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Summary: This study presents experimental results regarding kerf width obtained in CO2 laser cutting of aluminum alloy AlMg3. Laser cutting experiment, conducted according to the full factorial design, where three laser cutting parameters (laser power, assist gas pressure and cutting speed) were varied at three levels, provided a set of experimental data for the development of mathematical model for the prediction of the kerf width. Statistically assessed as adequate, the developed mathematical model was used for the analysis of interaction effects of selected laser cutting parameters on the kerf width. It was observed that assist gas pressure predominantly affects the laser cutting process of aluminum-magnesium alloy considering kerf width.
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1. INTRODUCTION
Aluminum and its alloys are among the most versatile engineering and construction materials because of their unique characteristics [1]. Pure aluminum is soft and ductile, and it is often alloyed with small amounts of copper, magnesium, manganese, silicon, zinc or lithium to improve its techno-technological characteristics. With a wide range of attainable properties, aluminum alloys are typical engineering materials in many industries such as the automotive, construction, and aerospace industry [1, 2].
For 2-D cutting of aluminum alloys two nonconventional machining technologies are predominantly used, laser cutting and abrasive waterjet cutting. Laser cutting of aluminum alloys with CO2 lasers is considered difficult because of high reflectivity and thermal conductivity of aluminum alloys. Therefore, it is a common practice to use Nd:YAG lasers for cutting aluminum alloys since higher absorptivity of the Nd:YAG laser enables its processing with relatively less laser power. On the other hand, the use of CO2 lasers for cutting of aluminum alloys is not common [3], however, from the industrial point of view, such a possibility would be very welcome [1].
To this aim a number of research studies were carried out to study CO2 laser cutting of aluminum alloys. Stournaras et al. [1] investigated the effect of laser power, cutting speed, pulsing frequency and assist gas pressure on cut quality characteristics such as kerf width, surface roughness and the size of the heat affected zone (HAZ) while cutting 2 mm thick AA5083 aluminum alloy sheet. Riveiro et al. [2] studied the influence of several laser cutting parameters on the cutting speed and cut quality characteristics (surface roughness, dross and HAZ) while cutting 3 mm thick aluminum–copper alloy. Araujo et al. [4] performed microstructural examination of the HAZ while cutting 1.6 mm thick aluminum 2024 sheet. Riveiro et al. [5] investigated the influence of different assist gases (argon, nitrogen, oxygen and air) on the edge quality and its surface chemistry during laser cutting of a typical 2024-T3 commercial aluminum-copper alloy, with a thickness of 3 mm.
The scope of the present paper was to investigate CO2 laser cutting process of aluminum alloy (AlMg3). More specifically, the study was focused on the analysis of the effects of the most important laser cutting parameters such as laser power, assist gas pressure and cutting speed on the kerf width. To this aim, full factorial experimental design was adopted for the experimentation and the obtained data were used for the development of kerf width mathematical model.
2. DESIGN OF EXPERIMENT AND EXPERIMENTAL SETUP
The quality of experimentation can be improved by using the scientific experimental design tecniques. For the experimental plan, the full factorial design was used in which the experiment trials were performed as per standard 33 full factorial design. Thus, based on the literature review, pre-analysis and pilot experimentation, three laser cutting parameters were selected, i.e. laser power (P), assist gas pressure (p) and cutting speed (v) and were varied at three levels, resulting in total of 27 experimental trials. The interval range for each of the laser cutting parameter was chosen so that a full cut in each experimental trial is achieved and by considering manufacturer's recommendations. Table 1 gives the ranges of laser cutting parameters and their levels within the experimentation.
Table 1 Laser cutting parameters ranges and their levels within the experimentation
	Laser cutting parameter
	Unit
	Level

	
	
	1
	2
	3

	Laser power, P
	kW
	3
	3.5
	4

	Assist gas pressure, p
	bar
	6
	8
	10

	Cutting speed, v
	m/min
	3
	3.25
	3.5


The experimental trials were conducted on a 4 kW CO2 laser cutting machine (Prima Industry) in real industrial environment. The cuts were performed on AlMg3 sheet with thickness of 3 mm, by using the nitrogen with purity of 99.95% as assist gas. The cuts were performed with a continuous wave and Gaussian distribution beam mode (TEM00) by focusing the laser beam on the bottom surface of the sheet using a focusing lens with a focal length of 5 in (127 mm). The conical shape nozzle with 2 mm diameter was used. The nozzle–workpiece distance was controlled at 0.8 mm.
Rectangular specimens with dimensions 20 mm ( 40 mm were cut in every experimental trial. Kerf width (w) was measured using optical coordinate measuring device Mitutoyo (typ: QSL-200Z) with resolution of the length measuring system of 0.5 µm. The kerf width of each specimen was measured by analyzing pictures of the top (laser beam entry) and bottom surface (laser beam exit) of the specimens using Q-spark image processing software. The kerf width was measured at 3 equally distanced positions along the picture of the kerf, which covers the distance of 3.15 mm (9(0.35 mm) taken approximately in the middle of the cut (Fig. 1). Figure 1 shows that the cuts are parallel sided and that there exists a significant difference in kerf width on top and bottom side of the specimen, i.e. deviation of perpendicularity.
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Fig. 1 Optical micrographs of top kerf (a) and bottom kerf (b) obtained when using laser power of 4 kW, assist gas pressure of 8 bar and cutting speed of 3.25 m/min
3. RESULTS AND ANALYSIS
Raw data are impractical for interpretation and analysis of experimental results. For the purpose of the detailed analysis of the conducted experimentation, the raw data were used to develop mathematical model using regression analysis. The developed regression model was aimed at establishing relationships between laser cutting parameters and the kerf width. Using the least square method, the following regression model for prediction of the kerf width was developed:
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The mean average percentage error less than 5 % between experimentally measured kerf width values and regression model predictions suggests that the developed mathematical model is reliable and can be used for the analysis of experimental results. Based on the develop model the detailed analysis of the effects of the laser cutting parameters on the kerf width was conducted (Fig. 2).
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Fig. 2 Interaction effects of the laser cutting parameters on the kerf width
As seen from Fig. 2a,b the effect of the laser power on the kerf width is nonlinear and variable. When using high assist gas pressure or high cutting speed, the increase in laser power increases the kerf width. However, when using low assist gas pressure and higher laser power levels (Fig. 2a), at a constant cutting speed, although there is a more molten material to be removed, low assist gas pressure is not sufficient for complete removal. Another reason for this phenomenon may be the following. Namely, it is possible that after certain laser power level and at low assist gas pressure, melting and evaporation take place at the same time on the top surface of workpiece material forming surface plasma which may partially block laser beam which results in less energy absorption. 
As could be expected, the lower laser power and the higher cutting speed results in the low heat input during cutting operation so as lower kerf width is obtained (Fig. 2b). These results are in agreement with those reported in reference [1].
It is observed that a general decrease in kerf width occurs with an increase in cutting speed for laser powers from 3 to 3.4 kW (Fig. 2b). In the case of lower cutting speeds, the material is heated within a relatively wide zone around the laser beam thus forming a wider kerf. A high cutting speed causes enhanced cooling and thus, the melting isothermal and the kerf width become smaller [1]. On the other hand, combination of high laser power and low cutting speed may result that greater proportion of material are evaporated forming surface plasma that reduces the amount of irradiated energy absorbed in the cutting region.
For a constant laser power level, combination of low assist gas pressure and low cutting speed produces the smallest kerf width as well as combination of high assist gas pressure and high cutting speed (Fig. 2c). It can be observed that for assist gas pressure of 6 bar, the kerf width increases with the increase of cutting speed. This, at first glance unusual phenomena, may be explained as follows. Namely, as argued by Schuöcker [6], in inert gas laser cutting of mild steel for a certain range of cutting speeds, vaporization temperature is achieved at the melt film surface which can be a reason for widening the kerf width. This effect can be suppressed with higher assist gas pressure (Fig. 2c) since a stronger momentum transfer decreases the melt film thickness and also the temperature due to enhanced cooling.
From Fig. 2 it was observed that the kerf width is highly sensitive to the selected laser cutting parameters and their interactions. Note the 3-D surface plots in Fig. 2 were generated considering two laser cutting parameters at a time, while the third parameter was kept constant at center level. Thus, when changing the third laser cutting parameter value one can expect some changes in the effect of laser cutting parameters and their interactions on the kerf width. Here should also be noted that achieving desired kerf width can be obtained by a set of different combinations of laser cutting parameter values. However, finding a set of the laser cutting parameter values to meet the desired kerf width, calls for the parameter optimization in three-dimensional laser cutting parameter hyperspace.

Finally, from Fig. 2 one can summarize the order of magnitude of the interaction effects in descending order as follows: assist gas pressure ( cutting speed, assist gas pressure ( laser power and laser power ( cutting speed. It can be concluded that the assist gas pressure has the maximum influence on the kerf width followed by the cutting speed and laser power. 

In the conducted study, regarding the other kerf quality characteristics using the raw experimental data, the following was also observed. In all experimental trials kerf is wider at the side of beam entrance (top kerf) with respect to the beam exit side (bottom kerf). For the same combinations of laser cutting parameter values, kerf width at the bottom side is in average significanlty smaller, of about 50 %. Thus, all obtaned laser cut specimens poses kerf taper. Maximum kerf taper angle was about 3.78º and was obtained while using laser power of 4 kW, assist gas pressure of 10 bar and cutting speed of 3.5 m/min. On the other hand, minimum kerf taper angle was about 1.57º and was obtained while using laser power of 4 kW, assist gas pressure of 6 bar and cutting speed of 3 m/min. It terms of perpendicularity of the cut, which can be calculated by dividing the difference of top and bottom kerf width with two, perpendicularity of the cut varies between 0.08 mm and 0.2 mm. In accordance with British Standard of thermal cutting BS EN ISO 9013:2002(E) [7] according to which the quality of the cut is classified into five classes with respect to perpendicularity of the cut, in most cases quality classes 1 and 2 are obtained.
4. CONCLUSION

The CO2 laser cutting of aluminum alloy sheet with 3 mm in thickness was performed in order to investigate the effect of laser power, assist gas pressure and cutting speed on the kerf width. Experimentation was based on the use of full factorial design. The obtained experimental results were used for the development of kerf width prediction model. Within the covered experimental hyperspace, from the analysis of the effect of laser cutting parameters on the kerf width the following conclusions can be drawn:
· the kerf width is highly sensitive to the selected laser cutting parameters and their interactions,

· the functional dependence between the kerf width and laser power, assist gas pressure and cutting speed is nonlinear and variable. Thus the effect of a given laser cutting parameter on the kerf width must be considered through the interaction with other parameters,
· although combination of laser power and cutting speed determines the amount of heat that enters the cutting operation, it has been observed that assist gas pressure predominantly affects the laser cutting process of aluminum alloy AlMg3. Assist gas pressure has the maximum influence on the kerf width followed by cutting speed and laser power.

Complexity of laser cutting process requires taking into account different process performance characteristics at the same time such as cut quality characteristics, material removal rate and processing costs. In this sense a study concerned with the analysis of the effects of laser cutting factors on multiple performance characteristics such as kerf width, surface roughness, kerf taper, dross formation, material removal rate is to be performed in next research steps.
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