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Abstract  

A numerical model of laser droplet formation (LDF) from a metal wire was built for the purpose of process 
optimization. In the LDF process three laser beams placed around the circumference of the wire are used to melt 
the wire tip. The basic equation of the quasi-symmetrical model is the heat equation, including nonlinear 
material properties and phase transitions. Numerical solutions of the model make possible the calculation of the 
time development of the temperature field of the wire for different sets of process parameters. We considered the 
LDF process in two phases: pendant-droplet formation and droplet detachment. In order to obtain the desired 
droplet properties the time course of the laser-pulse power was optimized for the first phase of the process. 
Based on the calculated temperature field and the selected objective function the optimization of the LDF 
process was carried out using a genetic algorithms method.  In the second phase the laser-beam “key-hole” 
phenomenon is used to detach the pendant droplet. To determine the pulse for droplet detachment, a simplified 
key-hole model was used. The models of droplet formation and detachment were applied to determine the 
optimal laser pulses. Theoretically determined laser pulses for the case of nickel wire were verified 
experimentally. The experimental results of the LDF process were characterized by the variability of the droplet 
size and the radial scattering of the position of the deposited droplets. Experiments showed that in comparison 
with heuristically selected pulses, the model-based optimized pulse yields the lowest variability of the process 
and a small number of undesired splashes of metal during the LDF process.  
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1 Introduction 

The laser droplet-formation process is a novel 
technological process in which laser beams are used to 
heat the tip of a metal wire in order to produce a 
molten metal droplet [1,2]. This droplet can be 
subsequently used to fill gaps in a substrate or to form 
a high-temperature joint. 

The potential uses for laser droplet-formation 
technology include micro-welding, micro-casting, and 
rapid prototyping. 

For any industrial application of this technology a 
repeatable formation of droplets with the desired 
properties – but without any undesired side effects like 
splashes of the melt on the substrate and the radial 
scatter of deposited droplets – is needed.  

Despite intensive experimental work [3,4] we still face 
some challenges on the road to widespread industrial 
use. With the aim to improve the process’s 
performance and to get a clearer insight into the 
process we decided to build a numerical model of the 
process and to determine the process parameters on 
the basis of this model.  

Since the different stages of the process are dominated 
by different physical phenomena, we divided the 
process into two parts: the formation of a pendant 
droplet at the tip of the wire, and the detachment of 
the droplet from the wire. In the first part of the 
process the heat input into the wire is of interest in 
order to ensure a completely melted droplet with 
sufficient heat content, and in the second part the 
influencing forces should ensure the detachment of the 
droplet. 

We built a numerical model that predicts the 
development with time of the temperature field of the 
wire during both parts of the laser droplet-formation 
process. This model is more accurate for the first part 
than for the second part of the process, where some 
robust simplifications were assumed.   

The numerical model makes possible the simulation of 
the process for different sets of process parameters, 
and by applying a suitable optimization criterion and 
method we can find the optimal set of parameters. We 
optimized the first part of the process where the main 
properties of the droplet, such as heat content and 
temperature field, are to a large extent determined.  

The presented model makes it possible to optimize 
any variable process parameter; however, in earlier 
research we focused on determining the time course of 
the laser power, i.e., the laser pulse. Other process 
parameters were selected in advance; of particular 
importance is the wire’s velocity during the process, 
which was selected in accordance with the desired 
droplet size. 

The laser pulses for the droplet detachment were 
further determined on the basis of the same numerical 
model, but with a different pulse-determination 
procedure.  

Theoretically determined laser pulses were validated 
on the specially built experimental setup for laser 
droplet formation.  

2 Numerical model and determination of 
the laser pulse  

With the aim of theoretically determining the laser 
pulse we built a numerical model of the process. The 
basic equation of this model is the heat equation in 
cylindrical coordinates (r,θ,z): 
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where T is the temperature and D(T)=k(T)/ρ(T)cp(T) is 
the temperature-dependent diffusion coefficient. 
Temperature-dependent material parameters, like 
thermal conductivity k(T), density ρ(T) and specific 
heat cp(T), were acquired from the literature in the 
case of nickel wire [5,6,7,8,9,10,11].  

The phase transitions in our model were treated as 
jumps in the specific heat cpt(T):  

              )()()( fppt TTLTcTc −+= δ              (2), 

where cpt is the total specific heat, combining the real 
specific heat cp and the latent heat L jump at the 
temperature of the phase transition Tf. The Dirac delta 
function was, for the purposes of numerical 
implementation, approximated by a Gaussian 
function: 
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where Tf is the temperature of the phase transition and 
ΔT is the selected width of the Gaussian function.  

The described treatment of the phase transitions was 
compared with the enthalpy method found in the 
literature [12]. Numerical experiments show very 
good agreement between these two methods. The 
selected method was used in the model because it is 
easier for a numerical implementation. 

When the wire is heated by three laser beams with 
diameters similar to the wire diameter we can assume 
uniform heating around the circumference of the wire, 
as shown in Fig. 1. Consequently, the θ coordinate in 
Eq. (1) can be abandoned and the equation is reduced 
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to two spatial dimensions, which significantly reduces 
the computational time. 

For the initial condition we used the initial 
temperature of the wire T0: 

                                                            
(4), 

0)0,( TrT =

 
Fig. 1: Three-laser-beam heating approximates to 
uniform heating around the circumference.  

For the boundary condition we take into account the 
total energy flux jc through the surface of the wire. 
This incorporates the absorbed laser-light energy flux 
and the energy flux radiated from the surface of the 
wire. Finally, we get a Neumann boundary condition: 

                                 cjn
TTk =
∂
∂)(                        (5), 

where k(T) is the heat conductivity, T is the 
temperature, n is normal to the surface and jc is the 
total energy flux through the surface. 

By using these initial and boundary conditions we can 
solve Eq. (1) numerically; we used an explicit 
numerical scheme [13]. The numerical solution gives 
a prediction of the time development of the 
temperature field of the wire, as shown in Fig. 2. The 
figure shows an example of the temperature field for 
the pre-selected duration of a pendant-droplet 
formation pulse, t=12ms. 

 In the pendant-droplet-formation part of the process 
the droplet’s properties are strongly influenced and 
therefore the laser pulse should be determined with 
respect to the desired properties of the droplets. 

Generally, we want to achieve a completely melted 
metal droplet with the required uniform temperature. 
Furthermore, intense vaporization is not desired 
during the first part of the process. An example of an 
optimization criterion, written in the form of a 
mathematical expression, is: 
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where the first term describes the difference in the 
droplet temperature compared to the desired droplet 
temperature TD at the end of the pulse tp. Tj is the 
temperature of j-th volume element of the wire and mj 
is its mass. N is the total number of volume elements 
and mT is the total mass of the part of the wire under 
consideration. The second term describes the 
vaporization rate during the process. The laser pulse is 
divided into M equal time intervals and at the end of 
each time interval tk the ratio of the vaporized wire 
material mv to the total mass of the part of wire under 
consideration mT is calculated. 

The numerical value of the function J can be 
calculated from a numerical simulation of the process. 
It is obvious from the construction of the function J 
that a smaller value of this function means a more 
suitable process. Finding the set of process parameters 
that minimizes the value of the function J is the aim of 
the process optimization.  

Since the wire-heating process itself is inherently 
nonlinear and the fitness function J shows non-convex 
behavior we selected a genetic algorithm method to 
perform the optimization of the process parameters. 

For the purposes of optimization we set all the process 
parameters, such as wire geometry and material 
parameters, laser beam parameters and wire velocity, 

Fig. 2: Temperature field of the wire cross-section at different times. The red horizontal 
line denotes the position of laser beams and the black line divides the material into liquid 
and solid phases.  
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to selected values. We then focused on determining 
just the time course of the laser power. We 
parameterized the laser pulse with seven values of 
laser power in equal time intervals of 2ms, as shown 
in Fig. 3. These seven parameters were the final 
subject of our optimization.  

 
Fig. 3: Parameterization of the laser pulse for pendant-
droplet formation with seven parameters.  

To ensure a rapid simulation of the process, the 
numerical model was implemented in the C++ 
programming language. In addition, the optimization 
was performed with the “Genetic Algorithm Tool” 
toolbox of the Matlab software package. Most of the 
preset optimization parameters were used in the 
optimization, except for the population size and the 
number of generations, which were set to 70 and 150, 
respectively, on the basis of preliminary numerical 
experiments.   

The laser pulse for the pendant-droplet formation was 
found for several different fitness functions and 
different optimization objectives. The laser pulse for 
the droplet detachment was determined on the basis of 
the same numerical model, but with a different pulse-
determination method.  

Droplet detachment from the wire is the consequence 
of the so-called “key-hole” effect. The basis for the 
onset of a key-hole is the self-focusing of the laser 
beam, induced by dynamic changes to the surface and 
vaporization. For a key-hole to appear, however, 
intensive laser radiation is needed [14]. When the self-

focusing appears in the process a deep, thin hole is 
rapidly formed at the spot with the highest laser-light 
intensity. Rapid vaporization of the material creates an 
overpressure in the hole, and the force acting on the 
droplet in the downward direction is sufficient to 
detach the droplet, at almost the same moment as the 
key-hole reaches the centre of the wire, as shown in 
[15].  

Because of the complexity of the development of the 
key-hole effect we treated it as the vaporization of 
material. In order to determine the laser-detachment 
pulse we selected a laser power and calculated the 
time required for the key-hole to reach the center of 
the wire. The procedure is shown schematically in Fig. 
4. A simulation of the key-hole’s development on the 
basis of a simplified model is shown in Fig. 5. 

 
Fig. 4: Schematic representation of determining the 
droplet-detachment pulse. We select the laser power P, 
calculate the temperature field and check if the 
maximum temperature on the axis of the wire 
Tmax(r=o) has reached the boiling temperature Tboil. If 
yes, we acquire the time, otherwise we continue with 
the heating.  

Fig. 5: Temperature field of wire cross-section at key-hole development. Red horizontal 
line denotes the position of laser beams and black lines are dividing material in solid, 
liquid  and gas phase. Vaporized material is represented by white color.  
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We have separately theoretically determined the laser 
pulse for pendant-droplet formation and the laser 
pulse for droplet detachment. When we combine these 
two pulses one after another we obtain one pulse for 
laser droplet formation. An example of the laser pulse 
is shown in Fig. 6. 

Since the pendant droplet oscillates at the tip of the 
wire after its formation, we inserted a short period of 
time (t=2ms) after the pendant-droplet formation 
phase at time 12ms to allow the droplet to stabilize 
and to reach the proper position before the detachment 
pulse. During this period the laser power is reduced to 
the minimum power of the operating laser. This 
additional stabilizing time interval was determined on 
the basis of preliminary experiments. 

 
Fig. 6: Example of a theoretically determined laser 
pulse for laser droplet formation (black color) for a 
selected wire-velocity profile (red color).   

3 Experimental verification 

Experiments were performed to evaluate the 
theoretically determined laser pulses. Like with the 
theoretical determination of the laser pulses, we 
treated separately the pendant-droplet formation and 
the droplet-detachment phase.  

The experiments were performed on a custom-built, 
laser droplet-formation system, which consisted of a 
Nd:YAG pulsed infrared laser system, a wire-feed 
system and a visual system for the process 
characterization and control. Nickel wire of 0.6 mm 
diameter was used in all the experiments.  

First, the pendant-droplet formation was investigated. 
We performed several sets of pendant-droplet 
formation experiments with various theoretically 
optimized laser pulses. Depending on the selected 
optimization criterion, we obtained different 
experimental outcomes. The laser pulses that were 
determined in accordance with the low desired 
temperature of the wire, near the melting temperature, 
did not usually yield pendant droplets. The best 
pendant droplets were produced with the laser pulses 

determined in accordance with the desired droplet 
temperatures near to the boiling temperature.  

After the evaluation of the experimental results of the 
pendant-droplet formation experiments, we selected 
the best pendant-droplet formation laser pulse and 
appended different pulses for the droplet detachment. 
Again we produced sets of droplets, which were 
deposited on the substrate, as shown in Fig. 7.  

The experimental results show that the high laser 
power of the detachment pulse causes more intensive 
splashes of material on the substrate and scatter of the 
droplets on the substrate. On the other hand, if a lower 
laser power is used for the detachment pulse, droplets 
sometimes stay attached to the wire.  

 

 
Fig. 7: Examples of nickel droplets produced with 
different laser pulses. The powers of the detachment 
pulses were (a) P=8000W, (b) P=6000W, (c) 
P=4000W and (d) P=5000W. 

The experimental results were evaluated on the basis 
of the variability of the droplet diameter, the 
variability of the radial scatter of the droplets on the 
substrate and the presence of material splashes on the 
substrate. The experimental results show very little 
process variability and a small number of splashes for 
some theoretically determined laser pulses.  

4 Conclusions 

In this paper we have presented a physical and 
numerical model for the laser droplet-formation 
process. This model enables a simulation of the 
evaluation of the temperature field of a wire for 
different sets of process parameters.  

With respect to the desired application or outcome of 
the process, a proper set of process parameters can be 
determined by means of process optimization.  

The most important process parameter – the 
temporally dependent laser power – was determined 
for the case of nickel wire. The theoretically 
determined laser pulses were successfully verified 
experimentally and they yielded suitable process 
outcomes.  

The results of our experimental investigations show 
that the presented numerical model can be 
successfully applied to determine the process 
parameters.  
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A numerical model of the process was developed as an 
additional, theoretical tool, with the aim to decrease 
the experimental time needed to determine the proper 
process parameters and to get a better insight into the 
process.  

We believe that the construction of the numerical 
model brought the laser droplet-formation process 
closer to its real application in industry.  
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