


EFFECTS OF MOULD MATERIALS ON THE MECHANICAL PROPERTIES OF ALUMINIUM CASTING

ABSTRACT
Background: Casting has been widely adopted across industrial sectors due to its ability to produce complex geometries at relatively low cost. Critical factors influencing casting quality include heat transfer across the mould–metal interface, solidification rate, and mould material properties. 
 Aim: The study aims to evaluate the effects of mould materials on mechanical properties of aluminium were investigated. 
Place and Duration of the Study: This research was carried out at the Department of Materials Science and Engineering, Obafemi Awolowo University, Ile-Ife, Nigeria between 2013-2015.
Methods: Mould materials were prepared from sand, metal, and plaster of paris (POP). A steel rod of about 25mm in diameter was used as pattern to cast aluminium in these three mould materials. Test pieces were machined from the casting produced by each of the three mould materials for tensile, hardness and impact tests, as well as microstructure. 
Results: The result revealed that Sample A exhibited the highest hardness value of 38.00 BHN, followed by Sample C with 36.50 BHN. It was observed from the tests that aluminium cast by sand has the highest value of ductility at the expense of its hardness, while those castings by metal and POP moulds have appreciable increase in hardness values but lesser values of ductility. 
Conclusion: The study concludes that sand mould would be preferred where ductility is the major requirement, while metal and POP  moulds might be preferred when hardness is the priority.
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1. Introduction
Casting is a fundamental metalworking process that involves pouring molten metal into a mould cavity, allowing it to solidify, and then removing the solidified casting. It has been widely adopted across industrial sectors due to its ability to produce complex geometries at relatively low cost [1]. Critical factors influencing casting quality include heat transfer across the mould–metal interface, solidification rate, and mould material properties [2]. In green sand moulds, parameters such as strength, permeability, and hardness play crucial roles in determining final casting properties [3].
Casting techniques are broadly categorized into expendable and non-expendable mould processes, as shown in Figure 1. Expendable mould casting employs temporary moulds, typically sand, shell, or plaster, which are destroyed after use. Sand casting is widely applied due to its flexibility, low cost, and suitability for a wide range of alloys [4][5]. Studies have shown that factors such as runner size, mould temperature, and pouring conditions directly influence the mechanical strength of aluminium alloys [6]. Plaster mould casting, though costlier, enables superior surface finish and dimensional accuracy, making it suitable for intricate geometries [7]. Shell moulding [8][9][10]  casting further enhance precision and surface quality, often used in aerospace and artistic applications. Lost-wax (investment) moulds can be made in a single phase where a refractory clay material is laid directly over the wax model [11]. Lost-wax process is commonly used alongside vacuum casting [12]. Evaporative-pattern methods are essential for complex parts fabrication [13], examples of which are found in lost-foam [14] and full-mould casting [15], employ polystyrene patterns that vaporize during pouring, simplifying mould preparation.
Non-expendable mould casting methods utilize permanent metallic moulds, offering improved repeatability and dimensional accuracy. These include, die casting, semi-solid metal casting, centrifugal casting, and continuous casting.  In die casting method, molten metal is forced into the cavity of a reusable steel mould (die) under high pressure. Die casting is a manufacturing process specially for a near-net shape with high dimensional accuracy and good surface finish objects [16]. Semi-solid techniques, in particular, reduce porosity and enable heat treatment, yielding castings with improved strength and ductility[17][18]. Centrifugal casting is a technique of producing castings by pouring molten metal into a rotating mould and allow it to solidify in the same mould [19]. Centrifugal casting is a manufacturing process used to form cylindrical components with a central axis of rotation [20]. In continuous casting process, molten metal flows into the continuous casting mould, cools by cold water, and pulls out after solidification [21]. Continuous casting is employed not only because of the increased quality of the final products but also for its relatively cost effectiveness associated with standard products, validating their continuous use in steel production [22]. 
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Fig. 1. Casting Techniques
Mechanical tests represent a critical aspect of casting process, serving as a reliable means of evaluating the performance and integrity of cast materials [23]. In the context of aluminium castings, tensile [24], hardness [25][26], and impact [27] tests are particularly indispensable for characterizing mechanical behavior under varying service conditions. These tests do not only provide fundamental data on strength, ductility, toughness, and resistance to deformation but also reveal the influence of intrinsic and process-related factors, such as casting defects, mould materials, and cooling rates [28], on final material properties. Mechanical tests generate valuable insights that guide the optimization of casting design and processing parameters. This, in turn, contributes to improved structural reliability, reduced defect rates, and enhanced material performance in diverse engineering applications. 
Casting process simulation has become an indispensable tool across manufacturing industries, playing a crucial role in product design and process development to improve yield and casting quality. Successful implementation of simulation relies heavily on high-quality input data, particularly thermo-physical and physical properties during solidification [29]. By employing numerical methods, casting simulations enables precise calculation of component quality through detailed analyses of mould filling, solidification, and cooling - providing quantitative predictions of mechanical properties, thermal stresses, and distortions, offering valuable insight into cast performance before production begins [30]. Consequently, simulation facilitates the design of casting techniques tailored to specific applications, thereby enhancing reliability and efficiency. For example, Iqbal et al. [31] employed MAGMASOFT software to evaluate three modifications in mould design by analyzing the effects of riser and gate location and size on filling pattern, pressure, velocity, cooling rate, and solidification. 
Despite its ancient origins, casting remains highly relevant in modern engineering. Parameters such as pouring temperature, gating design, and mould type influence microstructure formation and mechanical behaviour. Improper process control may result in defects such as porosity, shrinkage, and cavities, which compromise performance [32]. Previous studies have compared aluminium alloy castings from CO2 process, metal mould, cement-bonded sand mould and naturally-bonded sand moulds [33]. However, limited research exists on the comparative performance of aluminium castings produced using sand, POP, and metal moulds. This gap motivates the present study, which seeks to examine variations in mechanical properties of aluminium castings across different mould types.



2. MATERIALS AND METHODS
2.1. Materials
 Materials used for this reaserch work are; Aluminium scrap, Sand, Plaster of paris (POP), Splitable cast iron metal mould.
2.2. Preparation of POP Mould
Aluminium scrap was bought, POP powder was bought, Cylindrical hollow cast iron was fabricated, casting sand was made available at Materials Science and Engineering Department Laboratory, Obafemi Awolowo University, Ile-Ife, Nigeria. 
Powder form of POP was mixed with adequate amount of water, the mixture was then mixed with talc and silica flour to control the setting time of the plaster as well as to improve its strength. The plaster was poured over the casting pattern (rod-like cast iron). The POP slurry was allowed to sit for 20 minutes before removing the pattern. The mould was baked for several hours in order to remove the moisture and make it hard enough to accommodate the molten metal. 
2.3. Preparation of Metal Mould
Cylindrical hollow cast iron which could be split into two halves and clamped together was fabricated. This was meant to serve as the mould. The mould was preheated to about 150-200oC in order to ease the flow of molten metal as well as reduce thermal damage to the casting. The mould cavity was coated with a refractory material in order to prevent the casting from sticking to the mould and to elongate the mould life.
2.4. Preparation of Sand Mould
Casting sand was put inside a system of frames or mould boxes known as a flask, pattern of desired shape (rod-like) was placed in sand to create the mould, Pattern and sand were incorporated in a gating system, pattern was removed in order to create a cavity.


2.5. Preparation of Aluminium Cast by Different Mould Techniques
Scrap aluminium was melted in the electric furnace. The molten metal was then poured into the respective mould materials prepared above. Each of them was allowed to cool for one hour. Aluminium casting was removed from sand and POP mould by breaking them, while it was removed from metal mould simply by splitting the cylindrical metal mould. Aluminium castings gotten from these three different mould materials were cleaned and machined for microstructure analysis and mechanical tests.
2.6. Characterizations
The microstructural characteristics of the three samples were examined using a metallographic microscope after a systematic preparation process involving grinding (from coarse to fine), polishing, and etching. Their tensile properties were evaluated with a tensometer, while resistance to indentation was assessed using a Brinell hardness testing machine. In addition, the impact strength of the samples, indicating their ability to withstand sudden applied loads, was determined through the Izod impact test.











3. RESULTS AND DISCUSSION
3.1 Microstructure Analysis
Figure 2 presents the microstructural analysis of Sample A (aluminium casting produced using a metal mould). The presence of very fine microstructures indicates rapid heat dissipation from the aluminium through the metal–mould interface, resulting in a high rate of solidification and cooling. Consequently, insufficient time was available for significant grain growth, leading to the formation of fine microstructures.
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Fig. 2. Microstructure of sample ‘A’ X 200
Figure 3 shows the microstructure properties of sample ‘B’ (aluminium casting by using sand mould).  Microstructures seen here were coarse, an indication that aluminium casting and sand mould interface allowed enough time for the growth of new free strain. 
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Fig. 3. Microstructure of sample ‘B’ X200
Figure 4 shows the microstructure properties of sample ‘C’ (aluminium casting by using POP). Fine microstructures were observed in this Figure. This is an indication that the aluminium casting and POP interface exchange heat to the surrounding quickly without allowing enough time for the growth of new free strains.
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Fig. 4. Microstructure of sample ‘C’ X 200
	
3.2. Tensile Tests Results
Figure 5 shows that Sample A fractured under an applied load of 90 MPa, while Figure 6 indicates that Sample B fractured at 100 MPa. Whereas Figure 7 reveals that Sample C fractured at 72 MPa. These results suggest that Sample B exhibited the highest ductility, sustaining the maximum load before fracture, whereas Sample A demonstrated moderate ductility with a lower fracture load. Sample C, which fractured at the lowest load, displayed the least ductility and weakest mechanical performance among the three samples.


Fig. 5. Stress- strain curve of sample ‘A’


Figure 6. Stress-strain curve of sample ‘B’


Figure 7. Stress-strain curve of sample ‘C’
	

As shown in Figure 8, Sample B exhibits the highest tensile strain at fracture (0.025), whereas Samples A and C both fractured at a lower tensile strain of 0.0175. This indicates that Sample B possesses the greatest ductility among the three samples.

Figure 8. Bar chart showing the results of tensile strain at fracture
3.3. Hardness Tests Results
Figure 9 presents the hardness test results of the three samples. Sample A exhibited the highest hardness value of 38.00 BHN, followed by Sample C with 36.50 BHN, while Sample B recorded the lowest value of 32.80 BHN. The superior hardness of Sample A could be attributed to the chilling effect, resulting from rapid heat extraction at the metal–mould interface, which enhanced microstructural refinement. Similarly, the relatively high hardness of Sample C could be linked to the presence of additives (talc and silica) in the POP mould. These additives impeded dislocation motion, thereby promoting precipitation hardening. In contrast, the slower cooling rate experienced by Sample B led to a coarser microstructure, and consequently, lower hardness.

Figure 9. Bar chart showing hardness results
3.4 Impact Tests Results
Figure 10 presents the impact test results of the three samples. Sample B recorded the highest impact strength of 6.52, followed by Sample C with 6.25, while Sample A showed the lowest value of 5.98. These results indicate that Sample B exhibits the greatest ability to withstand sudden loading, with Sample C performing moderately well, and Sample A demonstrating the least resistance to impact.

Figure 10. Bar chart showing the results of impact test

4. CONCLUSIONS AND RECOMMENDATION
4.1. Conclusions
Sand moulds retard heat extraction, producing slower cooling and coarser-grained microstructures that promote plastic deformation and greater ductility. In contrast, the rapid heat removal associated with metal moulds (chilling effect) and the precipitation-hardening influence of additives in plaster-of-paris (POP) moulds yield finer, harder microstructures with elevated hardness but reduced ductility. Overall, these observations highlight the fundamental trade-off between hardness/strength and ductility driven by mould type and cooling rate.
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Tensile stress (MPa)



Tensile stress	(MPa)	0	1.8000000000000001E-4	5.8E-4	8.8999999999999995E-4	1.1900000000000001E-3	1.5E-3	1.81E-3	2.0799999999999998E-3	2.3900000000000002E-3	2.7000000000000001E-3	2.98E-3	3.29E-3	3.5899999999999999E-3	3.8899999999999998E-3	4.1799999999999997E-3	4.4900000000000001E-3	4.7999999999999996E-3	5.0800000000000003E-3	5.3899999999999998E-3	5.7000000000000002E-3	5.9800000000000001E-3	6.28E-3	6.5900000000000004E-3	6.8900000000000003E-3	7.1799999999999998E-3	7.4900000000000001E-3	7.7999999999999996E-3	8.0700000000000008E-3	8.3800000000000003E-3	8.6899999999999998E-3	8.9800000000000001E-3	9.2800000000000001E-3	9.58E-3	9.8799999999999999E-3	1.017E-2	1.048E-2	1.0789999999999999E-2	1.107E-2	1.137E-2	1.1690000000000001E-2	1.197E-2	1.227E-2	1.2579999999999999E-2	1.2880000000000001E-2	1.316E-2	1.3469999999999999E-2	1.3780000000000001E-2	1.406E-2	1.4370000000000001E-2	1.468E-2	1.4959999999999999E-2	1.5259999999999999E-2	1.5570000000000001E-2	1.5869999999999999E-2	1.6160000000000001E-2	1.6469999999999999E-2	1.678E-2	1.7049999999999999E-2	1.737E-2	1.7680000000000001E-2	1.779E-2	-6.3400000000000001E-3	3.703E-2	5.2010000000000001E-2	6.4490000000000006E-2	6.5240000000000006E-2	8.3019999999999997E-2	6.5229999999999996E-2	6.1920000000000003E-2	8.0130000000000007E-2	7.2510000000000005E-2	9.9000000000000005E-2	9.5460000000000003E-2	0.10629	0.10777	0.11891	0.12199	0.1231	0.12273000000000001	0.12243	0.13094	0.12272	0.14971999999999999	0.13708999999999999	0.15345	0.14484	0.16164000000000001	0.19949	0.22635	0.24357999999999999	1.2368399999999999	3.97553	7.2737800000000004	10.807359999999999	14.09905	17.720510000000001	21.538540000000001	24.86251	28.178560000000001	31.573979999999999	34.773310000000002	37.59789	40.759329999999999	43.646799999999999	46.199730000000002	48.820529999999998	51.470289999999999	53.804369999999999	56.015279999999997	58.325029999999998	60.661859999999997	62.557400000000001	64.632490000000004	66.678309999999996	68.350080000000005	69.932940000000002	71.53492	72.862170000000006	73.528919999999999	71.005080000000007	48.736829999999998	36.868279999999999	Tensile strain (mm/mm) 


Tensile stress (MPa) 




Tensile strain at fracture	A	B	C	1.7690000000000001E-2	2.4750000000000001E-2	1.7680000000000001E-2	Tensile Specimens


Tensile strain at fracture




Hardness test results	A	B	C	38.1	32.799999999999997	36.5	Hardness specimens


BHN hardness value




Impact test results	A	B	C	5.984	6.5279999999999996	6.2560000000000002	Impact specimens


Izod impact value
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