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Abstract
The laser chemical process is a material-removing machining process in the micro range. The process is based on a laser-
assisted etching process between an electrolyte and a metallic workpiece. Local overheating causes a laser-induced elec-
trolyte boiling process, which limits the laser chemical process window. In order to reduce the laser-induced electrolyte 
boiling process and thus expand the process window, the laser chemical process is carried out at different electrolyte start 
temperatures and thus different electrolyte viscosities and surface tensions. The experimental investigations were carried 
out on Titanium Grade 1 with the electrolytes phosphoric acid and sulfuric acid at different electrolyte temperatures and 
laser powers to determine the limits of the process window by evaluating the properties of the removal cavities. As a result, 
the process window is extended at lower electrolyte viscosities. Thereby, the electrolyte viscosities have no influence on the 
geometric shape of the removal. The extension of the process window is attributed to the fact that a reduction in electrolyte 
viscosity results in a less pronounced formation of the boiling process, the bubble diameters decrease, and the shielding 
effect of the bubbles is reduced.
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1 Introduction

As the demand for miniaturized components continuous 
to grow, so do the requirements for production technology. 
Conventional machining processes such as turning, milling 
or grinding are increasingly reaching their technical limits. 
Among other mechanisms, high tool wear and high thermal 
and mechanical component loads, which can lead to changes 
in the material properties on the surface or to deformation of 
the component, must be mentioned in particular [1]. In order 
to meet the increasing demands on complexity and multi-
functionality of the components to be produced, so-called 
non-conventional machining processes have been developed 
[2]. These include laser material processing (LBM) due to 
the precise, local and flexible application of energy and elec-
trochemical machining (ECM) due to the gently removal of 

material [3]. The advantages of the above-mentioned pro-
cesses are combined in laser chemical machining (LCM).

Laser chemical machining represents a material removing 
surface treatment through the effect of laser-induced thermal 
activation of heterogenous chemical reactions between an 
electrolyte and a metallic surface [4]. The selective surface 
modification is possible for all metals that form a passivation 
layer at room temperature and thus protect the workpiece 
from corrosion in the electrolyte bath. Due to the low laser 
power density compared to other laser material machining 
methods, changes in the properties of the microstructure and 
melt formation are avoided [5]. Since laser chemical machin-
ing is a mainly temperature-dependent process, the process 
window is significantly limited by local, laser-induced elec-
trolyte boiling and the resulting shielding effect of the gas 
bubbles depending on the gas bubble diameter and the adhe-
sion time of the gas bubbles on the workpiece surface, which 
leads to a reduction in the quality of the removal cavities [6].

By enlarging the spot diameter for large workpiece 
surfaces by a factor of 10.8, the machining time could be 
reduced by two orders of magnitude [7]. One way to reduce 
the electrolyte boiling process is to perform the laser chemi-
cal process at increased process pressures. When the process 
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pressure was increased to 6 bar, a 27% reduction in gas bub-
ble diameters was registered [8].

Furthermore, the laser-induced electrolyte boiling pro-
cess, which limits the laser chemical process window, can 
be minimized by a reduction of the electrolyte viscosity [9]. 
To reduce the electrolyte viscosity, the electrolyte start tem-
perature was increased. In addition to the resulting reduction 
in viscosity, the surface tension is also reduced by increas-
ing the electrolyte start temperature. A reduction in surface 
tension also leads to a drop in the electrolyte boiling pro-
cess. This was determined both by experimental studies on 
alcohol-water mixtures [10] and by modeling the gas bubble 
diameters [9]. The reduction on viscosity is described as the 
dominant effect [10].

In the present work the effect of viscosity reduction 
was applied to extend the laser chemical process window. 
For this purpose, different removal experiments were per-
formed with different process parameters, e.g. laser power 
and machining speeds at different electrolyte start tempera-
tures. The gas bubble formation was recorded during the 
experiments using high-speed shadow videography and the 
removal cavities were examined by confocal microscopy 
after the experiments.

2  Materials and Methods

2.1  Experimental Set‑Up

The beam source was an IPG cw-fiber-laser (YLR-100-AC) 
with a wavelength of 1070 nm. The fiber core has a diam-
eter of 10 µm. In the beam path, the radiation, which has a 
Gaussian intensity, was collimated with a collimator lens 
with a focal length of 36 mm. The collimator lens was fol-
lowed by a beam attenuator. This allowed the power con-
trol on 0.1 W steps. With the help of a lens system with a 
focal length of 93 mm a focus diameter of 25 µm could be 
achieved on the workpiece, see Table 1.

The applied laser power in the workpiece was 0.6–3.0 W. 
This ensured that all removal regimes of laser chemical 
machining were covered [6].

Titanium Grade  1 with the dimensions of 
20 mm × 20 mm × 1 mm was used as workpiece material. 
Before clamping the specimens in the chemical cell, see 

Fig. 1, the titanium workpieces were ground to guarantee a 
uniform surface roughness. Due to the correlation between 
surface roughness and the number of gas bubble nuclei, an 
even number of gas bubble nuclei can be guaranteed for all 
experiments.

A 5 molar phosphoric acid and a 1.9 molar sulfuric acid 
was passed through the chemical cell, compare Fig. 1. Due 
to the geometric shape of the chemical cell, the propagation 
length was 46 mm. This resulted in a transmission coef-
ficient of 0.44. The laser chemical cavities were created at 
a machining speed of 50 µm/s and had a length of 0.5 mm.

With the help of the RC6 temperature control system 
from “Lauda”, the temperature of the electrolyte (electro-
lyte start temperature) was controlled during machining. 
Electrolyte start temperature is the temperature at which the 
electrolytes are transported into the chemical cell.

Among other specific properties, the surface tension and 
viscosity are changed by the varying electrolyte start tem-
peratures (Fig. 2). The viscosity and the surface tension were 
determined according to DIN 53019-1 [11] and DIN EN 
14370 [12], respectively. 

In addition, the specimens were brought to a temperature 
of 20 °C before machining. Furthermore, a cooling system 
was integrated into the chemical cell to ensure a constant 
specimen temperature. Moreover, the contact time of the 
specimens with the tempered electrolytes was reduced to a 
minimum. Due to these measures, the change of the speci-
men temperature caused by the electrolyte start temperature 
could be neglected. To understand the etching during the 
machining time due to increased electrolyte start tempera-
tures, the background etch rate for Titanium Grade 1 was 
determined inspired by DIN 50905 [13] or all electrolyte 
start temperatures used. Due to a maximum background 
etch rate of 0.0000102 mm/s when using sulfuric acid, back-
ground etching was neglected.

To evaluate the laser chemical cavities, they were 
recorded with a confocal microscope (50X objective). The 
images were processed with the VK-Analyzer Software. 
Of particular interest were the depth and width of the cavi-
ties. The evaluation of these parameters was done analo-
gous to [6] with Matlab. The evaluated depths and widths 

Table 1  List of experimental properties

Parameter Unit Value

Laser beam (continuous wave) Wavelength nm 1070
Laser power W 0.6…3.0
Focus spot diameter µm 25
Machining speed µm/s 50 Fig. 1  Schematic representation of the experimental set-up
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of the removal allowed the calculation of the removal rate 
according to Eq. (1). Here the lr stands for the length of 
the removal, vs for the machining speed, Vr for the removal 
volume and vr for the removal rate.

Besides the evaluation of the removal rate of the laser chemi-
cal cavities, the laser chemical cavities were divided into 
three regimes according to their shape, based on the format 
of [14]. In Fig. 3 the removal regimes, no removal, undis-
turbed, gaussian-shaped removal a disturbed, w-shaped 
removal are shown exemplarily.

For the observation of the laser chemical interaction zone 
the transmitted light method with the help of a high-speed 
camera, see Fig. 1, was applied. The highspeed images were 
taken with 256 × 256 pixels and frame rates of 22,000 frames 
per second. One camera pixel corresponded to a square 
surface with a side length of 1.75 µm. A Matlab-based 
videographic analysis program was developed to evaluate 
the high-speed images generated [8]. First the high-speed 
recordings were segmented into individual frames, see 
Fig. 3. Subsequently, the area of the laser chemical inter-
action zone was determined. This area describes the point 
of laser action on the workpiece-electrolyte interface. By 

(1)v
r
=

V
r

l
r

× v
s

means of a pixel intensity adjustment, the edges of closed 
surfaces were detected within this interaction zone. The 
geometrically closed surfaces were assumed to be round, 
whereby their radius could be determined. The diameter of 
the gas bubbles was detected at the moment of tearing off 
from the workpiece surface. In addition, the percentage of 
time in relation to the total experimental time during which 
gas bubbles were in contact with the workpiece surface was 
determined.

3  Results

3.1  Evaluation of the Removal Cavities

Figure 4 shows the characteristics of laser chemical removal 
at different electrolyte start temperatures using phosphoric 
acid and sulfuric acid. The different electrolyte start tem-
peratures have no influence on the regime of non-existent 
removal regardless of the electrolytes used. Considering 
the regime of the undisturbed removal, an extension of 
the process window can be seen when the electrolyte start 
temperature is increased from 0 to 80 °C both when using 
phosphoric acid and sulfuric acid. The transition from the 

Fig. 2  Representation of the 
temperature-dependent elec-
trolyte viscosities and surface 
tensions

Fig. 3  Classification of the removal regimes during laser chemical machining inspired by [6] (cavity profile and highspeed frames)
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undisturbed removal regime to the disturbed removal regime 
is the same for both electrolytes.

Figure 5 represents an example of a material removal 
profile using phosphoric acid. At an electrolyte start tem-
perature of 0 °C, a disturbed, W-shaped removal profile 
results for all applied laser powers. At an electrolyte start 
temperature of 20 °C and a laser power of 1.4 W, an undis-
turbed removal profile can be seen, which is represented by 
the Gaussian-shaped removal. At laser powers of 1.6 W and 
1.8 W a disturbed removal profile is visible. At the elec-
trolyte start temperature of 40 °C, undisturbed removal is 
visible at laser powers of 1.4 W and 1.6 W. At 1.8 W there 
is a disturbed removal. If the electrolyte start temperature is 
increased to 60 °C or 80 °C, the removals at the laser pow-
ers shown are Gaussian in shape and therefore undisturbed.

In addition, Fig. 6 shows the removal rates of phos-
phoric acid and sulfuric acid at different electrolyte start 
temperatures. As can be seen, the process window can 
be extended by increasing the electrolyte start tempera-
tures to reduce the electrolyte viscosities. This extension 

allows the laser chemical process to be performed with 
higher laser powers. It follows that the maximum removal 
increases with increasing electrolyte start temperature. 
Compared to the maximum removal rate at an electro-
lyte start temperature of 20 °C, the removal rate at an 
electrolyte start temperature of 80 °C was increased by 
a factor of 1.64 and 1.57 at phosphoric acid and sulfuric 
acid, respectively.

Furthermore, the removal rates are comparable at the 
same laser powers and different electrolyte start tempera-
tures. Based in this, it can be seen from Fig. 6 that the elec-
trolyte start temperature has a negligible influence on the 
removal rate in the present experiments.

3.2  Evaluation of the Highspeed Videography

Figure 7 shows the average bubble diameter during machin-
ing with different electrolyte start temperatures using phos-
phoric acid and sulfuric acid. The average bubble diameter 

Fig. 4  Representation of the laser chemical process window at different electrolyte start temperatures

Fig. 5  Removal cavities at different electrolyte start temperatures
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decreases at higher electrolyte start temperatures, independ-
ent of the laser power used.

Figure 8 shows the percentage times at different electro-
lyte start temperatures at which the workpiece surface is cov-
ered with gas bubbles. As can be seen, at higher electrolyte 

Fig. 6  Removal rates at different 
electrolyte start temperatures

Fig. 7  Representation of the 
averaged bubble diameters at 
different electrolyte start tem-
peratures

Fig. 8  Representation of the adhesion times of the gas bubbles on the workpiece surface at different electrolyte start temperatures
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start temperatures the workpiece surface is free of gas bub-
bles over a longer period. At lower temperatures, the bubble 
adhesion time tends towards 100%. From this point on, the 
workpiece is permanently covered by gas bubbles.

4  Discussion

In this study the influence of electrolyte start tempera-
tures on the laser chemical process was investigated. As 
described in the introduction, both viscosity and surface 
tension decrease when the electrolyte start temperature is 
increased, see Fig. 2. A reduction of the viscosity accom-
panied with a reduction of the surface tensions shows in 
combination with the insights from [9] and [10] that the 
electrolyte boiling process is reduced. This can be seen 
from the reduction of the gas bubble diameters and the 
adhesion times of the gas bubbles to the workpiece sur-
face, see Figs. 7 and 8. By reducing the electrolyte boil-
ing process and the accompanied expansion of the process 
window, the laser chemical process can be carried out at 
increased laser powers. This allows higher removal rates, 
see Fig. 6.

As shown in Fig. 6, the different electrolyte start tem-
peratures have no influence on the regime of non-existent 
removal. Even at an electrolyte start temperature of 80 °C, 
no measurable removal can be achieved at low laser pow-
ers. The results of the removal rate, see Fig. 6, show that the 
removal rates are not influenced by the electrolyte start tem-
perature. This makes it clear that the influence of the electro-
lyte start temperature on the temperature field formed in the 
laser chemical interzone is negligible. During laser chemi-
cal machining, a thermal boundary layer is formed within 
the interaction zone (interface of laser radiation, electrolyte 
and workpiece surface) with a size of about 1/4–1/3 of the 

boiling bubble size [15], see Fig. 9. The temperature of this 
boundary layer is largely determined by the laser-induced 
surface temperature [16]. Outside this boundary layer, the 
temperature of the electrolyte is significantly influenced by 
the set electrolyte start temperature.

It can therefore be assumed that the temperature at the 
site of the chemical dissolution reaction is largely deter-
mined by the set laser power. Based on these assumptions 
and the results from Figs. 4 and 6, it can be assumed that 
the electrolyte temperature has a negligible influence on the 
chemical dissolution reaction. However, the electrolyte start 
temperature has an effect on the electrolyte boiling process, 
which is reduced, see Figs. 7 and 8, and therefore enable the 
process window extension.

5  Conclusions

As the presented results show, an increase of the electrolyte 
start temperature reduce the gas bubble diameters and the 
adhesion time of the gas bubbles to the workpiece and thus 
the electrolyte boiling process. The dominant effect is the 
temperature-related reduction of the electrolyte viscosity. 
Reduced electrolyte boiling enables machining with higher 
laser powers and thus higher removal rates. The electrolyte 
start temperature has a negligible influence on the removal 
rates due to the thermal boundary layer that forms.
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