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Future Trends in Investment Casting – Drivers for D evelopment . 
 
David A Ford 
 
Introduction 
 
Civilisation at the start of the 21st century is dependant on the gas turbine engine for air 
transportation and a significant proportion of the world’s power generation. This has been the case 
for the past 50 years and is likely to remain the position for the next 50 years unless unforeseen 
developments, prompted by environmental concerns, discover an alternative and economic source 
of power generation. 
 
It is not possible to over emphasise the synergy between the investment casting industry and the 
development of the gas turbine engine. The efficiency of these engines is directly related to the 
turbine operating temperature which in turn is controlled by both the aerothermal design and 
material capability. High temperature materials by their very nature are difficult and almost 
impossible to form by mechanical working and their use is entirely due to the ability to manufacture 
complex external and internal geometries by the investment casting process. However, such 
technology comes at a high financial cost with the latest single crystal alloys costing well in excess 
of $100 / lb. This cost is a consequence of the use of increasingly scarce metallic elements such 
as rhenium and the uncertainty of supply of more abundant metals such as nickel. Since it is 
unlikely that alloy development will produce less expensive materials, it is the responsibility of the 
investment caster to improve and develop the process to preserve raw materials and reduce 
overall manufacturing costs. Environmental concerns and fuel costs give added pressure to 
develop the manufacturing capability to optimise the turbine aerothermal efficiency with complex 
and accurate geometries and to reduce the engine weight with thin section components. 
 
Investment Casting Markets 
 
Although the gas turbine industry is the major customer for the investment casting industry it is by 
no means the only one. The medical and automotive industry account for a significant volume of 
output, for example the world market for turbochargers in 2007 was 20 million wheels. 
 
The CAEF (Committee of Associations of European Foundries) receive returns from member 
foundries to enable the CAEF to prepare market statistics. For 2007 the output in castings by value 
are shown in fig 1. 
 
 
 
High value components (medical / gas turbine / aero) €1222M 
 
Automotive      €234M 
 
Other markets      €203M 
 
Total value of European Investment Castings  €1660M 

 
 

Fig 1.  European Investment Foundry Shipments (year ending 2007) 
 

Internationally the total world output in 2007 was $10.2 Billion of which 37% was from the USA and 
33% from Asian countries (ref 1). Although the gas turbine market represents the largest customer 
in Europe and the USA, the market in Asia has a substantial customer base for commercial (e.g. 
pumps and valves) and automotive parts. 

Total value of shipments for 2007 = 1660.000 Euro

High value
components

Automotive

Commercial
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Innovation Challenges 
 
Historically inventions have taken many years before they have been commercially viable. 
Examples of inventions and the length of time taken to bring the product to market are shown in 
fig.2.  
 
Concept Invention  Innovation  Gap (Years)  

Ball-point pen 1888   1946 68 

Zip fastener 1891 1923 32 

Fluorescent lighting 1901 1938 37 

Helicopter 1904 1936 37 

Kodachrome 1921 1935 14 

Television 1923 1936 13 

 

Investment casting c. 4000 B.C. 1942 (aero engine) c.6000 

I.C. for jet engines 1943 1948 <5   

   
Fig 2. The Innovation Gap. 
 
Although the time taken to introduce many common products to market was extraordinarily long, 
the rate at which investment castings were developed was, by contrast, exceptionally fast. In 
November 1943 the British Ministry of Aircraft Production issued a confidential report on the 
success of the experimental foundry set up at the Rolls Royce factory in Scotland to manufacture 
components by the ‘Medieval Cire-Perdue’ process developed by the Austenal Laboratories in the 
USA. The following claim was made in this report: 
 
“It is now definitely established that castings in Vitallium, Stellite, Nimonic 80 and other alloys can 
be produced by the process to limits of accuracy of plus or minus 0.002” with an extremely fine 
surface finish eliminating entirely the necessity for machining operations”. 
 
Not surprisingly, with such an endorsement, the process was welcomed with enthusiasm by the 
aero industry which launched major programmes to bring the process to a production capability. By 
1948 many turbine components cast by this process were in production and by 1950 relatively 
large and intricate parts were being cast (figs 2 & 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Early turbine castings 1948    Fig. 3 Cast combustors c.1950. 
 
Not only did the aero companies embrace the process but many small entrepreneurs took up the 
challenge and during the 1950s and 1960s many small foundries were formed to exploit the 
process for commercial applications. However, the main driver for development was the jet engine 
and industrial gas turbine. During the latter half of the 20th century, the industry developed from 
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block moulds to shell moulds, and from air cast solid components to complex hollow single crystal 
aerofoils in vacuum cast alloys containing such exotic elements as rhenium and ruthenium. Fig 4 
illustrates the development of the process during the 60 years following its introduction and the 
events which have prompted its development. Fig.5 illustrates the alloy development which 
accompanied the process developments, although in practice, the process and alloy development 
went hand in hand. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Development highlights following the use of Investment Casting for Gas Turbines 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5  Development of turbine alloys 1940 – 2010. 
 
 
Drivers for Technology 
  
1. Environment 
 

1.1 Shell Moulds 
 
The environmental protection act of 1990 for the control of air pollution was a major concern for UK 
foundries using the hydrolised ethyl silicate (HES) process since both the alcohol and ammonia 
used in the process were emitted to atmosphere. An alternative process was necessary and both 
foundries and suppliers were engaged in extensive work to evaluate new systems. There was little 
choice other than to use silica sol as the replacement binder but there were three problems to 
overcome: 

1940 1950 1960 1970 1980 1990 2000 

World War Jet   Fuel Crisis I.T. Revolution          Environmental Protection 

Two Transportation Cold War Regional Wars,   E.U. Enlargement,   Company consolidation 

              

Austenal Process Nimonics Superalloys Directional 
Solidification Single Crystals Water base shells Environmental 

issues 

  Stellites  Colloidal Silica    Monsanto HES                    HIP Structural castings Large DSX for 
IGT 

Raw material 
issues 

Block Moulds   Simple cores       Ceramic cores     Titanium casting Process modeling    Intermetallics 

     Vacuum Casting                Hf alloys        Robot shelling     Re alloys       Ru alloys 

             Complex cores         Y alloys   
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(i) To prevent shell cracking during dewax 
 
(ii) To produce a shell with equivalent dimensional consistency to HES moulds 
 
(iii) To produce a shell which did not induce casting defects such as cracks, inclusions or 

surface finish issues 
 
These problems were eventually overcome by the development of polymer additions to give green 
strength and by controlled drying using a combination of humidity, airflow and temperature in 
specially constructed drying tunnels. Early trials identified that shell drying caused the temperature 
of the wax pattern to drop by several degrees, the subsequent warming of the shell after drying 
caused the wax to expand and crack the shell (ref.2,3). The process developed was to ensure that 
the shell drying was controlled so as to prevent the harmful temperature excursions. 
 
The issue of dimensional equivalence has not been totally resolved and there will probably always 
be a small difference in dimensions when the process is changed from HES to silica sol. 
 
It is perhaps a little ironic that the current shell binder is silica sol since over the last 60 years the 
binder has changed from the original HES (with MgO gel accelerator), to silica sol, to HES (with 
NH3 accelerator) and back to silica sol. (Fig. 6) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Since 2000 there have been, and still are, issues concerning the supply and use of shell mould 
materials: 
 
(i) Periodic shortages in the supply of common refractory materials, alumino-silicates, alumina 

and zircon can cause quality problems as alternative sources of raw material are used. The 
quality can be compromised if they are contaminated with such impurities as iron, sodium 
etc. These impurities can reduce the life and quality of the slurry (ref.4,5).  Also zircon may 
contain an unacceptable quantity of radioactive impurities which render it difficult to dispose 
of after use.  

 
(ii) A zircon shortage in 2005-7 caused significant problems for the industry as supplies of 

zircon were acquired for alternative use, e.g. domestic tiles and bathroom furniture. The 
alternative sources of zircon available to the industry were not of a sufficient standard and 
the industry was required to examine alternative refractories. This work continues and 
although alternative materials such as mullite are used, the industry has yet to replace 
zircon as the material of first choice. Suppliers to the industry continue to investigate 
alternatives and expect to have environmentally friendly material available by 2010 (ref 5). 
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Fig.6 The silica gel cycle 
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Silica is widely used in the industry, in addition to its use as a shell binder it is also used as a 
refractory flour and stucco and is the main constituent in ceramic cores. Crystalline silica as 
cristobalite is a known carcinogen and has been subject to review by the European Carcinogens 
Directive. It is also the subject of social dialogs with the foundry industry. It is recognized that it 
would be impossible for the industry to survive without silica and therefore the control of dust 
and the personal protection for operators will become increasingly regulated.  
 
The REACH regulations (Registration, Evaluation, Authorisation, and Restriction of Chemicals) do 
not directly require castings to register, but suppliers of chemicals and refractory materials are 
required to register chemicals used by the foundries. These regulations were introduce in 2008 and 
are now implemented, foundries are required to ensure that the chemical substances used in their 
process are registered with REACH. These regulations do not apply to castings made outside the 
E.U. 
 
In recent years there have been many efforts to find a use for mould scrap after cast. In certain 
European countries it is difficult to dispose of zircon containing moulds because of the radioactivity 
concerns, also some countries do no permit the disposal of shells in land fill sites which contain 
‘heavy metals’ such as cobalt aluminate used for grain refining. Several attempts to obtain 
research grants from the E.U. to investigate uses for recycled mould scrap have been made but 
without success. However, the industry continues to look for alternative uses and with the 
increased disposal costs it is likely that a solution will eventually be found. 
 
1.2 Alloys 

 
The price of superalloys for gas turbines and turbochargers depends on availability of raw 
materials and market conditions; prices for nickel, cobalt, tantalum, molybdenum have been 
volatile in recent years and rhenium, which is an essential metal for single crystal alloys, is 
currently over $4000 /kg. There is no natural ore for rhenium and the price is likely to continue to 
rise since there is an increasing demand for single crystal alloys. Since 2000 the price for rhenium 
has undergone an eight fold increase. 
 
The quality of single crystal castings is dependant on the quality of the master heat. Until recently 
virgin alloy has been the preferred master heat condition. The increasing cost of master heat has 
forced the foundries into using recycled material as mixed virgin/revert as 60/40 blends. For DS 
casting, 100% revert is currently in foundry trials. The cost of scrap superalloy on the open market 
is approximately 75% of virgin, therefore foundries rely wherever possible on returning scrap to be 
remelted and refined as toll melt alloy. Single crystal material is sensitive to nitrogen level in the 
master heat (ref.6) and it is essential that the reverted alloy (or blend heats) do not contain 
unacceptable levels of nitrogen (>5ppm). An example of a SX casting with high nitrogen content is 
shown in Fig 7. 
 

 
 
 
 

 

Fig. 7 Single Crystal with high angle boundaries in a 
casting with high nitrogen content 
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2. Engine Efficiency 
 
Turbine efficiency is governed by the gas temperature and aerothermal efficiency of the design. 
Turbine entry temperatures are typically around 1450oC but are expected to increase to over 
17000C in the future. Turbine blades are also expected to last for around 3000 flights which 
represents around 30,000 hours for a long haul flight. For materials to survive for this length of time 
in an oxidising and corroding atmosphere at a temperature in excess of the melting point requires 
the blade to be substantially cooled. This is achieved by internal cooling and by creating a film of 
cooling air around the surface of the aerofoil. Around 70% of the cooling is from internal cooling 
with air taken from the engine compressor. It follows that to improve the engine and fuel efficiency 
it is necessary to run the turbine at the highest temperature possible, this leads to both alloy and 
cooling design development. 
 
Weight is also a very important aspect of aeroengine design and this leads to the development of 
lightweight high temperature materials and thin section components. 
 
2.1 Titanium Alloys 
 
Titanium as Ti 6/4 has been cast in production for over 20 years and current applications include 
fan casings of over 2 metres diameter. Titanium is highly reactive in the molten state and the 
casting process uses inert shell systems based on zirconia or yttria. To avoid contact with 
refractory ceramic crucibles the alloy is melted using direct or cold crucible (Fig.9) methods. Since 
titanium castings have an oxide layer at the surface (alpha layer) from unavoidable shell reaction, it 
is necessary to remove this layer by chemical etching. This process can also be used to reduce the 
section thickness and by careful masking techniques the casting sections can be selectively 
reduced in thickness Fig.8.  
 

 
 
Fig.8 Example of titanium compressor casing Fig.9 Cold crucible for melting reactive alloys 
         with 1mm wall section 
 
The quest for lighter engines has led to the development of the titanium aluminide intermetallics; 
for example the TNB alloys (Ti, 45Al, 5-10Nb, 0.2C, 0.2B atomic %). These alloys together with 
their processing (moulding, melting, casting, and finishing) are currently under development funded 
by the E.U. IMPRESS project. TiAl alloys have about 65% density of Ti alloys’ and they can be 
used up to 750°C. This material is normally thermom echanically processed however the cost is 
high. This project is aimed at developing TiAl casting alloys but to provide the cast TiAl with 
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mechanical properties which are equivalent to those of thermomechanically processed. The project 
is a truly European venture which involves researchers from 42 research groups and companies 
from 15 countries, with a total 5-year budget of 41 million Euros (ref.7). The project includes zero 
gravity experiments with the European Space Agency and should be completed at the end of 2009. 
 
 
2.2 Superalloys  
 
The history of superalloy development is well documented and the paper by Chester Sims (ref.8) 
gives an excellent review up to the introduction of single crystal. Recent developments have 
included the development of the so called second generation superalloys containing 3% rhenium in 
the 1990s. (ref.9) During the 1990s the importance of sulphur on oxidation resistance was 
investigated (ref.10). These investigations found that sulphur at the relatively low level of 2ppm 
was sufficient to disrupt the protective aluminium oxide layer on superalloys. Further work showed 
that yttrium additions to the alloy was effective in preventing sulphur migrating to the surface by 
forming yttrium oxysulphide (ref.11). At the 2ppm sulphur level it was necessary to have at least  
25ppm of yttrium to effectively contain the sulphur. Unfortunately there are a number of problems 
with yttrium, the element forms a low melting point eutectic with nickel and any level over 50ppm 
can result in the formation of incipient melting. The other main problem is the containment of 
yttrium in the casting, yttrium will dissolve in the shell and core and it is necessary to make 
additions of up to 500ppm of yttrium in the melt to retain 25ppm in the casting. The control of this 
process is therefore very difficult and necessitates the use of low silica shells and alumina cores.  
 
The problem of containing adequate levels of yttrium has been significantly helped with the 
development of very low sulphur master heat. The process for making very low sulphur heats has 
been greatly improved and it is now possible to produce master heats with <0.5ppm sulphur. With 
this level of sulphur it is only necessary to retain yttrium at a 10-15ppm at which level it is possible 
to cast using conventional ceramics. 
 
During the 1990s, 3rd generation superalloys were developed, these were characterised by having 
Re content of 6%. (Ref.12,13) These alloys were developed for their high temperature creep 
properties but had the disadvantage of being very difficult to solution heat treat. Single crystal 
superalloys owe their high temperature properties to their ability to be solution heat treated to 
homogenise the structure and refine the second phase by sophisticated ageing heat treatments.  
 
The heat treatment difficulty with 3rd generation SX alloys and to increase further the temperature 
capability has led to the development of alloys containing platinum group metals, in particular 
ruthenium which had the advantage of increasing strength, improving heat treatability and reducing 
the tendency to form undesirable TCP phases (ref.14). These alloys are now generally referred to 
as 4th generation single crystal alloys. Examples of the four generations are shown in Fig, 8. 
 

Generation  Alloy Cr Co Mo Re Ru W Al Ti Ta Hf Ni 

1st 

1970s 
SRR99 
 8.0 5.0    10.0 5.5 2.2 3.0  Bal 

2nd 

1980s 
CMSX4 
 6.5 9.0 0.6 3.0  6.0 5.6 1.0 6.5 0.1 Bal 

3rd 

1990s 
Rene 
N6 4.0 12.0 1.0 6.0  6.0 5.8  7.0 0.2 Bal 

4th 

2000 
TMS-
138 3.2 5.8 2.8 5.0 2.0 5.9 5.6  5.6 0.1 Bal 

 
Fig. 8 Examples of the four generations of single crystal alloys 
 
  2.3 Internal Aerofoil Cooling 



 8 

 
As mentioned previously, advanced gas turbines operating with a gas entry temperature in excess 
of 1450oC require cooling of at least 600oC to bring the aerofoil temperature down to a level in 
which the blade can survive 30,000 hours. 70% of this cooling is obtained by passing cold 
compressor air through complex passages in the aerofoil section. The ceramic cores used to 
produce these passages must be compatible with the casting process: 
 

- They must be supported during the wax injection process so as to maintain the wall 
section in the wax pattern and not to be displaced during the dewax operation. 

- They must not react with the alloy, 
- They must be chemically removed with a caustic solution 
- They must be dimensionally compatible with the shell mould 
- They must not distort during the casting process 

 
 Examples of complex aerofoil cores are shown in Figs 9&10. 
 
 
 
   
 
 
 
 
 
 
 
Fig. 9 Turbine rotor blade core    Fig. 10 Nozzle Guide Vane Core 

    
 
The location of a core in the wax impression die has also evolved over many years, originally the 
core was printed at both ends and located in the die and held firmly by the prints. In recent years 
the established practice is to use six point nesting where the core is allowed to fairly align within 
the die using location points which also serve as inspection points. An example is shown in Fig.11  
Pins are placed in the die to locate the core on the nesting points, alternatively plastic chaplets 
placed on the surface of the core can be used for location. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For single crystal casting the core chemistry is designed to prevent sintering at the casting 
temperature (e.g. 1500oC). A core which sinters will have too much strength at the solidification 
temperature and cause excessive stress to be retained by the casting with the result that the 
casting will recrystallise when solution heat treated.  
 

  

 

Fig.11 Example of six point nesting – 1 on print 
datum, 2 on leading edge, 3 on convex surface 
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An added issue with single crystal cores is that the cores are fired during manufacture at a lower 
temperature (e.g. 1100oC) than the mould temperature at which metal is cast. The core therefore 
has a relatively low strength during the phase of the process where the mould temperature is 
raised to the casting temperature. To prevent unacceptable core movement during this phase, 
cores are supported in the mould with platinum pins. These pins instantly dissolve in the alloy 
when the metal is poured. 
 
Future aerofoil designs will involve the concept of wall cooling in which cooling air is passed 
through the aerofoil wall. These designs are confidential but will require innovative core technology 
to create the necessary casting configuration to achieve over 800 degrees of cooling.  
 
3. Costs 
 
Production costs are continually under review, in particular the automotive industry is constantly 
improving its cost base. Turbochargers represent the largest market for the investment casting 
industry and alloy costs and conservation are at the forefront of cost reduction. The ‘Trucast’ 
process is widely used by the industry, whereby the centre sprue of the ‘tree’ is directly reused for 
the alloy melting stock. 
 
Opportunities for the re-use of shell material is frequently under consideration by research 
organiasation, unfortunately, efforts to secure E.U. funding to carry out exensive investigations 
have not benn successful to date. Low cost refractories are possible for commercial products but 
high value components such as those for aerospace and medical use are unlikely to change from 
the established refractories. 
 
Automation is well established for shell moulding (Fig 12) and many finishing operations. Robotic 
handling significantly improves the process consistency and reduces labour costs. Recent 
developments by Mueller Phipps Inc. have included the concept of automated wax assembly which 
is ideally suited for high volume commercial parts. 
 
 
 
 
 
 
 
 
 
 
Fig.12  Robot shelling arrangement.  
 
 
 
Fig.12  Robotic shelling equipment. 
 
 
4. Process Development 
 
4.1  Furnace 
 
Most process development is related to furnace design. This is led by the requirements for large 
industrial gas turbine aerofoils cast as DS or single crystals and cost reduction through improved 
cast quality and volume of parts per furnace cycle. 

 
 

 



 10 

Single crystal castings owe their high strength to their ability to be fully heat treated and the 
absence of grain boundaries. On the debit side, single crystals suffer from all the defects 
associated with equiax castings plus those associated with DS plus those specific to single 
crystals. These include, secondary grains, slivers, recrystallised grains, freckles etc (fig.13) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.13 DS and Single Crystal Defects 
 
Many of these defects can be reduced with good furnace technology. A high thermal gradient is 
most beneficial since it will reduce the incidence of secondary grains and refine the microstructure 
by reducing the dendrite arm spacing and thus assisting the solution heat treatment.  
 
 In recent times liquid metal cooling has been developed for very high gradient solidification. These 
furnaces include a bath of liquid aluminium or tin in which the casting is slowly immersed 
immediately after casting (ref.15) & (Fig.14). Other furnace developments for DSX include the use 
of ‘donut’ chills in which blades are placed on a chill ring with a centre chill to increase the 
temperature gradient and combination furnaces which can be used for either directional 
solidification or equiax casting (Fig.15) 
 
 
 
 
 
  
 
 
      
 
 
 
 
 
Fig 14  Conventional DSX        Donut chill DSX           Liquid metal cooling DSX 
(courtesy ALD) 
 
 

Single Crystal Casting De fects  
 
Defect   Process related       Furnace   Alloy rela ted 
 
porosity    �               �  
inclusions     �            �  
cracks      �             �            �  
dimensions     �  
orientation                 �             �  
second grains (HAB’s)  �               �  
freckles                 �          �  
slivers      �              �           �    
Microstructure                �  
Recrystallisation   �                �  
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Fig.15 Combination furnace (courtesy ALD)  
 
 
4.2 Direct Patterns (Rapid Prototyping) 
 
Over 100,000 patterns were produced in the USA by rapid prototyping in 2007 of which 50% were 
for production standard castings. This represents $250M worth of cast products. The technology 
has matured over the last 10 years and there are a number of established processes e.g. 
Stereolithography, Selective Laser Sintering(SLS), Thermojet, Solidscape etc. Of these the most 
popular in Europe is a wax impregnated SLS  marketed as ‘Castform’. 
 
Rapid Prototyping has also been used for direct core manufacture and proprietary trials are 
underway to produce integrated shells direct from rapid prototyping. 
 
4.3 Non Destructive Testing/Evaluation 
 
It is likely that the industry can look forward to many significant advances in NDT and dimensional 
inspection. Regarding NDT, microfocus x-ray is well established and used to detect core position 
and micro cracks in both cores and castings. Digital x-ray is becoming increasingly established 
although concerns regarding standards have yet to be totally resolved. A possible future 
development is the concept of ‘eyes off’ technology to detect and sentence defects using advanced 
vision technology. Trials are underway to use this technology to detect FPI indications and 
automatically sentence the part as either reject, salvageable or acceptable. 
 
Dimensional inspection using laser technology to measure geometries has been used extensively 
for reverse engineering and is now becoming increasingly used for conventional measurements. 
 
4.4 Process simulation 
 
Process modelling to simulate mould fill and solidification has become an established aid for 
manufacture. Fully integrated systems which use process modelling to assist with wax impression 
and core tooling design, gating system design and the definition of casting parameters have yet to 
be fully implemented but remain a distinct possibility for the future. Digital technology and 
computing power are forever increasing and the future for the industry will be totally influenced by 
the development of these technologies. 
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5. Future Influences on the Investment Casting Indu stry 
 
In the financial investment industry it is said about those who predict the future, that there are 
those who don’t know and those who don’t know they don’t know. The same could be said about 
the investment casting industry but it may be possible to be a little more certain than the financial 
industry. Here, therefore, are a few possible predictions: 
 
Raw materials will become increasingly expensive and in some cases the earth’s limited resources 
will restrict their use without effective recycling. This will be increasingly true of metallic elements 
such as rhenium.  
 
Shortages of non metallic raw materials will cause the industry to investigate alternative materials 
 
Health and safety regulations will place increasing demands on manufacturing and may restrict the 
use of materials currently in common use. 
 
Engineering demands will place greater emphasis on dimensional control and geometric 
complexity.  
 
Cost consciousness will increase demands for less human involvement and greater automation. 
 
Increasing computing power and knowledge base systems such as neural networks will be 
increasingly important to the industry. It is possible to envisage a future foundry where the process 
is defined by knowledge systems and controlled by expert systems cognisant with defect detection 
and correction. The factory would be self learning and self correcting with limited human 
interaction. 
 
 
In the meantime the investment casting industry will continue to grow and remain one of the 
essential strategic industries for the world. 
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