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Summary: The improved production efficiency of heat treatable Al alloys, as the result of applied electromagnetic field during continuous casting process was investigated. The mechanical characterization of continuous casted Al-alloys EN AW 2007 and En AW 2024 was done on testing machine Zwick/Roell Z 100. The microstructure of as-cast samples was examined, as well. The results have shown that low frequency electromagnetic field significantly influenced the microstructure and mechanical properties of as cast ingots, and thus through increased castings quality, operation time and energy savings, the production efficiency was improved. 
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1. INTRODUCTION 
The heat treatable Al alloys EN AW 2007 (AlCu4Pb Mg). and EN AW 2024 (AlCu4Mg1Mn) are designed for plastic processing and belong to high strength group of alloys with wide application in almost all fields of industry. Their processing involves a series of technological operations (modification, casting, homogenization, pressing forming and heat treatment) (1,2(. Although long lasting and expensive process, because of high consumption of electrical energy, the homogenization is unavoidable in terms of obtaining an alloy with appropriate properties during the conventional processing. 
The main idea is to avoid or shorten this process in order to increase production efficiency. The conventional horizontal or vertical direct chill casting due to unbalanced strengthening conditions, leads to appearance of many defects. These are: inhomogeneous microstructure, porosity, hot cracks, non-uniform grain size and crystal segregation in the ingot. All this leads to deterioration of mechanical properties of strength and toughness, first of all. In attempt to eliminate the specified disadvantages, various methods have been applied worldwide: powder metallurgy, ultra-sound and mechanical vibrations. Unfortunately, those procedures are either too complicated and expensive or unsatisfactory efficient. It is shown in literature that the procedure of casting under the influence of electromagnetic field is much easier and more efficient (3-6 (.
During casting in the electromagnetic field presence, under the effect of alternating current, an alternating magnetic field is generated by the inductor and the melt can be inductively stirred. Generally speaking, improvement of microstructure, reduction of porosity and stimulation of heterogeneous nucleation is caused by forced convection generated by electromagnetic forces, resulting in colder melted metal flow from edges towards the centre and vice versa, establishing more balanced temperature field. The more uniform temperature through a cross section of ingot also reduces tensions, which arise during strengthening. Reduction of metallurgical defects in ingots can also be expected. This paper presents the investigation of applying electromagnetic field in the procedure of Al alloys casting, with the purpose to influence the crystallization process in order to obtain modified microstructure and improved mechanical properties. The possibility to avoid some technological operations in course of obtaining (modification) and processing (homogenization) of these alloys, which would lead to significant economic effect, is also presented here.
2. EXPERIMENTAL
The chemical composition of the used alloys EN AW 2007 and EN AW 2024 is shown in Table 1.

Table 1 Chemical composition of the used alloys

	Content/
Alloy
	Si
	Fe
	Cu
	Mn
	Mg
	Pb
	Ti

	EN 2007
	0.30
	0.30
	3.92
	0.80
	0.95
	1.10
	0.01

	EN 2024
	0.09
	0.22
	4.10
	0.60
	1.28
	-
	0.01


The medium frequency induction furnace, with capacity of 100kg was used for melting alloys. The both ingots, of alloy 2007, with diameter ( 50mm and of alloy 2024, with diameter ( 60mm were obtained by horizontal continuous casting with pulse draw-out. There was a drainpipe with graphite crystallizer that is intensively cooled with water at the bottom of the furnace The low frequency magnetic field is placed around the crystallizer itself, (5,6(.
The casting temperature was in the range between 710 and 720 °C and average casting speed was 1,5 mm/s. The operating parameters during the casting of ingots were strictly controlled and defined by various values of current (A), frequency (Hz) and strength of electromagnetic field (At). The number of coil turns was N=40. Frequencies were selected in the range from 1830 to 30 Hz. 
The samples for microstructure analysis were taken on a cross section of an ingot. The microstructure was examined after the usual metallographic preparation and etching in Keller’s reagent (revealing morphology of Al segregation-solid solution and inter metallic phase) and anode oxidation with Barker’s reagent (revealing size and shape of the grain in presence of dendrite segregation). For the quantitative microstructure analysis the image analysis device Leica Q500MC was used.

The tensile mechanical testing of the alloys was performed on testing machine Zwick/Roell.
3 RESULTS AND DISCUSSION
The microstructure has shown that Al segregation from the solid solution resulted in celluar/dendritic morphology. The structures of sample 1, casted without the electromagnetic field presence, and samples 4 and 5, casted under the influence of high frequency electromagnetic field, are more dendritic compared to the samples 2 and 3, which were casted with the presence of low-frequency electromagnetic field. Obviously, the application of high frequency has no effect on the improvement of microstructure. Quite oppositely, at 1830 Hz the structure was rougher compared to one obtained without the influence of electromagnetic field. On the other hand, the regions of extracted intermetallic phase, in the form of eutecticum or individually, become finer with the electromagnetic field introduction and with frequency decreasing from 50 Hz in sample 2 to 30 Hz in sample 3.
It is determined that the porosity of interdendritic type is reduced from sample 2 (casted at 50 Hz) towards the sample 3 (casted at 30 Hz), i.e. it is decreased with the decrease of electromagnetic frequency. It is also found that the grain size is significantly reduced from the sample 2 to the sample 3. This is important because the less amount of porosity and the smaller grain size contributes the better quality of ingots and thus to mechanical properties. Since it was concluded that there are no positive effects of high frequency to the obtained microstructure, the further investigation included only the mechanical properties of samples obtained by application of lower frequencies, i.e. of 50 Hz and 30 Hz, and also of the one obtained without the influence of electromagnetic field made of the same alloy EN AW 2024. 

For mechanical testing, the Zwick/Roell Z 100 device was used. The samples for this tensile testing were prepared according to JUS C.A4002 and for the hardness testing according to JUS C. A4.103. The values of mechanical properties are given in Table 2.

table 2 Mechanical properties of alloy 2024 ingots
	Sample

mark
	Rp0.2
(Mpa)
	Rm

(Mpa)
	A

(%)
	HB5/25//30

	2
	198.1
	243.2
	1.2
	93.5

	3
	246.6
	274.2
	0.7
	107.0


The stress-strain curves can be seen in Figure 1.

[image: image2.emf](a) sample 2

[image: image3.png]Stress [N]

20000

15000

10000

5000

Fracture

¢

Strain %

10




(b) sample 3

Fig. 1 Stress-strain curves
Based on the previous microstructure analysis, the increasing trend of alloy resistance properties could have been expected [7]. However, the decrease of plasticity for specimen 3 can be interpreted by the appearance of rough continually extracted intermetallic phase in interdendritic regions, Fig 2, in relation to specimen 3. This continually grid of intermetallic phase particles has detrimental effect on mechanical properties, especially on plasticity [8]. Furthermore, one should have in mind the fact that the values of mechanical properties for specimens of alloy 2024 casted without the influence of electromagnetic field were: Rp0.2=162.5MPa, Rm= 179.9MPa and A=0.49%. i.e.they were the lowest.
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Fig. 4 Intermetallic phase extracted in interdendritic regions, sample 3

CONCLUSION

The investigations results of alloy EN AW 2024 and EN AW 2007 ingots obtained under different operating conditions, with or without the presence of electromagnetic field, clearly show its positive effect on the microstructure and mechanical characteristics. It has been proved that only the application of low frequency electromagnetic field (( 50Hz) has the positive effects, which obviously change strengthening conditions. Namely, when the frequency decreases (from 50 Hz in sample 2 to 30 Hz in sample 3), the grain size decreases as well, what is noticeable through the finer microstructure and its uniformity throughout the cross-section. It is also determined that the porosity of interdendritic type is reduced from sample 2 (50 Hz) towards the sample 3 (30 Hz). 

All of this contributes the better mechanical properties and thus the quality of ingots. The better mechanical properties in the initial stage of production process provide less consumption of electrical energy. Obtained results indicate that some steps in conventional technological process can be avoided, namely better surface quality contributes the surface machine processing elimination. Besides, the finer microstructure gives the possibility to shorten or eliminate the homogenization process, one of the longest and the most expensive process during the production of aluminum alloys. This is the relatively non expensive way in terms of investments needed, to achieve both, the improved castings quality and the increased production efficiency.
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