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Abstract

:

The mechanical properties of high-pressure die-casted parts are directly influenced by their microstructure. This article aims to evaluate the effect of the fast-shot speed on the structural component and overall microstructure for two geometrically different castings. The material used during experimental works is commonly known as the AlSi9Cu3(Fe) alloy. For experimental purposes, numerical simulations, microstructural and EDS analysis, the DAS index, length of eutectic Si plates and more were implemented. The simulations have shown the possibility of air entrapment in the filling chamber. Oxides, and consequently microporosity, were localized, which led to the selection of critical points of the casts for further observation and evaluation. With the use of the optical/scanning microscope and microhardness evaluation, the fast-shot speed value of 3.6 m.s−1 was selected as the most advantageous.
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1. Introduction


Several technological factors enter the process of high-pressure die casting (HPDC), which fundamentally influence the final quality of the casting. Current HPDC technology research focuses on improving the quality of castings by optimizing process parameters to ensure the best possible mechanical properties of the casting, which are directly influenced by the microstructure [1,2].



In hypoeutectic aluminium alloys, crystallization nuclei are formed by the heterogeneous nucleation of the solid phase in the melt. The refinement of the structure is a consequence of the direct dependence between the pressure in the melt and the critical size of the nucleus. The greater the working pressure applied to the melt, the smaller the critical size of the crystallization nuclei [3,4,5,6]. The results of the study of hypereutectic and hypoeutectic alloys confirmed better mechanical properties (HV, Re, A) when a higher working pressure (127 MPa) was applied, and a lower value of working pressure of 87 MPa resulted in the highest observed porosity [7,8,9].



Another important technological factor of high-pressure die casting is the die cavity-filling speed. If the speed in the gates is lower than optimal, misrun, dimensional inaccuracies or cold joints might occur. On the contrary, when the velocity is greater than the optimal value, the melt stream hits the die cavity walls with high kinetic energy and washes the formed metal crust into the interior of the casting, and the alloy sticks to the die wall and results in a map-like surface of the casting [10,11,12]. An increase in turbulent flow tied to a higher filling speed allows large non-metallic inclusions to break down into a higher number of smaller particles, resulting in tensile strength and a ductility increase.



Preheating the filling chamber and the die before the start of the casting process prevents the temperature of the melt from decreasing, and premature crystallization is prevented. A too-high temperature of the die surface results in the non-sufficient adhesion of the lubricant to the surface and associated blistering. A low temperature does not ensure the removal of residual moisture in the die, which is the source of air bubbles, and castings are prone to defects such as cold flow and cold shut [2,3,13,14,15].



In research experiments, numerical simulation in the field of high-pressure casting allows researchers to move away from the ‘trial and error’ approach to a more scientific one that includes calculation and analysis. It tends to be used to predict porosity, to optimize the gating system or to simulate die casting using a vacuum [16,17,18].



Previously stated technological factors directly affect the microstructure of the alloy. The HPDC technology is frequently used to cast Al-Si alloys: predominantly eutectic, hypoeutectic or Al-Si-Mg; Al-Si-Cu; or Al-Mg alloys. Regarding the mechanical properties, the purity of the alloy and the content of inter-metallic phases are crucial.



Iron is considered to be an impurity in Al alloys due to the negative effect of ferrous inter-metallic phases on the mechanical properties. However, in HPDC technology, its content is tolerable up to 1 wt.% since it prevents the casting from adhering to the die. The addition of Fe may reduce ductility but increase the yield strength and hardness of the casting. Considering mechanical properties, the least advantageous morphology of the ferrous inter-metallic phase is the long and thick plate of β-Al5FeSi which decreases elongation and yield strength. Adding Mn changes the morphology to less-degrading fish bone-like α-Al15(Fe,Mn)3Si2. An experimental study on adding Mn and Cr to AlSi9Cu3(Fe) alloy and subsequent HPDC casting confirmed the presence of the ferrous inter-metallic phase α-Al(Fe,Mn,Cr)Si in the shape of a rhombic dodecahedron. Copper can present itself in two modifications of Al2Cu: by itself as oblong grains or as ternary eutectic Al-Al2Cu-Si [19,20,21,22].



The main aim of this paper is to investigate the effect of plunger speed movement in the second phase of HPDC on the microstructure for two geometrically different castings and determine its optimal value. The contribution is aimed at evaluating the size and morphology of individual structural components, and the presence of porosity in dependence on the maximum speed of the plunger during the HPDC process. It is necessary to emphasize that the biggest problem with the given technology is the creation of turbulence during the injection of liquid metal into the mold, due to the creation of closed areas with entrapped air, so a correctly determined plunger speed in the second phase leads to the optimal homogeneity of the microstructure, and this guarantees the necessary quality of the resulting castings.




2. Materials and Methods


The objective of the experiment was to use numerical simulations in the HPDC process followed by an evaluation of the experimental castings. Simulations were utilized to predict spots in the casting with reduced quality and variation of its structure due to the change of the plunger movement speed. Another variable was the geometric change of the casting.



The chemical composition of the AlSi9Cu3(Fe) alloy used in the work is in Table 1. The addition of Cu to alloy can increase the strength over a wider temperature range. Experiments conducted regarding this alloy [23] stated that the addition of 3 wt.% Cu showed the highest strength, hardness and lowest oxidation rate of the alloys compared. The small addition of magnesium formed an inter-metallic Mg2Si phase with silicon, which further enhanced the mechanical properties of the alloy [24,25].



Experimental castings were used as EC electromotors’ housing produced by Rosenberg ltd., Medzev, Slovakia. It consisted of two main parts: the tube part and thin-walled hat part (Figure 1a). The compared shapes of the Statorbuchse GD 150 casting varied in the length of the tube part, and the difference is shown in Figure 1. They will hereafter be referred to as SB 120 and SB 55 based on the designation of the tube’s individual parts. The casting process of both castings was simulated in four alternatives in which the maximum pressing speed of the plunger in the filling chamber—the fast-shot speed vmax—parameter varied. Figure 2 graphically represents the dependence of the plunger speed to its position for both geometric variants.



After the numerical simulation, a physical casting process took place, following identical parameters as were used in the simulation. Melting was performed using a Striko Westofen MHS 750/350 furnace, and the melt was degassed for 120 s afterwards. The casting process was performed in CLH 630.02P and CLH 400.02P horizontal cold chamber die casting presses. Two different presses were used due to the considerable dimensional difference of the parts and to secure the undisturbed and continuous production process in the foundry. Process parameters for both castings are provided in Table 2. The SB 55 casting with its gating system is shown in Figure 3.




3. Numerical Simulation Results


The simulation input conditions and parameters were selected based on the real conditions of the HPDC process in Rosenberg Slovakia ltd. foundry and are provided in Table 3. The simulation software ESI Group, ProCAST 2020.0, Rungis, France was used with the visual environment 17.5 extension. A finite element (FE) mesh was then generated accordingly with a minimum mesh size of 0.5 mm to ensure an accurate description of fluid flow through the thin ingate.



The simulation of pouring the melt into the cold chamber predicted the probability of the melt surface hitting the head of the plunger (Figure 4a). Consequently, this can result with an air entrapment or surface oxides in the bulk of the melt volume. Due to the shape similarity of the used cold chambers, it can be said that this phenomenon will occur in both the SB 120 and SB 55 variants.



In addition to this, the following mechanism of oxide formation was also predicted: prior to the plunger movement, as the melt surface settled, the melt began to naturally oxidize as soon as it met the atmosphere. By the controlled speed of the plunger movement in the first phase, the melt surface with the newly created oxides was pushed forward. After the cold chamber was filled, this specific area of molten metal was firstly injected into the die cavity. The amount of entrained air in the melt and final casting was predicted qualitatively using the GAS model, which is based on a prediction of the turbulence/fragmentation of the free surface. In addition, the advanced porosity module (APM) was also used to solve the Darcy equation and the segregation of gas in the mushy zone, in order to predict the distribution of microporosity in the samples.



The results of the oxides’ presence simulation (Figure 4b,c) support the mentioned mechanism. The tablets, the gates and the areas of the casting where metal was injected in the final moments of the die-filling stage showed the lowest to zero presence of oxides (purple color), similar to the volume of molten metal closest to the plunger head.



The smallest oxide occurrence with respect to the change in plunger movement velocity vmax was noticeable in the simulations with vmax = 4 m.s−1 (Figure 4c). The hat part was dominated by low values of the oxide occurrence, and the tube part was mainly indicated by blue and pale green regions with intermediate values of oxide occurrence. The highest values of oxide presence can be observed in both the tube and hat parts of the SB 120 casting with vmax = 2 m.s−1 (Figure 4b).



Hot spots were predicted in the bulkier area of the tube element for both geometric alternatives. Figure 5 shows the result of the melt solidification simulation at the filling time of 13.43 s. With the longer tube part, the hot spots for the SB 120 variant were more extensive, thus a higher risk of shrinkage was presented. The thin ribs of the castings were cooled rapidly, which is represented by the blue color.



The results of the microporosity simulation correspond with the result of the temperature simulation (Figure 6). In the thickest section of the tube part, the highest presence of microporosity was predicted. Similarly, microporosity was predicted in the thicker section of the hat part.




4. Results


4.1. Selection of the Critical Points


Based on the simulation of the melt solidification process and microporosity prediction, two locations were selected from each casting suitable for macrostructure and microstructure observation: a specimen from the tube part due to the fact that it represents the biggest hot spot location, and a specimen from the thin-walled hat section (Figure 7). The specimens were etched in hydrofluoric acid for 15 s.




4.2. Visual Control of Porosity


The visual inspection of the macrostructure was conducted as a preliminary analysis. It was found that at lower fast-shot speeds, the voids, pores or bubbles situated in the observed cross-section of the SB 120 castings’ tube sections were smaller and more scattered over the central part of the ring (Figure 8). With increasing vmax, the voids became larger and more clustered, but their number seemingly decreased. Considering the combination of the smallest possible size and number of defects, SB 120—3 m.s−1 can be considered as the most satisfactory variant.



The SB 55 casting specimens did not show an increase in defect size with increasing vmax. On the contrary, their size decreased, as well as their quantity. The exception is the specimen with vmax = 3 m.s−1, which appeared to be almost defect-free.



The hat portions of both geometrical variants of the castings at all four experimental plunger velocities appeared to be defect-free when observed by this preliminary analysis procedure.



The central area of the tube part’s cross-section can be considered as the most problematic in regards to the defect’s occurrence. This corresponds with the results gained during the numerical simulation of microporosity and melt solidification.




4.3. Microstructure Observation—Optical Microscopy


The samples for the experimental investigation of the microstructure were further examined on a Neophot 2 optical microscope at magnifications of 200× and 500×.



4.3.1. Microstructure—SB 120 Variant


With the change of the maximum plunger velocity vmax, a change in the size of the eutectic Si and α-phase dendrites could be observed for the SB 120 casting’s tube. The eutectic Si had an unmodified morphology in the form of hexagonal lamellae, which appeared as dark needles (Figure 9). At the lowest vmax = 2 m.s−1, clusters of shorter, fragmented needles could be noticed. With increasing velocity, the needles became longer and thinner, and the clusters were not prominent.



In the micrographs of the 3.6 and 4 m.s−1 velocity specimens, the presence of micro shrinkage was clearly visible as it copied the dendritic structure of the alloy. The most common source of porosity was capsules of entrapped air in the oxide membranes entrained in the melt.



The presence of polyhedral inter-metallic phases can be seen at 500× magnification. Further investigation of these phases was carried out by an EDS analysis.




4.3.2. Microstructure—SB 55 Variant


The nature of the change in the eutectic Si morphology for the shorter geometry specimens remained unchanged: the lamellae of the eutectic Si thinned and lengthened with higher maximum plunger velocity (Figure 10). Micro shrinkage in the inter-dendritic spaces was most evident on the surface of the observed metallographic cuts on the specimen of vmax= 3.6 m.s−1. Similar to the casting of SB 120, the mechanism of formation of micro shrinkage was visible, and the cavities were mostly fragmented in shape and copied the dendritic structure. In addition to the capsule of air trapped in the oxide membranes, the growth of needles (plates in the 3D view) can be responsible for the formation of micro shrinkage, which reduces the ability to replenish the liquid component of the metal into the inter-dendrite spaces.



Polyhedral inter-metallic phases of varying sizes (finer 2–4 μm, coarser 10–15 μm) were spotted in the variant SB 55. Based on the visual similarity of these phases and those in the SB 120 variant, it was hypothesized that the EDS analysis will confirm the composition of both phases was identical.




4.3.3. Microstructure of the Hat Parts


In the hat parts of both geometrical variants, the shapes of the structural components did not change depending on the technological parameters. Only the change of geometry showed the influence on the Si eutectic needles’ length: in the sample of the SB 55 casting, smaller dimensions of the needles can be observed than in the case of SB 120 cast under the same conditions (Figure 11). At a higher magnification, ferrous phases in the form of polyhedral crystals and needles can be seen. This morphology is disadvantageous in terms of stress concentration at the sharp ends of the phase.





4.4. DAS Index and Average Length of Eutectic Si Plates’ Measurement


To quantify the results of the tube parts of the casting observation using optical microscopy, the average length of the eutectic Si needles was measured, and the DAS index was calculated according to the equation:


DAS = L/(n − 1)



(1)




by measuring the length of the line (L) in mm passing through 5 ÷ 6 secondary dendrite arms (n). The measurement was performed manually using Quick PHOTO INDUSTRIAL software (version 3.2, Promica). The measured values were arithmetically averaged and compiled in Table 4 and Figure 12.



The measured results quantitatively confirmed the increase in the average length of the needles of the eutectic Si when the vmax was increased in both geometrical variants of the castings. However, the difference was greater for the SB 120 casting, with a 91 percent increase. The SB 120 casting also exhibited a greater change in the DAS index with an 8.5 percent decrease.



The lower DAS index of the SB 55 variant was due to the shorter setting time as per the formula:


DAS = a.tfn



(2)




where a—constant dependent of the alloy, n—constant in the range of 0.3 ÷ 0.5 and tf—local solidification time. Shorter solidification time was a consequence of the smaller tube part dimension, or smaller hot spot volume, respectively.




4.5. Microstructure Observation—EDS Analysis


An EDS analysis was performed on a scanning electron microscope VEGA LMU II (Tescan) connected to an energy dispersive X-ray spectroscopy (Bruker).



4.5.1. Fe Inter-metallics Analysis


Fabrizi [26], in his experiment, investigated AlSi9Cu3(Fe) alloy and found the formation of compact polyhedral grains of α-Al(Fe,Mn,Cr)Si phase in the form of a rhombic dodecahedron. Considering the chemical analysis of the experimental alloy confirming the small mass fraction of Mn and Cr, it can be theorized that the presented experiment also contains a phase of this kind. The EDS analysis for the presence of the mentioned elements (Si, Mn, Cr, Fe and Cu) was performed on selected samples (Figure 13). The presence of the Fe, Cr and Mn was confirmed at the polyhedral phase in the center of the image, as well as in the minor phases. Thus, small polyhedral inter-metallic phases as small as 2 µm in size occurring also in the optical microscopy images can be considered as α-Al(Fe,Mn,Cr)Si.




4.5.2. Cu Inter-metallics Analysis


A line of the EDS analysis from another part of the tube part specimen shows the change in chemical composition along the length of the section. From Figure 14, it can be easily determined which phases intersecting the line segment represented the iron-rich and copper-rich phases. The shape of the copper inter-metallic phase Al2Cu was manifested as a compact phase.



In Figure 15, copper phases from castings with different vmax are shown, and the eutectic character of the phase in the form of numerous spherical particles can be observed most clearly at a velocity of 3.6 m.s−1. However, since both modifications were from the same sample (Figure 15c,d), it cannot be stated that vmax was a parameter that fundamentally influenced the shape of the copper phase modification.





4.6. Microhardness Measurement


Microhardness was measured with Hanemann’s method, which uses Vickers’ pyramid shape indenter mounted in a special lens. The evaluation was performed on a Neophot 2 (Carl Zeiss)-type Mod 32 device. The measurement parameters are listed in Table 5.



Hanemann’s method of microhardness measurement uses the formula:


  H V m =   1854 , 4   .   p    F 2     



(3)




where p—load [N] and F—length of the diagonal [mm].



The imprints were executed only in the α(Al) phase. In case of an inappropriately chosen imprint location, i.e., if the imprint passed through the eutectic or inter-metallic phases, the measured value was an order of magnitude higher, and the measurement had to be repeated. The results of the measurements were arithmetically averaged, the standard deviation of the measurement was calculated and the values found were processed in Table 6 and in Figure 16.



The SB 120 castings achieved generally higher microhardness values. However, they also exhibited the greatest variability in results with the highest values of standard deviation. The average values of the measured microhardness of SB 55 castings are very similar in the hat and tube parts, if the value measured in the hat of the casting cast with vmax = 2 m.s−1 is disregarded. This averaged value has the highest standard deviation of the SB 55 variant measurements.



Neglecting the extremes of the averaged microhardness values, which have large standard deviations, it cannot be said that the plunger fast-shot speed had a significant effect on the microhardness of the α(Al) phase.





5. Conclusions


Simulations of the oxide presence predicted the occurrence of oxides in the casting due to the spontaneous oxidation of the melt surface in the filling chamber. The lowest occurrence of oxides was predicted in the simulation results, where vmax was set to 3.6 and 4 m.s−1.



In terms of porosity, the SB 55 casting samples generally demonstrated a lower number of smaller pores than the SB 120 castings due to the hot spot-reduced area caused by the different geometry of the casting.



The metallographic observation of the casting proved there was a change in the size of the eutectic silicon and α(Al) phase dendrites with a change of vmax. The lower velocity vmax = 2 m.s−1 and hence lower cavity-filling velocity allowed the hexagonal Si crystal growth mechanism to extend in thickness rather than at plunger velocities vmax 3.6 to 4 m.s−1, where the crystal growth mechanism was observed to subtly dominate in the lengthening of the lamellae. The fact that higher velocities led to the growth of elongated and thinner Si needles meant that the larger slabs did not allow the replenishment of the liquid component into the inter-phase spaces, thus producing micro shrinkage. This trend was common for both casting geometries, but the change in Si needle length and DAS index was less prominent for the SB 55 castings, which was also confirmed quantitatively.



The ferrous inter-metallic phase was mostly manifested in the form of polyhedral grains of the αAl(Fe,Mn,Cr)Si phase in the shape of a rhombic dodecahedron of a small size, starting from 2 µm. There seemed to be no effect of vmax on its size.



The copper phase was observed in both modifications: Al2Cu and as ternary eutectic Al-Al2Cu-Si. For this phase, the plunger velocity did not emerge as a parameter affecting the presence of either alternative.



In conclusion, it can be evaluated that the porosity in the tube part of the castings was more influenced by the geometry of the tube part of the castings. The change in the maximum plunger movement speed—the fast-shot speed—was significant in terms of the microstructure and size of the eutectic Si needles and dendrites.
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Figure 1. Main parts of the casting (a); geometric difference of the Statorbuchse GD 150 casting: (b) SB 120; (c) SB 55. 
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Figure 2. The dependence of the plunger speed to its position. SB 120 (a); SB 55 (b). 
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Figure 3. Casting of SB 55 variant with gating system. 
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Figure 4. Oxide presence simulation: (a) filling chamber, (b) SB 120 2 m.s−1 and (c) SB 120 4 m.s−1. 
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Figure 5. Melt solidification simulation showing hot spots: (a) SB 120, (b) SB 55. 
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Figure 6. Microporosity simulation result. 
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Figure 7. SB 55 casting with extracted specimens from both hat and tube parts. 
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Figure 8. Visual examination of the specimens. 
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Figure 9. Micrographs of the SB 120 variant tube parts at 200 and 500× magnification. 
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Figure 10. Micrographs of the SB 55 variant tube parts at 200 and 500× magnification. 
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Figure 11. Hat part microstructure: (a) SB 120—2 m.s−1; (b) SB 55—2 m.s−1. (c) Plates and polyhedrons of Fe phase. 
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Figure 12. DAS index and average lengths of eutectic plates. 
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Figure 13. EDS analysis of Fe inter-metallic phase. 
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Figure 14. Line EDS analysis of Cu inter-metallic—SB 55 with vmax = 4 m.s−1. 
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Figure 15. The shapes of Cu inter-metallic from SB 120 variant: (a) 3 m.s−1; (b) 3.6 m.s−1; (c) 4 m.s−1; (d) 4 m.s−1. 
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Figure 16. Microhardness dependence on plunger speed vmax. 






Figure 16. Microhardness dependence on plunger speed vmax.



[image: Metals 13 00295 g016]







[image: Table] 





Table 1. Chemical composition of AlSi9Cu3(Fe) alloy.
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	Element
	Si
	Fe
	Cu
	Mn
	Mg
	Cr
	Ni





	[wt.%]
	10.3
	0.72
	2.1
	0.16
	0.13
	0.02
	0.07
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Table 2. Casting parameters of the SB 120 and SB 55 parts.
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	Casting Parameter
	SB 120
	SB 55





	Die casting press used
	CLH 630.02P
	CLH 400.02P



	Starting temperature of the stationary die
	180 ± 5 °C
	190 ± 5 °C



	Part weight
	2.40 kg
	2.30 kg



	Maximal pressure in the cold chamber
	95 MPa
	65 MPa



	Solidification time
	20 s
	25 s



	Melt temperature
	700 ± 10 °C
	700 ± 10 °C



	Starting temperature of the moving die
	180 ± 5 °C
	180 ± 5 °C



	Pressing time
	7 s
	7 s



	Cold chamber diameter
	80 mm
	80 mm



	Cold chamber active length
	485 mm
	470 mm



	Gating system weight
	0.63 kg
	0.63 kg
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Table 3. Simulation input conditions and parameters.
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	SB 120
	SB 55





	Casting parameters
	Based on real-life casting

conditions
	Based on real-life casting

conditions



	Number of generated 2D elements
	1,536,439
	717,337



	Number of generated 3D elements
	7,091,552
	5,959,119



	Method of filling
	High-pressure die casting
	High-pressure die casting



	Stop criterion for die-filling simulation
	Final temperature of 445 °C reached in the whole volume
	Final temperature of 445 °C reached in the whole volume
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Table 4. DAS index and average lengths of eutectic plates.
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	Variant
	Plunger Speed vmax
	Average Length of Eutectic Plates [µm]
	DAS Index





	SB 120
	2 m.s−1
	26.4
	23.75



	SB 120
	4 m.s−1
	50.5
	21.725



	SB 55
	2 m.s−1
	30.67
	18.68



	SB 55
	4 m.s−1
	34.4
	18.25
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Table 5. Microhardness measurement parameters.
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	Parameters
	Equipment/Values





	Etchant used
	0.5 % HF Acid Applied for 15 s



	Measuring device
	Hanemann-type Mod 32



	Optical microscope
	Neophot 2



	Load
	10 p



	Converter
	8×



	Eyepiece
	15×



	Number of imprints per specimen
	10 in tube part, 10 in hat part



	Load time
	10 s
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Table 6. Microhardness dependence on plunger speed vmax.
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Variant

	
Part

	
Microhardness HVm10

	
Standard Deviation




	
Plunger Speed vmax [m.s−1]

	
Plunger Speed vmax [m.s−1]




	
2

	
3

	
3.6

	
4

	
2

	
3

	
3.6

	
4






	
SB 120

	
Tube

	
117.2

	
115.5

	
113.3

	
126.1

	
16.3

	
8.5

	
9.3

	
15




	
Hat

	
116.9

	
111.1

	
117.5

	
118.3

	
8.6

	
9.2

	
15.4

	
9.6




	
SB 55

	
Tube

	
100.4

	
102.2

	
96.8

	
94.9

	
6.1

	
9.1

	
6.2

	
10.1




	
Hat

	
110.2

	
102.5

	
99.1

	
96.3

	
12

	
8.3

	
7.6

	
7.8
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