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ABSTRACT: The paper deals with some preliminary results from modelling through finite element analysis of material removal 
mechanism of laser beam micro-machining at drilling and contouring of hardened tool steel X210Cr12. A comparison is achieved 
between laser beam machining with and without ultrasonics aiding in terms of material volume removal. Different cases were 
studied: micro-drilling, linear contouring, trepanning, and spiral contouring. The influence of initial roughness and laser spot path on 
material removal mechanism is analyzed. The finite element analysis results are compared to experimental data. A 2D and 3D 
modelling was approached for micro-drilling and respective micro-contouring, in agreement to available reference data.  
KEY WORDS: finite element analysis, micro-machining, laser beam, ultrasonics.  

1. INTRODUCTION  
The ultra-miniaturization is a constant trend in 
nonconventional machining during last decades, and laser 
beam machining (LBM) is one the peak technology able to 
achieve micro and nano dimensions, due to its capacity to 
concentrate the beam energy - one of the highest energy 
density in the machining field - into a very small spot on the 
machined surface [1], [2]. The decreases of wave length and 
pulse time at femtosecond level are important means to control 
the volume of removed material in micro-LBM [3], [4], [5]. 

The performances of laser beam micro-machining in terms of 
precision, surface quality and machining rate are the goals of 
our actual researches. The ultrasonic aiding of laser beam 
machining creates an additional mechanism of material 
removal. This is due to cavitational phenomena ultrasonically 
induced in the melted material by laser radiation. Previous 
researches from the state of the art provided data regarding the 
decrease of melting and vaporization temperature of machined 
material because of decreased pressure produced by ultrasonic 
oscillations in the semiperiod when the material in liquid state 
is stretched [6]. Ultrasonically assisted laser beam machining 
was successfully applied to micro-drilling, in order to improve 
technological performances using a femtosecond laser. The 
results consisted in increase of the aspect ratio (depth/diameter) 
and surface quality of micro-hole, explained by the fact that the 
amount of resolidified material on the machined surface is 
reduced [7]. 

2. SPECIFIC PHENOMENA AT LASER 
BEAM MICRO-MACHINING AIDED AND 
NON BY ULTRASONICS 

The thermal phenomena are dominant within machining 
mechanism at LBM. The role of ultrasonic (US) aiding is to 
intensify the thermal removal of material through cavitational 
phenomena as it will be emphasized.  

Taking into account the Gaussian distribution of laser intensity 
and absorption phenomenon within the machined material, (fig. 
1), the intensity of laser radiation I (R, z) in a point with these 
coordinates can be determined with the relation [8]: 
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where: I(0, 0) is the  intensity in the origin (0, 0); α - 
absorption coefficient of machined material; r0 - spot radius 
focused on machined material; θ  - angle of focalization cone. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Parameters for modeling 
 of laser beam micro-machining. 

Theoretically, the micro-hole depth (h) can be determined with 
the relation [8]: 
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where: W is laser beam power; ti – pulse time; L0 – removal 
specific energy (heating, melting, vaporization of volume unit). 
The micro-hole radius (r), which is obviously greater than r0, is 
calculated with the relation [8]: 
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where γ is the angle between laser beam direction and the 
tangent at hole surface. 

The radius of laser spot depends on optical system 
characteristics, and can be determined with the following 
relation: 
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where λ is the wave length of laser radiation [mm]; ƒ – focal 
distance [mm]; rx – the radius of laser beam [mm]. 

Practically, the minimum laser spot (r0min) varies according to 
the relation:  

r0min =1...2.5 λ       [μm]                                                    (5) 

In order to produce micro-cutting, the laser spot moves on 
machined surface, generating in the case of this paper, linear 
contouring, trepanning, and spiral contouring. A similar 
approach is presented in [9]. The strategy is usually a specific 
one to obtain the highest efficiency, based on the condition of 
equality between the penetration speed of thermal front within 
machined material and removal speed (melting and 
vaporization).  

The removal speed vR is determined with the relation [8]: 

PdR WcTv ψρ−=       [m/min]                                          (7) 

where: ψ is a dimensionless thermodynamic coefficient that 
takes into account the heat amount for melting and 
vaporization of machined material as well as auxiliary gas 
used: at cutting without gas, ψ = -10; at cutting with oxygen, ψ 
= - 0.4…5.3; ρ – density of machined material; c – specific 
heat of machined material; Td – temperature of material during 
the removal process occurrence; WP – power density of laser 
radiation. 

The power needed to material removal can be determined in 
two characteristic situations with the following relations [8]:  

a) when the thickness of material (depth of cutting) is lower 
than spot diameter (case of thin layers), h < 2 r0: 
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b) when the thickness of material (depth of cutting) is greater 
than spot diameter, h > 2 r0 : 
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where: vt – cutting speed; a - thermal conductivity; ϖ – 
coefficient of vaporization at temperature Td; Κ – coefficient 
that depends on material characteristics,  K =π ρ2 c/4. 

When laser machining is aided by ultrasonic oscillations of the 
workpiece, the cavitational phenomena ultrasonically induced 
within the melted material from the microhole during the 
thermal attack have great influence on removal mechanism.  

The parameter that governs the material removal process is the 
acoustic pressure (pac) created within the melted material, 
calculated with the following relation: 

ρπ ⋅⋅⋅⋅= sUSac cfzp 2     [Pa]                                   (10) 

where z is the elongation on vertical direction, normal on 
machined surface (see fig. 1); z=Asinωt; A - the oscillation 

amplitude; fUS – ultrasonic frequency; cs – sound velocity 
within the melted material; ρ – density of melted material. 

The ultrasonic oscillations act like an additional pump 
mechanism. It increases the evacuation of melted material from 
micro-cavity due to the following successive phenomena. 
During the liquid stretching semiperiod when the acoustic 
pressure lowers, becoming negative due to negative elongation 
(z) – according to relation (10) - vaporization temperature 
(Tvap) and melting temperature (Tmelt) decrease. Thus, the 
removed volume increases, and it is easier evacuated by 
increased pressure at the beginning of the next liquid 
compression semiperiod – the elongation becomes positive. 

The ultrasonic effect on Tmelt is more reduced in comparison 
with the one produced on Tvap. Hence, for steel, temperature 
difference can be ΔTvap = 45oC  if  the pressure is pvap=0.1 
MPa, Tvap = 2880oC  and  increase  of  pressure  due  to  pac  is  
Δpac =2x 104 Pa [6]. The effects of these phenomena can be 
observed in difference of microhole dimensions obtained with 
and without ultrasonic assistance. 

3. EXPERIMENTAL DATA 
In case of Nd:YAG laser used for these researches, the 
following parameters were utilized: W=400 W; pulse energy, 
E=80 J, pulse time ti=200 ms (at micro-drilling) , λ =1.06 μm, 
r0= 30 μm. 

The paths of the laser spot considered for modelling in this 
paper are presented in the figure 2: 
  

a) linear path b) trepanning path c) spiralling path 

Figure 2. Tool paths for modelled micro-contouring. 

FEM modelling validation was based on some experimental 
data as reference, synthesized in table 1:  

Table 1. Average dimensions at some micro-laser beam 
machining with and without US aiding, initial Ra=6.3 μm 

 

Machining LBM LBM+US 

Directions Depth 
[mm] 

Width 
[mm] 

Depth
[mm] 

Width 
[mm] 

Microhole 0.19 0.35 0.21 0.36
Melting isothermal 0.22 0.42 0.24 0.43 
Maximum ratio 
removed/melted  0.85 0.83 0.95 0.85 

Micro-linear trace 0.18 0.35 0.21 0.36 
Melting isothermal 0.21 0.42 0.215 0.425 
Maximum ratio 
removed/melted  0.87 0.83 0.96 0.86 

 

The values from table 1 are the mean ones, measured in 
usual conditions and initial relative high roughness of 
machined surface. The position of isothermal melting leads to a 
larger volume removed in case of LBM aided by ultrasonics 
than in case of classic LBM (without ultrasonics).  

A similar phenomenon is emphasized at the homologous 
thermal hybrid machining, ultrasonic aiding electrodischarge 
machining, performed under very narrow working gap 
conditions [10]. 
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4.  FEM MODELLING OF DIFFERENT 
CASES OF LASER BEAM MICRO-
MACHINING AIDED BY ULTRASONICS 

Finite Element Modelling (FEM) is achieved for several 
variants of laser beam micro-machining - drilling, linear, 
trepanning, and spiral contouring - using Time Dependent Heat 
Transfer in Solids Module of Comsol Multiphysics 4.2 release. 

Basically, the geometry of the workpiece - cylinder with 10 
mm radius and 10 mm height - was constructed as the end part 
of an ultrasonic chain (see fig. 1), which also included a PZT 
transducer, and an ultrasonic horn, which determines 
oscillations of the workpiece with 20k Hz frequency and 
amplitude less than 5 μm, so to exceed the cavitation threshold 
in the melted material due to thermal attach of laser radiation. 
In the same time, the amplitude A is so low, to no modify so 
much the radius of the laser spot (ro) and consequently the 
width cut through defocalization x (fig. 3). 

 

 

 

 

 

 

 

 
 

Figure 3. The influence of ultrasonic oscillations amplitude on 
laser spot dimensions through defocalization. 

For boundary conditions related to heat transfer, the spot laser 
temperature was set to 3273 K, equal with steel boiling point 
and its radius was 30 μm (fig. 4). The high power of laser 
radiation is able to raise to maximum value the spot 
temperature on the very most part of this zone even with its 
Gaussian distribution. Thermal insulation, corresponding to 
assist gas spot, was set on the adjacent zone with the radius of 
1 mm. The rest of boundaries, belonging to workpiece 
peripheral surfaces were set to ambient air cooling at 
temperature of 293 K.  
 

Figure 4. Boundary conditions for laser beam               
micro-machining modelling 

Several parametric FEM models were achieved with the 
variables assigned in the global definitions presented in figure 
5. 

 
 

a) linear movement 
  

 

b) trepanning 
 

 
 

c) spiral contouring 
 

Figure 5. Assigned parameters for modelling of linear, 
trepanning, spiralling contouring.  

The parameters presented above are in connection with specific 
kinematics, corresponding to linear, trepanning, and spiral 
contouring. The position of laser spot center was defined as it 
is presented in figure 6. 

 

a) linear movement 
 

 

b) trepanning 
 

 
c) spiral contouring 

 
Figure 6. Laser spot center positions 
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In case of micro-drilling, the parameters were assigned in 
global definitions, as it is presented in figure 7. 

Figure 7. Assigned parameters for micro-drilling 

The relation between Ra and Ry roughness was used to build the 
micro-geometry, using ellipses with semi-axes equal to pitch 
and maximum depth roughness (see fig. 7): 

97.05.4 ay RR ⋅=   [μm]   (11) 

The center of the laser spot with radius ro was placed on the 
symmetry axis of the constructed micro-geometry, which takes 
into account the initial roughness. 

The boundary conditions were similar to those presented 
previously. The assist gas spot was considered as thermal 
insulation spot as it is presented in figure 8. 
 

 

Figure 8. Boundary conditions for modelling of laser beam      
micro-drilling  

Thermal properties of machined material, X210Cr12, 
equivalent to D3 DIN or UNS T30403 were taken from 
Comsol Multiphysics library and are temperature dependent. 

The meshing with free tetrahedral elements was used, which 
was finer within the interest zone – where the thermal spot 
(load) was applied – containing over 150,000 elements (fig. 
9.a). It is also necessary to mention than an adaptive mesh is 
used in case of laser spot movement over the machined surface 
in case of linear, trepanning, and spiral contouring (fig. 9.b). 

a) Mesh for static machining (micro-drilling) finer on laser spot 
and adjacent zone 

 

b) Adaptive mesh for laser spot movement over the surface 

Figure 9. Meshing for different cases of laser beam          
micro-machining. 

The temperature distribution in case of micro-drilling of a 
surface with initial roughness Ra=0.8 μm is presented in fig. 
10, provided by 2D modeling, taking into account the 
symmetry of phenomena and the geometry belonging to this 
static machining type.  

Figure 10. Temperature distribution at micro-drilling after 
pulse time 200 ms and initial roughness Ra=0.8 μm. 

As it can be noticed, the difference between the cavities depths 
obtained by the two variants of micro-drilling, classic LBM 
and ultrasonics aided LBM (LBM+US), is greater than in case 
of cavities radii.  The effect of ultrasonics is more perceptible 
at the bottom of the microhole by removing a greater amount 
of material than in case of classic machining, but a great 
amount of material is resolidified on the margins of the 
cavities. 

 
Figure 11. Temperature distribution at micro-drilling after 

pulse time 200 ms and initial roughness Ra=6.3 μm 
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At greater initial roughness, Ra=6.3 μm, the temperature 
distribution after the same value of pulse time ti is presented in 
figure 11. The influence of initial roughness is very important. 
A greater value of Ra determines an obvious increase of 
material removal due to the fact that thermal energy is 
distributed on a reduced volume of the profile micro-geometry. 

Using sweep parameters as machining time in the range (initial 
time, increment of 0.1xfinal time, final time), the positions of 
laser spot in several variants of contouring – linear, trepanning, 
spiralling – were determined and presented in the following 
figures (slice mode view). The thermal influence of thermal 
attack on the entire workpiece was low, the machining 
modelling being framed in the case of workpiece thickness (h) 
much greater than machining depth (see relation (9)). 

The temperature distribution viewed in slice mode at the 
beginning of a trepanning with an angle of 90o is presented in 
figure 12. 

Figure 12. Temperature distribution at micro-trepanning at the 
beginning of  contouring under 90o – slice mode view. 

The final position at 90o trepanning with the belonging 
temperature distribution is presented in figure 13. 

Figure 13. Temperature distribution at micro-trepanning at the 
final of  contouring under 90o– slice mode view. 

In case of spiraling, the temperature distribution at the 
beginning of contouring is presented in slice mode in figure 14. 

Figure 14. Temperature distribution at spiralling at the final of  
contouring – slice mode view 

The temperature distribution at final position at spiraling is 
illustrated in figure 15. 

Figure 15. Temperature distribution at 360o spiralling at the 
final of  contouring – slice mode view. 

In detail, the material removal mechanism at contouring has 
some specific characteristics that will be analyzed, based on 
FEM results. 

At the beginning of contouring, the process is similar to that 
from micro-drilling,  because there no space between laser spot 
and the adjacent walls of the generated contour. Thus, the 
thermal energy of the laser beam is distributed on a larger 
volume in the vicinity of the laser spot. From this point of 
view, it is expected that the volume of removed material is 
lower in comparison with the moments that follow the 
beginning of machining. 
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Aspects of removal mechanism, which acts at a position of the 
laser spot when the volume close to it becomes larger, are 
presented in figure 16. It can be noticed that because the time 
that laser spot sweeps the unity surface is decreased in case of 
contouring (the laser spot moves), the amount of removed 
material bordered by a fraction of melting isothermal is lower 
than in case of micro-drilling. Consequently, the depth of 
removed layer is inferior for both cases with and without 
ultrasonic assistance comparing to micro-drilling. So, the 
influence of speed cutting against the specific micro-geometry 
prevails. 

Figure 16. Temperature distribution  in transversal plane at 
micro-contouring with laser spot radius 30 μm at linear speed 

of 0.016 m/s,  and initial roughness Ra=6.3 μm. 

In terms of cut width, the values of radii are inferior to micro-
drilling, the same phenomenon occurring. The thermal energy 
is dissipated on a larger surface, due to the fact the laser spot 
covers a greater area.  

The inherent imprecision of laser beam micro-machining 
(μLBM) with high ratio between the depth and width could be 
corrected by additional electrodischarge micro-machining 
EDM)  - in the micrometric range  dimensions - considered as a 
finishing phase taking into account the high machining rate of 
micro μLBM comparing to μEDM [11]. These preliminary 
results pointed out that ultrasonic aiding plays an important 
part in terms of quality and geometric precision of machined 
surface. 

Further researches will be conducted on the direction of better 
understanding of material removal mechanism in different 
cases of laser spot paths, pertaining to ultrasonic aiding 
contouring, using 3D FEM modelling and detailed 
experimental machining with different working parameters. 
 

5. CONCLUSIONS 
The temperature distribution provided by finite element 
modelling of different cases of ultrasonic aiding laser beam 
micro-machining emphasized some characteristics of material 
removal mechanism that can affect the output technological 
parameters as precision and surface quality, as well as 
machining rate.  

The initial high roughness of micro-geometry can increase the 
depth of micro-hole produced by a single laser pulse. The 
conical shape of microhole is mainly the effect of greater 
dissipation of thermal energy at the bottom of cavity and 
decrease of the amount of removed material. Ultrasonic aiding 
can increase the evacuation of material principally by decrease 
of vaporization point as well as specific pumping effect as a 
result of alternation between stretching and compression of 
melted material during the two ultrasonic semiperiods. 

The linear contouring temperature distribution shows a 
decrease of material removal once the cutting is developed. 
This is mainly due to dissipation of thermal energy on larger 
surface as a result of cutting speed, prevailing over the 
decrease of the amount of the adjacent volume of workpiece 
close to the current laser spot during machining.  

At trepanning with relative large radius, the material removal 
mechanism is similar to that encountered at linear contouring 
once the distance between the current laser spot position and 
the channel walls is increased. Only at the very beginning of 
machining the material removal mechanism is close to micro-
drilling.  

At spiral contouring, the material volume is increased 
gradually by enlarging the space between laser current spot and 
cavity walls created by beam movement on machined surface. 
At the very beginning of machining, the removal mechanism is 
much similar to micro-drilling (static machining). 

The ultrasonic aiding is more effective under difficult 
evacuation of the melted material, respectively when the ratio 
between the depth and the width of the cutting is higher. 
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