Since the heating process by the pulse 
laser is much faster than the equilibrium condition, the practical 
sublimation temperature should be much higher than Tsub or Tb 
[14]. If the laser energy and laser area are kept constant, the 
decreasing pulse time results in increasing laser intensity,  [11]. 
In Ultra-Short-Pulse Laser (USPL),  may reach the values 
ranging between 1010 - 1012 W/cm2 that contributes to the 
ionization mechanism in Multi Photon Ionization (MPI). In 
USPL, the pulse time can vary from a few hundred femtoseconds 
to picoseconds.  

A novel numerical model is introduced in this paper to evaluate 
the mechanism of the interaction between the USPL laser and 
Si3N4 material. The model is verified with experiments which 
were carried out at different laser scan speeds from 1 mm/s to 
100 mm/s. Additionally, the laser-material interaction and 
thermal damages (heat affected zone) at various laser intensities 
() is studied. 

2. The material-laser interaction model 

In the simulation, the distribution of the laser intensity, ,
throughout the laser radius and during the pulse time is 
considered. Since Gaussian distribution model describes the 
distribution of , the laser intensity increases by approaching to 
the center. The Gaussian distribution model also describes the 
during the laser pulse time ().The laser intensity maximizes 
at = 0.5 . The intensity is influenced by moving the laser 
beam with the scanning speed of . The laser intensity can be 
calculated by the following equation [15]: 

(2)  = 
IpK:     Maximum laser Intensity : Gaussian function for spatial laser beam shape :  Gaussian function for temporal laser beam shape :  Gaussian function for beam motion 

where Ipk  is the maximum laser intensity for each pulse at the 
center point of the laser and at t = .  describes the 
Gaussian distribution that is a function of laser beam radius and 
distance from the laser beam center [16]: 

(3) =  
r0 : Laser beam radius 
r : distance from the centre of laser beam 

The amount of laser intensity is affected by the time during 
radiation. These changes depend on the Gaussian function of the  [17]: 

(4) = .	 
t : time  

where  and  are time of maximum laser intensity in the 
Gaussian pulse and pulse time, respectively.  varies between 
0.5 and 1.0 which can decrease the laser intensity,  up to 50% 
and therefore, is highly influential in calculation of the laser 
intensity. 

Due to the change of the laser intensity throughout the beam 
radius described by , the laser movement would also 
influence the intensity of the laser radiation at given simulation 
range. This effect is calculated using   [15]: 

(5) = .	 
 : laser scan speed 

The angle of incidence (AoI) is another parameter which 
influences the laser intensity and is not considered in Eq. (2). At 
the beginning, the laser beam incidents perpendicularly on the 
surface. A V-shaped groove is generated by the laser during 
material ablation. Longer laser radiations result in a deeper 
groove with the same width. Therefore, a deeper ablation is 
followed by change of AoI as shown in Fig. 1.  The effect of AoI
can geometrically be calculated from Fig. 1 as:

(6)  =    arctan	2  = : Coefficient of AoI: Initial AoI (at ae-L = 0) : depth of laser ablation  : width of laser ablation 

Fig. 1: (a) variation of the laser cut cross section shape with increasing the depth 
of laser cut. (b) Angle of incidence (AoI) 

Considering the angle of incidence, the equation of the laser 
intensity in Eq. (2) can be modified as: 

(7)  = 
2.1. Absorption of laser energy 

The laser energy, which is absorbed by the workpiece material, , is given as [7]: 

(8)  = 1  	 
R = Reflection coefficient of the material 
L = maximum depth of laser diffusion in the material 
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Z = Subsurface depth through the material 
α = laser absorption coefficient in the irradiated material 

where R and L are dependent on the material properties, laser 
wavelength and surface quality.  

The absorbed energy results in heating free electrons and 
generation of photons with high energy. Due to the collision of 
free electrons with atoms, the energy of photons is absorbed, 
which leads to separation of free electrons from atoms and 
eventually, the ionization would occur. The photons with low 
energy heat up the atomic structure of material. [11].  (Electron-photon coupling energy) is defined as a transferred 
energy to the material as a result of collision between heated free 
electrons and atomic structure. Eq. (9) provides the mathematical 
calculation of  [11,15]: 

(9)  =   
αK: Electron-photon coupling coefficient 
Te: Electron temperature 
Tl: Lattice temperature  is the amount of energy that ultimately is used to heat the 

lattice at the depth of laser penetration [18]. The lattice 
temperature is obtained by: 

(10)  = 	   
c0: specific heat capacity  
ρ = material density 
K = heat conductivity 
Tl: Lattice temperature 

The energy of generating the free electron, , is obtained by 
the following equation [11]: 

(11)  = 
Nfree: Molar density of free electrons 
Eg: Energy for generating one mole free electron 

Eg is defined as required energy to separate the valance electron 
from the atom. If the material includes the multiple chemical 
compounds, the corresponding breaking energy of the weakest 
chemical bonds should be added to the energy of valance electron 
separation from the material. For example, the material in this 
study is a ceramic alloy with a composition of Si3N4, ~3wt%Al2O3
and ~3wt%Y2O3 (SL200-BG). Therefore, the corresponding 
energy of chemical bonds for Al-O, SI-O, Y-O and Si-N as well 
as the formation energy associated with Si+, Al+ and Y+ ions must 
be considered with respect to their molar percentage in the alloy. 
The weakest chemical bonds and material with the least required 
ionization energy is ionized prior to other substances. 

The number of free electrons, Nfree, should always be higher than 
the critical magnitudes (Ncrt = 4.5×1021cm-3), so that the material 
ionization continues. Otherwise, the heating electrons without 
ionization would occur, which is followed by heating the 
material [11]. The ionization might continue depending on the 
magnitude of the absorbed laser energy,  in Eq. (8) and lead 
to generation of a new workpiece surface. Through ionization of 
the material with the maximum depth of laser diffusion, L, the 
value of  reduces and the next ionization (with the depth L) 
occurs by the new value of the . Hence the ionization process 
by a single pulse continues until the value of  becomes less 

than the energy of generating the free electron, . Due to the 
Gaussian distribution of the laser energy in the spot area, the V- 
form ablation occurs, which in turn causes the variation of the 
angle of incidence, AoI. Hence, the laser intensity, , reduces 
with the ablation depth.  

The amount of energy leading to heating is given by [15]: 

(12)  =     
This energy causes electron warming according to the following 
thermal equation [18]: 

(13)  = 		   
ce0: Initial Electron specific heat capacity  
ρ = material density 
Ke = Electron heat conductivity 
Te: Electron temperature 
Tl: Lattice temperature 

3. Experimental Results (Validation) 

In present work, the interaction between Si3N4 (Ceram Tec - 
SL200 BG) and pulse laser with nominal laser intensity of  = 2.49 × 1011 W/cm2 (calculated by Eq.(1)) is investigated. 
Table 1 and 2 provide laser parameters and material properties, 
respectively.  

Table 1: Laser parameters 

Type of Laser device Picosecond laser, TRUMPF TruMicro 
5050

Laser scan speed () [mm/s] 2 to 100 
Laser power (PL) [Watt] 50 
Pulse energy (EL-pulse) [µJ] 125 
Wavelength [nm] ~1000 
Laser spot diameter [µm] 80 
Pulse time (tpulse ) [ps] 10 
Repetition pulse frequency (FL) [kHz] 400 

Table 2: Material properties of SL200-BG (Ceramtec; Khader und Kailer 2010) 

Material properties of SL 200 BG

General properties Thermal properties

Bulk density [g/cm3] 3,21 Thermal conductivity 20 °C 
[W/m K]

21 

Gas permeability [%] 0.0 Thermal expansion coefficient 
[10-6 K-1]

4.3 

Water absorption (open 
porosity) [%] 

0.0 Specific heat cp 20 °C [J/kg K] 700 

Mechanical properties Max. Service Temperature, Inert 
[°C]

1600 

Flexural strength 20 °C 
[MPa]

850 Melting Point [K]  3000 

Compressive strength 
[MPa]

3000 Sublimation point [K]  2200 

Fracture toughness KIC 
[MPa m1/2] 

7,0 Chemical Composition

Young’s modulus [GPa] 310 Si3N4 [wt %] >94 
Vickers hardness HV1 1650 Al2O3 [wt %] ~3 
Ra [µm] < 0,1 Y2O3 ~3 

The amount of ablated material by the laser radiation with given 
laser intensity () in a specific area depends on the total amount 
of laser input energy on that area. Increasing the total input 
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energy results in more ablation regardless of the total laser 
radiation time. Thus, enhancement of laser input energy per unit 
of irradiated area leads to a deeper laser ablation. The laser input 
energy density, EL-input, is obtained by [19]: 

(14)  = 	
EL-total : Total laser energy 
dL : Width of laser line 

According to the other study, since the width of laser line (dL) is 
equal to the laser spot diameter for a specific laser in a constant 
power, the laser input energy density (EL-Input) will be a function 
of laser scan speed,  [20]. After determination of EL-input at given 
laser scan speeds, the depth and dimension of the generated 
groove and thermally-induced damages were both measured and 
simulated. As a final step, the temperature distribution during 
laser radiation was obtained by the mathematical model. 
According to the experimental results, the maximum width of 
thermal damages in the laser cuts, as well as, the quality of laser 
cut can be controlled by varying the EL-input. Fig. 2 compares two 
cross sections of the laser cuts with different values of EL-input. The 
laser cut induced by EL-input = 62.5 J/mm2 ( = 10 mm/s) has 
visual effect of thermal damage on the workpiece (see Fig. 2 (a) 
and (b)), while decreasing the EL-input to 6.25 J/mm2 

( = 100 mm/s) results in a cut with no visual thermal damages 
as shown in Fig. 2 (c). The experiments with different laser scan 
speeds, , shows that the  = 25 mm/s is the minimum speed in 
which no thermal effects in the material observed and the ablation 
takes place only by MPI process. As explained before, the 
effective factor on laser-material interaction mechanism is IL, 
which varies due to the variation of EL-input in different 
experiments.  

Fig. 2: Laser cut cross section (a) EL-Input = 62.5 J/mm2 (b) a thermal crack next to 
the laser cut. (c) EL-Input = 6.25 J/mm2 (without visible thermal damage) 

The laser energy is delivered to the free electrons on the surface 
of workpiece in a thin layer, defined as laser penetration depth. 
Here, the laser penetration depth is about L = 19 nm for the 
workpiece [21]. The laser intensity,  is distributed with effects 
of the Gaussian factors in Eq. (7), which requires the maximum 
radiation intensity, Ipk. The total energy of each pulse, EL-pulse for 

the applied laser is 125 µJ, which has the following relation with 
the Ipk: 

(15)  =    	2		





 and  can be determined using equations 3 and 4. The 
values of  and  in Eq. (15) are one because this equation 
describes the state of a single pulse ( = 0 in Eq. (5)) 
perpendicular to the workpiece surface ( = 0,  = 0	in Eq. 
(6)). Therefore, Ipk = 1.83 × 1011 W/cm2 is calculated from Eq. 
(15). Another effective factor is the angle of laser radiation. As 
explained before, the angle of incidence, AoI can be changed with 
increasing laser-cutting depth. From equations 6 and 7, the laser 
intensity is highly influenced by AoI and dramatically decreases 
in the center of laser spot from 1.1 × 1010 W/cm2 to 2 × 109 W/cm2 

by increasing AoI from 0° to 80°. 

Finding the as the minimum 	value for domination of the 
MPI mechanism is an essential step in the simulation. With 
knowing the critical laser scan speed ( = 25 mm/s), the 
corresponding laser intensities in different depths were obtained 
by Eq. (7), which is followed by calculation of the laser absorbed 
energy,	 in Eq. (8) for different depths. Therefore, the 
minimum laser intensity corresponding to the critical scan speed 
can be determined as the critical laser intensity, . From the 
simulation results, the laser- material interaction mechanism 
changes from MPI to melt expulsion by the reduction of laser 
intensity to  = 3.8 × 108 W/cm2. The change of angle of 
incident AoI results in a reduction in  to the values lower than . Consequently, thermal interaction mechanism becomes the 
dominant laser-material interaction mechanism instead of MPI, 
which leads to a drastic increase of material temperature in the 
working area. 
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time () during radiation of a single pulse 

In the MPI range ( ), the temperature of the lattice (TL) and 
free electrons (Te) were determined by the simulation of the 
process based on the equations (7) to (12). However, for the laser 
intensities lower than the critical intensity, , the thermal 
ablation is dominant and therefore, the temperature was 
simulated based on the classic temperature equations. The initial 
electron specific heat capacity  = 70 J/m3K2 [22], the reflection 
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energy results in more ablation regardless of the total laser 
radiation time. Thus, enhancement of laser input energy per unit 
of irradiated area leads to a deeper laser ablation. The laser input 
energy density, EL-input, is obtained by [19]: 

(14)  = 	
EL-total : Total laser energy 
dL : Width of laser line 

According to the other study, since the width of laser line (dL) is 
equal to the laser spot diameter for a specific laser in a constant 
power, the laser input energy density (EL-Input) will be a function 
of laser scan speed,  [20]. After determination of EL-input at given 
laser scan speeds, the depth and dimension of the generated 
groove and thermally-induced damages were both measured and 
simulated. As a final step, the temperature distribution during 
laser radiation was obtained by the mathematical model. 
According to the experimental results, the maximum width of 
thermal damages in the laser cuts, as well as, the quality of laser 
cut can be controlled by varying the EL-input. Fig. 2 compares two 
cross sections of the laser cuts with different values of EL-input. The 
laser cut induced by EL-input = 62.5 J/mm2 ( = 10 mm/s) has 
visual effect of thermal damage on the workpiece (see Fig. 2 (a) 
and (b)), while decreasing the EL-input to 6.25 J/mm2 

( = 100 mm/s) results in a cut with no visual thermal damages 
as shown in Fig. 2 (c). The experiments with different laser scan 
speeds, , shows that the  = 25 mm/s is the minimum speed in 
which no thermal effects in the material observed and the ablation 
takes place only by MPI process. As explained before, the 
effective factor on laser-material interaction mechanism is IL, 
which varies due to the variation of EL-input in different 
experiments.  

Fig. 2: Laser cut cross section (a) EL-Input = 62.5 J/mm2 (b) a thermal crack next to 
the laser cut. (c) EL-Input = 6.25 J/mm2 (without visible thermal damage) 

The laser energy is delivered to the free electrons on the surface 
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Here, the laser penetration depth is about L = 19 nm for the 
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the Ipk: 

(15)  =    	2		
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coefficient of the material R= 0.65 [21] and electron heat 
conductivity Ke ~ Te / Tl [23] were derived from the references and 
applied in the simulation.

Fig. 3 illustrates the variation of the free electron and material 
temperatures with pulse time during radiation of a single pulse. 
The incidence angle (AoI) changes from 0° to 80° due to the depth 
of ablation and consequently, the laser intensity () reduces. As 
a result, the absorption of the laser energy () decrease, which 
in turn causes the reduction of the electron and lattice 
temperatures. The heat conductivity of the electrons is much 
higher than that of lattice [23] and their heat capacity is less [22]
and hence, the temperature of the electrons are much higher than 
lattice and can quickly be transferred to the adjacent electrons. 
This elevates the energy of photons and consequently enhances 
the ionization process. 

To achieve the depth of laser cuts (aL) in the developed model, 
the influencing factors in ablation of the material is considered.  

As aforesaid, the Si3N4 (SL200-BG) includes the multiple 
chemical compounds and the weakest chemical bonds and 
material with the least required ionization energy is ionized prior 
to other substances. Since the free electrons are generated from 
the atom ionization, the minimum density of the ions can be 
calculated by considering the free electron density () as the 
critical density of the electrons (). According to the simulation 
results, about 70% of Si in the depth of 19 nm (Laser penetration 
depth) is approximately ionized by the laser. The high density of 
ions in the laser penetration depth (L) with the same charge causes 
a high level of repulsive force between the ions. Due to the 
repulsive forces between the ions, the whole material containing 
heated atoms and ions in this thin layer is distracted and removed 
from the surface [24]. As long as the MPI is the laser-material 
interaction, the speed of ablation of material depends on the L 
value. The L is an intrinsic material property and is assumed to 
remain constant during the ablation.  

 In the case of melt expulsion, the material is removed once the 
workpiece temperature reaches the separation temperature, Tsep. 
In steady state condition, the chemical destruction of Si3N4 takes 
place at 2200 K and sublimation temperature is 3000K (See Table 
2). However, during laser irradiation, the rate of temperature 
increase is much higher than steady state condition. The 
temperature can rise without any melting or chemical distraction. 
The determination of corresponding temperature for removing 
material is a challenge. With simulation of the temperature 
according to the described model, and verifying with the 
experimental results (ablated depth of material), it was concluded 
that the material temperature should exceed 5000 K (Tsep) with 
higher than 2000 K super heat. Under this condition, the majority 
of material transforms to gas state and extremely expands owing 
to the laser energy.  

The model was verified by comparing the ablation depth of 
experiments and simulation with the = 3.8 × 108 W/cm2 and 
Tsep = 5000 K as determined in this work (see Fig. 4). According 
to Fig. 4 (a), the simulation and experimental results are in good 
agreement. The model predicts the laser cutting depth, ae-L with 
the maximum deviation of 15%. The   deviation can be attributed 

to the laser energy dissipation due to its collision with plasma and 
chemical recasts, which are not considered in the model. 

Fig. 4 (b) shows the simulated form of the laser cut vs 
experimental results. The simulated results were in an acceptable 
correlation with experimental results in both cases of MPI 
mechanism with EL-input= 6.2 J/mm2 and melt expulsion with 
EL – input = 62.5 J/mm2. This confirms the validity of the calculated 
values of IL - crt and Tsep in the model. 

Fig. 4: (a) Depth of laser cut (aL) and (b) simulated edges of laser cuts  vs. 
practical results 

4. Conclusion 

The interaction mechanism between USPL with wavelength 1000 
nm and silicon nitride was studied in this investigation. The 
minimum laser intensity () for material ionization, the 
sublimation temperature (Tsep) and the ablation temperature in 
thermal interaction was calculated as follows:  

• With appropriate values for = 3.8 × 108 W/cm2 and 
Tsep = 5000 K, the laser ablation depths could be predicted by 
the introduced mathematical model with an accuracy of about 
85%. 

• At EL-input = 62.5 J/mm2, the workpiece temperature exceeds 
4500 K next to the laser cut even in the depth of 300 µm  
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At EL-input ≤ 15.6 J/mm2, the temperature rise occurred rather 
on the wall of laser cut in limited areas than in the center of 
the laser cuts because of the lower  on the walls. 

Further, the experimental results showed that at laser intensities 
() higher than 1.5 × 109 W/cm2, the laser-material interaction is 
“Multi Photon Ionization” (MPI) with no effects of thermal 
reaction while in lower values of , there are effects of thermal 
damages adjacent to the laser cut. 
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