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Abstract 

To meet the increasing trend of miniaturization, new (non-conventional) manufacturing processes are con-

stantly being developed. The laser chemical process describes one of these non-conventional removal process 

in the microscale, based on the thermochemical dissolution of metals. To determine the influence of electrolyte 

concentrations, linear cavities were created in Titanium Grade 1 using phosphoric acid and sulfuric acid with 

different concentrations. The experimental results show that as the electrolyte concentration increases, the 

process window is reduced. One possibility for this is, as the electrolyte concentration increases, the viscosity 

increases, as well. With increasing viscosity, the electrolyte boiling process, which causes the shielding effect 

of the gas bubbles becomes more significant. Due to the increasing conductivity of the electrolyte at higher 

concentrations, the laser chemical removal rate increases within the process window at constant laser power. 

The maximum removal rate is observed at the maximum conductivity of the electrolyte. 
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1 Introduction  

The laser chemical process is a non-conventional removal process based on the thermo-chemical dissolution 

of metals. The laser chemical process links the advantages of laser processing with selective energy input and 

the advantages of electro chemical machining with a gentle removal process [1]. 

During laser chemical machining, the workpiece is embedded in an etching cell and irradiated with a laser 

beam. This introduces heat locally into the workpiece. The introduced temperature gradient starts an anodic 

material dissolution [2]. Within a suitable process window, this enables gentle material removal without a heat-

affected zone and without changing the microstructure. This advantage opens up a wide range of applications 

for laser chemical machining. For example, materials such as Inconel, which is costly to machine using con-

ventional machining methods, can be processed [3]. Furthermore, the laser chemical process allows a selective 

and specific adjustment of the surface roughness [4]. 

However, the machining temperature of the laser chemical process is above the boiling point of the electrolyte 

[2], resulting in an electrolyte boiling process. The resulting boiling bubbles shield the surface, which results 

in disturbed material removal. This restricts the laser chemical process window and, consequently, the removal 

rate. To reduce this limitation, the process can be performed at higher process pressures [5]. This reduced 

electrolyte boiling and enables thereby higher laser chemical removal rates.  

Furthermore, an influence of the electrolyte viscosity by the admixture of the additive PEG (polyethylene 

glycol) could be determined [6]. With increasing admixture of PEG and thus with increased viscosity, a reduc-

tion of the process window was observed. In order to investigate the influence of viscosity in more detail, 

without the addition of an additive, the influence of varying electrolyte concentrations on the process window 

and the removal rates was investigated in the present work.  
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2 Methods 

A cw fiber laser from the company IPG (YLR-AC100) with a wavelength of 1070 nm was used for the exper-

imental investigations. With the help of a beam attenuator built into the beam path, the laser power was con-

trolled in 0.1 W steps. The beam was guided by an optical fiber with a fiber core diameter of 10 µm. The laser 

beam was collimated by a collimator and then focused by a lens from “Qioptiq” with a focal length of 93 mm. 

This resulted in a spot diameter of 25 µm. 

Based on preliminary investigations, the electrolytes phosphoric acid and sulfuric acid were used [7]. The 

concentration of Phosphoric acid was varied from 1 mol/L to 10 mol/L in 1 mol/L steps. The concentration of 

sulfuric acid was varied between 1 mol/L and 5 mol/L also in 1 mol/L steps. 

Prior laser chemical machining, the Titanium Grade 1 samples were fabricated to a size of 20 mm x 20 mm x 

1 mm and ground to ensure uniform surface roughness. The fabricated samples were embedded in a chemical 

cell, see Fig. 1, which was flushed with the particular electrolyte. The propagation height was 46 mm, resulting 

in a transmission of 0.44. 

Fig. 1:  Schematic depiction of the laser chemical experimental set-up 

 

Linear cavities with a length of 2 mm were fabricated using the set-up described. The evaluation of the fabri-

cated cavities was performed by confocal microscopy. To determine the quality of the laser chemical generated 

cavities and thus to determine the process window, the respective removal cavities were divided into three 

categories, depending on the profile of the cavities, according [8]: 

Category l (no material removal): No material removal deeper than 0.5 µm is detectable. The laser-induced 

surface temperatures within the laser chemical interaction zone are lower than the activation temperature at 

which the passive layer dissolves locally. 

 

Category ll (undisturbed material removal): Continuous material removal occurs along the feed direction. This 

is characterized by a Gaussian profile of the removed material. Within the removal path, there are no material 

residues or interruptions of the laser chemical material removal. In addition, a lower surface roughness is 

measurable within the cavity compared to unmachined surfaces. 

 

Category lll (disturbed material removal): Characterized by deviating non-Gaussian removal characteristics of 

the surface. Within the cavity, material residues and interruptions of the removal path are visible. In addition, 

the cross-sectional profile shows a W-shaped material removal. The cavities are characterized by a very uneven 

and furrowed surface, which is accompanied by a higher surface roughness than category ll material removal. 

In addition, it is noticeable that the width of the generated cavities is several times larger than the width of 

category ll cavities and also larger than the laser spot diameter. 

 

The removal rates were determined analogously to [8]. 

3 Results  

Fig. 2 shows the process window for laser chemical machining with phosphoric acid and sulfuric acid at var-

ying electrolyte concentrations. For both electrolytes, it should be noted that the process window becomes 

smaller at higher electrolyte concentrations. In addition, it should be mentioned that at a concentration of 
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1 mol/L phosphoric acid and an applied laser power of 0.8 W, in contrast to all other electrolyte concentrations 

used, no removal could be detected. 

 

Fig. 2:  Process window of laser chemical machining with phosphoric acid and sulfuric acid 

In addition to the process window, Fig. 3 shows the removal rates within the process window (marked green 

in Fig. 2). It can be seen that the removal rates initially increase. At a concentration of 6 mol/L, the maximum 

removal rate could be achieved for laser chemical machining of phosphoric acid with constant applied laser 

power of 0.8 W. For laser chemical machining with sulfuric acid at constant applied laser power, the maximum 

removal rate was obtained at a laser power of 5 mol/L.  

 

Fig. 3:  Laser chemical removal rates within the process window for laser chemical machining with phosphoric acid and sulfuric acid 

4 Discussion  

Based on the experimental data, it can be seen that the process window of laser chemical machining reduces 

at higher electrolyte concentrations, compare Fig. 2. When increasing the electrolyte concentration, there are 

two opposing mechanisms. 

On the one hand, as the electrolyte concentration increases, the boiling points of the electrolytes become ele-

vated [9]. This can be attributed to the fact that increasing the concentration decreases the vapor pressure. 

Therefore, a higher temperature is required to reach the boiling point [10]. The electrolyte boiling process 

during laser chemical machining was identified as limiting the laser chemical process window [8]. The gas 

bubble diameters and the adhesion times of the gas bubbles to the workpiece surface could be determined as 

critical parameters of the electrolyte boiling process [2]. When the electrolyte boiling temperature is increased, 

the gas bubble diameters and adhesion times of the gas bubbles to the workpiece surface decrease. This effect 

could already be observed in [5]. Here, the electrolyte boiling point was increased by increasing the process 

pressure. As a results, the smaller gas bubble diameters and shorter adhesion times were detected while the 

applied laser power remained constant. Based on this finding, the laser chemical process window could be 

extended. However, based on the experimental investigations, it can be stated that no enlargement of the pro-

cess window takes place at increased viscosities. On the contrary the process window is reduced at higher 

electrolyte concentrations. Thus, another mechanism predominates over this one. 
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On the other hand, the viscosities of the electrolytes increase due to an increase in the electrolyte concentra-

tion [11]. The increase of the electrolyte viscosity leads to an increased characteristic of the electrolyte boiling 

process [8]. Due to the increasing gas bubble diameters and adhesion times of the gas bubbles to the workpiece 

surface, the shielding effect of the gas bubbles comes in effect. This reduces the process window at higher 

electrolyte viscosities. Based on the reducing process window at higher concentrations of both phosphoric acid 

and sulfuric acid, it can be observed that this mechanism dominates compared to the increase of the electrolyte 

boiling temperature. 

Considering the removal rates at a constant applied laser power, an increase of the removal rates with increas-

ing electrolyte concentration can be observed at first. Fig. 4 shows the removal rates achieved during laser 

chemical machining with phosphoric acid and sulfuric acid as well as the conductivities of both electrolytes 

[12], [13]. It can be seen that with increasing conductivity, the laser chemical removal rate increases. If the 

conductivity decreases, a decrease in the removal rate can be observed, especially for laser chemical machining 

with phosphoric acid. 

 

Fig. 4:  Laser chemical removal rates and conductivities of the electrolytes phosphoric acid [12] and sulfuric acid [13] 

At a concentration of about ca. 7 mol/L and 4 mol/L, respectively, the electrolytes phosphoric acid and sulfuric 

acid reach the maximum conductivity. Up to these concentrations, an increase in the removal rates during 

machining with phosphoric acid can be identified. At higher electrolyte concentrations, which do not reach the 

maximum conductivity a decrease in the removal rates can be observed. Therefore, the removal rate seems to 

correlate with the conductivity of the electrolyte. 

5 Conclusion 

Based on the present investigations, it can be stated that the dominant mechanism in an increase of the elec-

trolyte concentration regarding the process window limitation during laser chemical machining is the increase 

of the viscosity in contrast to an increase of the electrolyte boiling point. The maximum removal rate is ob-

served at the maximum conductivity of the electrolyte.  
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