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Abstract

Rapid solidification is a relatively new and effective way of ultrafine grained UFG aluminum alloys production with enhanced mechanical properties. Due to significant cooling rate close to almost 106 K/s it is possible to obtain material with grain size far below 100 nm. In the present study RS aluminum alloys with Si content in a range of 5–10 wt.% were produced during melt spinning. As a result, materials in a form of ribbons were produced. As-received flakes were subjected to cold pressing into a cylindrical billets with diameter of 40 mm. Hot extrusion of pre-compacted material was subsequently performed at the temperature of 450°C with press ram speed of 3 mm/s and extrusion ratio of λ = 25.
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Streszczenie

Poprzez szybką krystalizacje możliwe jest otrzymanie struktury drobnoziarnistej stopów aluminium o podwyższonych własnościach mechanicznych. Znaczna szybkość chłodzenia na poziomie 106 K/s umożliwia otrzymanie wielkości ziarna na poziomie 100 nm. W prezentowanej pracy, szybkiej krystalizacji poddano stopy aluminium o zawartości 5–10% wagowych Si. Otrzymane taśmy poddano wstępnemu prasowaniu na zimno do form brykietów o średnicy 40 mm. Proces wyciskania przeprowadzono w temperaturze 450°C z prędkością tłoka równą 3 mm/s. Stopień przeroby wynosił λ = 25.

Słowa kluczowe
: konsolidacja plastyczna, szybka krystalizacja, wyciskanie na gorąco
1. Introduction

Al-Si alloys are widely used in modern automotive industry to produce engine blocks and their parts [1,2], and this is mainly due to their good castability, high wear resistance, low thermal expansion coefficient and preferable specific strength [3]. Conventional casting of Al-Si materials leads to the formation of polygonal, star-like or oblong eutectic silicon phases whose size has a significant impact on mechanical properties [4]. Therefore, to improve those properties, additional refinement of silicon particles has to be applied, using chemical modifiers such as Sb and Sr or, alternatively, using mechanical methods, such as ECAP [5], spray forming or rapid solidification. The aim of this study is to present the effect of silicon particles refinement obtained by rapid solidification (RS) technique on the mechanical properties of materials with different Si content. 
The experimental results presented in this study have proved that the high cooling rate during RS has a significant effect on both structure and mechanical properties of the examined materials.
Apart from compensating for seasonal oscillations in natural gas consumption, UGS also play the following functions [1, 2]:

· exploitation of a gaseous system with steady gas volumes, achieved thanks to the high coefficient of system utilization, and the resulting lower cost of gas transport,

· guaranteed full and uninterrupted gas deliveries to customers,

· continuous production from natural gas fields,

· plausible withdrawal of constant quantities of import gas,

· creation of economic and strategic gas reserves in the case of interrupted deliveries of import gas.

To make use of products of the melt spinning process, i.e. ribbons, possible in any industrial application, their plastic consolidation has to be performed. In this process, the ribbons pre-compacted into the form of small billets are being extruded at an elevated temperature [5, 8]. 
2. Experimental procedure 
Binary Al-Si (5–10 wt%) alloys were prepared by adding pure Si to the AA1050 aluminum melt obtained at 850°C by induction heating. The chemical composition of the AA1050 alloy is given in Table 1.
 The sample of 7075 alloy (without any layer) had the largest increase in roughness (6129%), the second largest increase (3216%) was recorded for sample after 5 minutes of phosphatizing. The sample after 3 minutes of phosphating had the smallest increase in roughness (2030%). The above measurements results indicate that alloy 7075 was the least resistant to corrosion as evidenced by the biggest change in Ra parameter. The sample with MAO layer had the smallest change of parameter Ra corresponding to samples after 3 min and 5 min oxidation are 117% and 101%.
Table 1. Average roughness parameter Ra calculated before and after corrosion test
	Alloy Surface before corrosion , the average parameter Ra [μm]

	METHOD

	Alloy

7075
	MAO
	Phosphating

	
	3 min
	5 min
	3 min
	5 min

	0.62
	3.61
	5.07
	0.94
	0.83

	Alloy surface after corrosion , the average parameter Ra [μm]

	38
	4.22
	5.1
	19.08
	26.69

	Change in roughness [%]

	6129
	117
	101
	2030
	3216


The obtained materials were afterwards subjected to the process of melt spinning performed with the use of copper wheel (14.8 cm in diameter), which rotated at a speed of 2800 rev/min. Melting of aluminum alloy was carried out at a temperature of 850°C in graphite chamber under an argon atmosphere. The obtained ribbons (Fig. 1) were pre-compacted at room temperature under a pressure of 240 MPa into the form of round (40 mm diameter, 10 mm high) briquettes with a total weight of 25g. As a reference material AA1050 (CM 1050), solid alloy with the same addition of Si (CM 5% Si, CM 10% Si) and alloy were cast in a steel die. In order to evaluate the size of Si particles after the extrusion, microstructure examinations were performed under a Hitachi SU-70 SEM. Moreover, microhardness tests were made using a Shimadzu HMV-G hardness tester and a load of 0.9807 N (HV 0.1). Samples for microstructural examinations were prepared by grinding and polishing the cross-sections of extruded materials. 

After pre-compacting process, the billets were preheated at 450°C for 20 minutes in the press container. This operation has provided a uniform temperature distribution inside the material. The billet weighing 200g was extruded at a temperature of 450°C with the ram speed of 3 mm/s and extrusion ratio of 25. As a result of this operation, a profile with a round cross-section of 8 mm diameter has been obtained. Tensile test samples with a gauge length of 25 mm and a diameter of 5 mm were machined from the extruded profiles. Testing of mechanical properties was performed on a Zwick/RoellZ050 machine at room temperature and with a constant strain rate of 8∙10−3 s−1. 

[image: image1]
Fig. 1. 
Images of ribbons with Si content: a) RS 5% Si; b) RS 10% Si – before and after pre-compaction
Measurements using this method were taken in the following manner:

(−) Na-Bi | solid electrolyte | Mo (+)

Upon application of an appropriate voltage, lower than the decomposition voltage of the examined material, there is no electrolysis, and ion current flows only in the initial moment. This current decreases to zero as the area near the blocking electrode is emptied of Na+ ions (blocking electrode is not a source of Na+). In polarized state, only the electronic current (and/or hole current) can flow. Wagner gives an equation which expresses the intensity of this current [7]:
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where:
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Wagner equation can be written down in a rectifying system as:
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Plotting the left side of equation (2) as a function 
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3. TEST RESULTS
Figure 2 shows a sample polarization curve plotted for pure cryolite at a temperature of 1073 K.
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Fig. 2. 
The polarization curve plotted for cryolite at a temperature of 1073 K and a voltage of 0.3 V

Figure 3 shows the microstructure of extruded profiles cross section. Rapid cooling of molten metal leads to significant refinement of Si particles, much higher than in the traditional process [6,11]. Cast materials additionally featured notable amount of porosity detected on the profile cross-sections (Fig. 3a, c). Compared to reference materials, the microstructure of as-extruded aluminium rods after rapid solidification, designated as RS 5% Si and RS 10% Si, was characterized by high ratio of the silicon particles refinement and presence of intermetallic phases (Fig. 3c, d). They had spherical and regular morphologies without cracks and pores. Some researchers suggest that the arrested growth of silicon particles is the effect of limited diffusion caused by rapid solidification [4]. High cooling rate also increases the refinement ratio of the intermetallic phases [8]. Cast materials show the presence plate particles of the intermetallic phases (Fig. 3a, c). In RS materials, these phases are much finer, and have a spherical or rounded shape with the diameter of ~300 nm (Fig. 3b, d). 

[image: image13]
Fig. 3. 
Microstructure of as-extruded rods- cross section: a) CM 5% Si; b) RS 5% Si; c) CM 10% Si; d) RS 10% Si
Using an EDS (Energy Dispersive Spectroscopy) detector and the literature data [6, 7] these phases were identified as an Al-Si-Fe compound (Fig. 4). The average diameter of the intermetallic phases in the CM 5% Si and CM 10% Si materials, where the cooling rate was approx. 101–102 K/s, was equal to 1.88 µm and 1.98 µm, respectively. In contrast, in the rapidly solidified alloys cooled at a rate of approx. 105–106 K/s, the average diameter was 250 nm for the RS 5% Si alloy and 280 nm for the RS 10% Si alloy.

[image: image14]
Fig. 4. The results of EDS analysis a) CM 10% Si; b) RS 10% Si
For pure cryolite, the obtained value of the electronic component e at a temperature of 1073 K was 8.062·10−4 S·cm−1. In turn, the value of the ordinate of the linear equation shown in Figure 2, corresponding to the hole conductivity, was a thousand times lower than the electronic component (and therefore negligible). The same calculations were performed for all tested electrolytes in the solid state. Similarly to the case of cryolite, the component of hole conductivity was assuming the values by three orders lower than the electronic component. 
4. Methods
Two separate plots are shown in Figure 5. Microhardness of all tested materials. From these plots it follows that with higher Si content the mechanical properties such as YS, UTS and microhardness increase, but at the cost of the decreasing plasticity. 

[image: image15]
Fig. 5. 
Engineering stress strain curves
Table 2 summarizes, for various electrolytes and temperatures, the obtained in [1] and [2] values of the total conductivity (κ), electronic component (κe) obtained in this work, ionic component (κj) calculated from equation (3), and the percent share of κe in κ (Uke is calculated from equation (4)):
κj = κ − κe [S∙cm−1]









(3)


[image: image16.wmf]100

×

=

k

k

e

ke

U

 [%] 









(4)

Table 2. Summary of the obtained results of the total, electronic and ionic conductivity of the tested solid electrolytes
	Electrolyte
	T, K
	κ·10-3
, S·cm-1
	κe·10-3, S·cm-1
	κj·10-3, S·cm-1
	Uκe, %

	Na3AlF6
	773
	1.07 [1]
	0.25
	0.83
	22.9

	
	873
	5.30 [1]
	0.24
	5.06
	4.6

	
	973
	11.10 [1]
	0.38
	10.72
	3.4

	
	1073
	23.00 [1]
	0.81
	22.19
	3.5

	Na3AlF6 + 4 wt% CaF2
	773
	2.54 [2]
	0.26
	2.28
	10.3

	
	873
	13.90 [2]
	0.30
	13.61
	2.1

	
	973
	25.10 [2]
	0.52
	24.58
	2.1

	
	1073
	46.10 [2]
	1.16
	44.94
	2.5

	Na3AlF6 + 6 wt% MgF2 
	773
	2.73
	0.27
	2.46
	10.0

	
	873
	24.70
	0.31
	24.39
	1.3

	
	973
	41.00
	0.47
	40.53
	1.1

	
	1073
	63.60
	1.08
	62.52
	1.7

	Na3AlF6 + 8 wt% AlF3 + 4 wt% CaF2
	773
	27.70 [2]
	1.30
	26.40
	4.7

	
	823
	43.80 [2]
	1.51
	42.29
	3.4

	
	873
	57.70 [2]
	1.84
	55.86
	3.2

	
	923
	89.80 [2]
	2.30
	87.50
	2.6

	Na3AlF6 + 8 wt% AlF3 + 4 wt% Al2O3 + 4 wt% CaF2 + 4 wt% MgF2 
	773
	10.31
	0.99
	9.32
	9.6

	
	823
	23.21
	1.15
	22.06
	4.9

	
	873
	33.45
	1.37
	32.08
	4,1

	
	923
	50.25
	1.7
	48.55
	3,4


The elongation of CM 10% Si alloy has reached only 11%. The decrease of plasticity so significant, compared to the reference material designated as CM 1050, can be attributed to the high content of Si and the presence of intermetallic particles (Fig. 3c). After conventional casting, the particles of primary and eutectic silicon and of the intermetallic Al-Si-Fe phases were characterized by an irregular and oblong needle-like morphology (Fig. 3a, c) [4]. This shape had a negative influence on the mechanical properties of extruded rods. Based on the results of a uniaxial tensile test and microhardness measurements it can be concluded that changes in the distribution of phases and their morphology resulting from RS are directly reflected in the increase of mechanical properties [9]. The results presented in Figure 5 suggest that alloys made by rapid solidification preserve their high strength and plasticity. It was observed that microhardness values of the CM 5% Si alloy cast by the traditional process and of the rapidly solidified RS 5% Si alloy were at a similar level. Microhardness increase by ~30% was observed in the alloy RS 10% Si. The comparison was made with an alloy of the same chemical composition but undergoing the conventional solidification process (CM 10% Si).
5. CONCLUSIONS
1. The electronic conductivity determined in this study assumes the lowest values for pure cryolite (0.25·10−3 S∙cm−1 at 773 K) and in the examined range of temperatures shows little dependence on temperature and the presence of MgF2 and CaF2.
2. The greatest influence on the electronic component, similar to the total conductivity, has the presence in an electrolyte of the additions of AlF3 and CaF2. The electronic component of an electrolyte containing these additives increases to 1.51·10−3 S∙cm−1 at 773 K and to 2.3·10−3 S·cm−1 at 932 K.
3. The increased total conductivity of the solid electrolyte in both two- and multi-component systems is mainly due to an increase in the ionic component.
4. The trend in aluminium metallurgy to enrich the liquid electrolytes with AlF3 and CaF2 in order to lower the temperature of the electrolysis and increase current efficiency can have negative consequences for the process of electrolysis, mainly due to higher current leakages through the layer of side ledge.
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