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be used to predict the grain size of Al- and Mg-alloys once critical model parameters have been determined by 
experiment. However, both theories fail to specify the exact nucleation mechanisms at nucleating particles, thus 
limiting their practical use in the development of more effective grain refiners.  
The benefits of enhancing nucleation can be numerous. For continuous casting of wrought alloys, enhanced 
heterogeneous nucleation reduces the propensity for hot tearing and cracking allowing higher casting speeds. It 
also promotes the formation of fine and equiaxed grains and a more uniform microstructure with significantly 
reduced chemical segregation, resulting in improved down-stream processability and a reduced cost of subsequent 
thermo-mechanical processing. For shape casting, grain refinement promotes equiaxed solidification, which again 
results in better liquid feeding, a reduced tendency for hot tearing, reduced and/or better dispersed porosity and an 
improved surface finish, all leading to improved mechanical properties of the final cast components. Since shape 
cast components are usually used in their as-cast state with little (if any) further processing, grain refinement and 
the reduction of casting defects are more crucial than for continuously cast feedstock materials. The key challenge 
in solidification research is to understand nucleation and to develop techniques for nucleation control. This is the 
central research thrust of IMRC-LiME.  
2.2 Casting technologies  
Shape casting is one of the oldest known manufacturing methods and a very direct method of producing metal 
objects. Development has been continuous from bronze casting (Bronze Age) to iron casting (Iron Age) up to the 
present day, though more progress has been made since World War II than in the previous 3000 years [10]. Today, 
metal castings play a critical role in the economy of all industrialised countries, and  are used in 90% or more of all 
the manufactured goods and in all manufacturing machinery [10]. World production of metal castings exceeded 100 
million tonnes in 2007. Shape casting techniques, such as sand casting, gravity die-casting, high/low pressure die 
casting and investment casting, are used to provide shaped metallic components for direct engineering applications 
with little requirement for further processing. Shape casting is characterised by low energy consumption, high 
material yield, high efficiency and low cost. However, shape cast components usually have a coarse and non-
uniform microstructure, severe chemical segregation and a substantial amount of casting defects, and 
consequently offer degraded mechanical performance which limits their use in demanding applications.  
Continuous (or semi-continuous) casting processes, such as direct chill (DC) casting and twin roll casting 
(TRC), are used to produce ingots, billets or strips of wrought alloys for downstream thermo-mechanical processing 
for more demanding applications. Continuously cast wrought alloy feedstock is fed into a lengthy thermo-
mechanical processing route, such as rolling and extrusion, to refine the microstructure, reduce chemical 
segregation, eliminate casting defects and achieve the appropriate dimensions for potential applications. However, 
thermo-mechanical processing is time consuming, energy intensive and high cost. A critical question is “can we 
directly produce components with a fine grain size, uniform chemistry and free from casting defects by solidification 
processing?” Our recent work on liquid metal engineering [11] has convincingly demonstrated that this is feasible. 
This forms the basis for the technological development in the IMRC-LiME research programme.  
2.3 Metallurgical industry and sustainability  
Metals start their life as minerals mined from the Earth’s crust. The mined minerals undergo extensive processing 
to produce oxide or other concentrates, which are then converted into primary metals through extractive metallurgy 
processes. The primary metals are alloyed with other elements either as cast alloys for shape casting or as wrought 
alloys for DC casting followed by thermo-mechanical processing. For this reason, the metallurgical industry has 
become segmented into distinct sectors, including mineral processing (mining), primary metal production 
(extractive metallurgy), shape casting (foundry), thermo-mechanical processing (metal forming), and secondary 
metal processing (recycling). A metallurgical company usually only deals with one sector, and is often in 
competition with other sectors. There is an emerging consensus for a more holistic approach to an optimised 
metallurgical industry in terms of preserving natural resources, promoting energy conservation, facilitating 
technological development and ensuring environmental protection.    
The world produces 37 million tons of Al and over 2 billion tons of steel every year, accounting for around 8% of the 
total global CO2 emission [12]. A recent life cycle assessment for the Al industry [13] showed that the production of 
1kg of primary Al (including all electricity generation and transmission losses) requires 45kWh of energy and emits 
12kg CO2; 1 kg of recycled Al requires only 2.8kWh (5%) energy and emits 0.6kg (5%) CO2. Energy consumption 
for processing 1 ton of Al product is 4kWh, 590kWh, 265kWh and 350kWh for shape casting, extrusion, hot rolling 
and cold rolling, respectively, meaning that thermo-mechanical processing uses about 100x more energy than 
shape-casting, emphasising the urgent need for more energy efficient processing technologies.  
We have identified three major technological challenges facing the metallurgical industry; IMRC-LiME will 
address the latter two: 

• Development of more energy efficient extractive metallurgical processes for converting minerals into metals. 
• Development of effective solidification processing technologies that produce high quality components directly 

from liquid metals with little need for thermo-mechanical processing. 
• Development of effective technologies for reuse, remanufacture and recycling of scrap metals so that there is 

only a limited need for primary metal production each year.  
2.4 Business and Policy Needs and User Drivers for IMRC-LiME  
Manufacturing adds £150bn/year to the UK economy (14-15% of GDP), accounts for over 50% of exports, and 
employs 3 million people [14]. The UK Government’s vision for the future is a mixed and balanced economy, where 
manufacturing activities complement services to deliver the widest possible range of economic and social benefits 
[14]. To achieve this vision, the TSB has identified four “pillars” for high value manufacturing: products, production 
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