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1 Introduction
Investment casting is one of the earliest metal forming process-
es to produce complex castings to near-net-shape and in vari-
ous materials. The technology has undergone a great evolution 
over time due to the need of precision components with com-
plex geometries, driven by various industries. During the past 
decades, the investment casting industry has continued to ex-
pand not only due to the advantages it offers as a casting pro-
cess, but also in manufacturing a variety of products. The goal 
of process design engineers in investment casting foundries is 
to set up a process that mainly meets three objectives:
>  producing sound castings according to the specification,
>  saving cost through high yields avoiding scrap and rework,
>  establishing a robust process window in the first place.

The freedom to set-up an optimal gating and rising for the spe-
cific component and material is compromised by various pro-
cesses and economically driven constraints such as the need 
to safely manipulate the wax cluster, limitations linked to coat-
ing and sanding and the need to apply as many castings to the 
tree as possible. Another challenge refers to the advantages of 
the process to be applicable to almost any cast material, espe-
cially those materials that have high melting temperatures or 
are aggressive in normal atmosphere. Accordingly, increasing-
ly complicated parts are produced by investment casting from 
alloys that are more difficult to cast. 

To meet today’s specifications in producing high-integrity 
investment casting components, a profound understanding of 

the material behavior and the process robustness is required 
for the entire manufacturing route. The technology of simu-
lating the casting process and predicting the resulting materi-
al properties has become a state-of-the-art methodology for 
foundrymen. Process simulation has shown to be an effective 
tool for investment casting pattern design allowing to accu-
rately model defects and resulting properties for a wide range 
of casting alloys. Investment casting foundries have used sim-
ulation for many years to receive a confirmation (or the need 
for modifications) on their design decisions and process setup 
before the start of production of a high-integrity casting [1].

Magmasoft [2] allows the simulation and optimization of 
the investment casting process taking into account all essen-
tial process steps and thermal boundary conditions. The soft-
ware offers dedicated functionality to address the specifics of 
the process not only for the core process of filling and solidi-
fication. Prediction of microstructures and resulting mechan-
ical properties and prediction of stresses, cracks and distor-
tion for the as-cast part or after heat treatment enable you to 
make reliable design decisions and to establish a robust pro-
cess window before performing real experiments (Figure 1). 
This paper discusses basics and major influencing parameters 
of the heat flow in the investment casting process. The innova-
tive methodology of Autonomous Engineering is using a sys-
tematic variation of influencing process or design conditions 
in a virtual Design of Experiments. Its benefits for investment 
castings are presented for various industrial applications. This 
allows modeling the impact of critical parameters such as dif-
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ferent shell materials, modifications to the pattern design or 
gating system, or process variations such as pouring time and 
temperature. The effects of these systematic variations on the 
resulting fluctuation of quality criteria in the casting are evalu-
ated. Applying these developments, investment casting found-
ries leverage their casting engineering and process setup to a 
new level. It allows them to realize new, robust and optimized 
solutions and reliable manufacturing routes before the pro-
duction of a high-integrity casting has started.

2 Thermal process requirements

When molten metal is poured into a preheated investment 
casting shell, solidification takes place already during filling. 
Its extents depend on the applied superheat of the melt, the 
shell temperature and the thermo-physical properties of the 
alloy. Once mold filling is completed, the transient tempera-
ture distribution in the melt is driven by conductive and con-
vective heat transport. The heat in the melt is transferred to 
the mold through the solidifying metal. At the same time, the 
contracting casting results in a growing gap and related heat 
resistance to the mold. The resulting thermal contact and re-
lated heat transfer coefficient (HTC) between the casting and 
the mold is a function of time and pressure (shrinkage), the 
surface tension of the liquid metal, gases precipitated in the 
gap as well as the roughness of the investment casting shell. 

Depending on the ambient conditions and the tempera-
ture level at the mold surface, the heat is further transported 
by combined convection and radiation. For most investment 
casting processes, the radiative exchange between different 

mold surfaces and to the surroundings must be considered 
(Figure 2) [3]. To accurately simulate the solidification process, 
reliable and realistic data on the thermal properties of the in-
vestment casting shell (thermal conductivity, specific heat ca-
pacity, density and shell permeability) are required (Figure 3) 
[4]. An investment casting shell is a mixture of several ceram-

SegregationMicrostructures

Distortion

Heat treatment

Cold laps

Porosity

Properties

Quenching
Tempering

Austenitization

Cooling

Time

Te
m

pe
ra

tu
re

Inclusions

Hot tears

Shell defects

Cold cracks

Wax defects

Figure 1: Simulation and prediction of different quality issues in investment casting.

Figure 2: Major heat transport mechanisms in investment 
casting [3].
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Figure 4:  a, b) Shell mold thickness as a function of the local surface contour and coating process [3]. c, d) Comparison of the  
temperature distribution between “real” and “uniform” shell thickness for a given time.
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Figure 3: Variation of thermo-physical properties of shell molds as a function of temperature for different shell types.  
a) heat capacity Cp, b) thermal conductivity K [4].
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ic constituents that are exposed to several thermal process-
es (drying, heating up to remove wax pattern, sintering and 
pre-heating before pouring). 

2.1 Impact of the investment casting shell on the heat flow

The precondition for a quantitative prediction of the solidifi-
cation and resulting part quality using casting process simu-
lation is an adequate consideration of the ceramic shell as the 
major heat sink and thermal barrier. This means besides the 
knowledge of accurate thermo-physical data for the hetero-
geneous shell material, the local thickness of the shell must be 
known. The local shell thickness is dependent on the coating 
and sanding processes (number of sanding layers, grain size 
and slurry rheology), but is also related to the part geometry. 
In inner corners, the ceramic slurry as well as the sand accu-
mulates whereas on outer surfaces and corners both tend to 
be washed off. The resulting shell thickness in the simulation 
model can be addressed as a function of the local surface an-
gle considering 180 °C as a flat surface (Figure 4).

2.2 Consideration of thermal radiation from the shell

The entire heat that is moving through the shell mold needs to 
be further transported to the surrounding. In this respect cool-
ing is determined by the total heat emission from the shell mold 
driven by radiative, conductive and convective transport. How-
ever, for casting under ambient conditions, the heat transport 
in the air due to conduction and convection is limited due to 
its linear relation to temperature differences. Radiation is usu-
ally the dominant heat transfer mechanism in an investment 
casting process. The heat flow is dependent on the emission 
coefficient of the ceramic surface and increases by the power 
of four with the temperature difference between emitting sur-

faces of the preheated mold and the surroundings. In the case 
of a casting under vacuum, radiation obviously becomes the 
only transport mechanism. 

The degree of heat emission depends to a large extent on 
the local radiation conditions. This means that the heat emis-
sion is larger on surfaces with free emission to the surround-
ings than it is for surfaces where the radiation is limited due to 
surfaces exchanging heat with other parts of the shell mold. 
The amount of radiative exchange is defined by view factors 
that describe the orientation of different surfaces to each oth-
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Figure 6: a) Shell surface 
temperatures after differ-
ent delay times from 10 to 
120 s for a preheated mold 
shell at 900 °C; b) the main 
effect diagram shows the 
influence of the delay time 
before pouring on the ten-
dency to cut off a major 
feeding path.
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Figure 5: Influence of radiative heat exchange of the shell mold on the casting cooling; a) the local temperature distribution and  
b) net radiation flux at a certain time show significant difference of inner and outer surface areas.
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er [3]. To solve this computationally intensive issue effectively, 
modern ray tracing algorithms have been developed [5]. The 
example shown in Figure 5 illustrates the influence of radiative 
exchange and shadowing of the shell mold for an assembly of 
three investment casting shells. The inner surfaces of the shell 
stay hotter than the outer areas due to reflected heat from the 
central runner, which is the last to solidify.

2.3 Influencing the cooling of the shell before and  during 
casting

Time delays due to transport of the shell from the firing fur-
nace and further preparations can lead to significant cooling 
of the shell at the time of pouring and may influence the so-
lidification accordingly. Figure 6 shows the surface tempera-
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Figure 7: Controlled cooling and solidification due to defined heat sinks; a) directional solidification in a vacuum furnace with defined 
heating and cooling zones; b) Fast cooling of the shell in a controlled way.

Figure 8: Comparison of shell surface temperatures for a) canning and b) free cooling at the same time.
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tures of the shell for different delay times from 10 to 120 sec-
onds. The initial temperature of the shell is 900 °C. In invest-
ment casting, various routes to control the heat flow during the 
casting process have been developed. The well-known Bridg-
man process is used to realize directional solidification within 
the casting by moving the casting in a vacuum furnace from a 
heated to a cooled zone. This process is mainly used to realize 
single-crystal turbine blades (Figure 7 a).

For complex aluminum investment castings, different pro-
cesses to control the cooling power and cooling direction have 

been developed (e. g. Sophia, Elite processes). A computer-con-
trolled process lowers the entire shell into a cooling medium af-
ter casting. The quench conditions are matched with the com-
ponent’s geometry and lead to a controlled and faster solidifi-
cation and finally to improved microstructures, (Figure 7 b). In 
investment casting, it is common to cover the shells after pour-
ing (canning). This allows influencing the heat transfer from the 
shell to the surroundings and consequently affecting the cool-
ing rate of the castings. Figure 8 compares the surface tempera-
tures of the shells in the case of using canning and free cooling.
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Figure 9: a) The von-Mises stresses on the backside of a turbine blade show high stress levels in the area of the gates; b) development 
of von-Mises stress during solidification and cooling.

Figure 10: Linear shrinkage and part distortion (exaggerated) compared with the original geometry for a) a turbine blade and  
b) a turbine wheel; c) quantitative assessment of part distortion in a virtual CMM device.
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3. Investigating stresses, cracks 
and distortion

The casting shrinks during cooling. De-
pending on inhomogeneous cooling, dif-
ferent thermal expansion properties and 
constraining due to the mechanical re-
sistance of the shell, plastic deformation 
takes place, resulting in residual stresses 
in the casting. Casting distortion and, in 
extreme cases casting cracks are a detri-
mental consequence [6]. Cold cracks may 
occur if von-Mises stresses exceed the lo-
cal tensile strength at a given tempera-
ture (Figure 9). The von-Mises stress lev-
el at 400 °C is shown on the back of a tur-
bine blade. The von-Mises result showed 
some high stress levels near the gates on 
the backside of the turbine blade. Plas-
tic deformation can be expected, as the 
von-Mises stress (red line) exceeds the 

yield strength before the casting shake out. In no case are cracks 
predicted as the stresses do not reach the tensile strength 
(black line) at any time. 

When stresses evolve during casting and cooling, this must 
lead to part distortion. Due to the rigidity of the shell, plastic 
deformation in the casting results in part distortion, especially 
after shake out. Figure 10 shows two examples of volumetric 
contraction and part distortion of a turbine blade and an im-
peller casting after solidification and cooling. Virtual coordi-
nate measurement capabilities (CMM) enable the quantifica-
tion and comparison of the local distortion for different designs.

Hot tearing is a major stress related defect in investment cast-
ing foundries causing costly repair welding or even scrap. The 
root causes for tearing are thermal gradients and constrained 
contraction due to the ridged shell resulting in straining during 
solidification, insufficient feeding and the metallurgical state 
of the melt. Integrated solidification and stress modeling al-
low investigating possible measures to avoid hot tearing. The 
example in Figure 11 shows the comparison of the predicted 
hot crack risk with the real findings in the casting.

4 Addressing the entire process chain

4.1 Wax injection 

Investment casters are always aiming to optimize production 
times and costs over the entire casting process. Therefore, in-
terest has grown in simulating other part processes in invest-
ment casting. Looking upstream in the investment casting pro-
cess chain, the use of simulation to investigate the production 
of wax patterns is very interesting [8]. Many defects created 
during wax injection will be found in the final casting if they 
are not detected earlier. A significant percentage of scrap is 
a direct result of poor wax patterns, e. g. surface defects, en-
trapped gas and core breakage. Understanding the wax be-
havior and being able to model the filling in complex geome-
tries is the first step toward the understanding of this import-
ant stage of the investment casting process. Sigmasoft [9] is a 
plastic injection simulation software package that enables ad-
dressing the non-Newtonian flow nature of investment cast-
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Figure 12: Simulation of the wax injection, indicating a) unbal-
anced filling, b) sink marks due to insufficient pressures, c) dis-
tortion of the pattern [8].
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Figure 11: Stress simulation; a) indicating hot tear risk in pliers for defined process 
conditions and b) comparison to real findings [7].
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ing waxes. Figure 12 shows the simulation of a wax injection. 
With an initial injection temperature of 56 °C, the wax cools 
down to 19 °C during filling. At the end of injection, the wax 
temperatures vary up to 25 °C. This leads in an unbalanced fill-
ing resulting in sink marks and distortion.

4.2 Heat treatment, microstructure and material properties

On the down-stream side of the process chain many steel as 
well as non-ferrous investment castings require a heat treat-
ment following the casting process. The objectives are either 
to obtain desired microstructures as well as mechanical prop-
erties or to reduce existing residual stresses and part distortion. 
Process simulation can predict microstructures and resulting 
mechanical properties as a function of the chosen heat treat-
ment process conditions. 

Magmasoft predicts the local segregation of alloying ele-
ments during solidification. By using this information in sub-
sequent heat treatment simulations, it is possible to consider 
the influence of local concentration differences on the micro-
structure distribution as well as the material properties after 
heat treatment. Figure 13 shows the impact of carbon segre-
gation on the local martensite formation after quenching for 
two regions of a steel casting (geometry see figure 17) with sim-
ilar cooling rates during the quenching process. During heat 
treatment, the stress state of the casting changes completely. 
During annealing (normalizing or solution treatment), the stress 
relief in the casting is governed by plasticity and creep effects. 
During quenching, stresses are built up strongly, driven by high 
temperature gradients. Also density changes in the cast part, 
which increases crack risks during quenching. As the cooling 
rate increases, the martensite fraction in the microstructure in-
creases too, resulting in a change in local density, which means 
non-uniform volumetric contraction in the microstructure. To 
minimize part distortion and crack risks, it is necessary to es-
tablish a good compromise between material characteristics 
and tolerable stress levels.

5 From simulation to Autonomous Engineering 

In metal casting processes, everything happens at the same 
time and is closely coupled. While this can be regarded as a 
key advantage of metal casting in comparison to other manu-
facturing processes, it also makes decision-making regarding 
an optimal process layout complex. Changing only one pro-
cess parameter can influence the final casting quality in many 
ways. This makes it challenging to manually optimize the cast-
ing process in the real-world by simultaneously pursuing qual-
ity and cost objectives [9, 10]. The complex interactions related 
to the number of variables that exist in the casting process are 
the root cause for various quality defects. Figure 14 displays 
a simple cause and effect diagram for the investment casting 
process showing the diversity of different variables influenc-
ing the casting quality. 

Due to the diversity of factors that affect casting quality and 
the complex interactions between physics, metallurgy and cast-
ing geometry, even the expert knows neither the possible op-
timum nor the robustness of the process window chosen prior 
to a multitude of trials. A new approach overcomes these lim-
itations. This methodology, called Autonomous Engineering, 
utilizes multiple simulations with Magmasoft as a set of virtu-
al experiments in order to achieve the best possible solutions. 

Autonomous Engineering uses the simulation tool as a virtu-
al experimentation or test field. By changing the casting tech-
nology of investment casting, e. g. the gating and risering de-
sign or manufacturing parameters, the software aims to find an 
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Figure 13: Effect of carbon segregation on martensite forma-
tion during quenching. a) Differences in carbon content due 
to segregation in the casting process, b) local cooling rates 
during the quenching process, c) differences in martensite 
content in two regions after quenching despite identical cool-
ing rates.
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optimal operating point within the specified limits. Several pa-
rameters can be systematically modified at the same time and 
can be evaluated independently from each other. In addition, 
the process robustness can be assessed before the first cast-
ing is done. The software uses statistical approaches (Design 
of Experiments / DoE) pursuing several targets simultaneous-
ly and finds the best compromise based on first principles [9].
The automated assessment of all simulated quality criteria 
can be used to quickly and easily find the optimal route to 
achieve the desired objectives. In addition, the number of re-
al-world trials can be reduced, and the impact of various pro-
cess parameters on reaching a robust process window can be 
assessed in early phases of casting, pattern and process devel-

opment. The methodology of Autono-
mous Engineering is not a replacement 
for process knowledge and expertise 
of the foundryman. Based on the tech-
nical and economical boundary condi-
tions for their process, the foundry en-
gineers need to specify which parame-
ters they may change and to what extent. 
This is done in combination with the re-
quirements placed on the casting and 
the objectives to be achieved. Quantita-
tive descriptions of the important influ-
encing factors, measurable quality and 
cost indicators, and the objectives are 
required to answer these questions. Ap-
plying these developments as an inte-
gral part of Autonomous Engineering, 
this is a unique opportunity for invest-
ment casting foundries to achieve new 
and optimized applications as well as re-
liable manufacturing routes before the 
production of a high-integrity casting 
has begun.

5.1 Robust process conditions - 
effects of process parameters 

The term ’robust’ means capable of performing without failure 
under a wide range of fluctuating process conditions that can-
not be controlled. The process variability in investment casting 
is a significant issue. The main variables affecting castability 
in investment casting are pouring temperature, pouring rate, 
shell temperature and shell thickness. The pouring tempera-
ture is dependent on the given alloy, geometry and process 
conditions. High pouring temperatures can cause gas pickup 
of the melt or undesired metal-mold reactions. In contrast, low 
pouring temperatures can lead to cold laps or even unfilled ar-
eas in thin-walled castings. 
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Figure 14: Cause and effect diagram for the investment casting process: Different variables are influencing the casting quality [7].

Figure 15: Cold lap tendency as a function of the superheat of the melt for various 
process variations.
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In the following example, a virtual DoE 
was performed for the following process 
variations:
>  Shell temperatures (900 to 1100 °C)
>  Pouring temperatures (1530 to 1630

°C)
>  Pouring times (7 s, 10 s, 13 s, 16 s)

In total, a full factorial DoE with 36 virtu-
al experiments (filling and solidification) 
was done. Figure 15 displays the 
results for all virtual experiments in a 
scatter dia-gram. The results for the cold 
lap tenden-cy are drawn over the 
variable superheat. The cold lap danger 
is obviously growing with lower pouring 
temperature. Due to the impact of the 
other variables (shell temperatures, 
pouring times) the figure shows a 
scatter of results for any pour-ing 
temperature chosen. This indicates 
that the robustness of the process 
decreases with lower superheating.

Figure 16 shows the correlation of the 
three further important process parame-
ters influencing the casting quality, here 
on volume and microporosity in the cast-
ing. As mentioned earlier, it is not only im-
portant to visualize the variability of one 
parameter, but even more informative 
to show the interaction with other pro-
cess parameters when one parameter is 
changed. While the casting time has 
only a minor effect on the final 
porosity, higher casting and shell 
temperatures in particular have a 
significant influence on the predicted 
macro- and microporosity.
5.2 Robust casting engineering,
A sound and quality casting is highly de-
pendent on its methoding. During 
engi-neering, the layout and 
dimensioning of 
gating and risering has a direct impact on the cast part quali-
ty. The majority of casting defects can be avoided with an op-
timized gating and risering system, mostly paying the price of 
reducing yield or increasing manufacturing costs.

5.2.1 Improving feeding by adjusting runner and gates

The design of efficient gating- / feeding systems for investment 
castings has always been difficult due to a number of limiting 
factors, resulting from the complex geometries and the process 
needs. In the following case multiple gating concepts were in-
vestigated with virtual DoE using parametric geometries for 
the following variations of runner/down sprue: 
>  Cross section of runner/sprue (blue line, 5 variants),
>  Sprue position (yellow line, 7 variants),
>  Gate width at runner junction (red line, 3 variants).

The software autonomously evaluates a full factorial DoE with 
105 different designs and then simulates filling and solidifica-

tion for all possible combinations. Without any interaction of 
the user, each simulation in the autonomous DoE is set up, cal-
culated and automatically assessed based on the chosen quali-
ty criteria. The user defines the main objectives here to find the 
best compromise between all variants to realize an optimal feed-
ing path in the casting. The influence of the gating design on 
minimizing the hotspot volume for a given fraction solid is in-
vestigated in certain critical areas (Figure 17). Figure 18 shows 
the results of the virtual DoE to evaluate the impact of different 
gating concepts on hotspots and shrinkage porosity defects. 
The parallel coordinate diagram helps to gain a better under-
standing of the impact of parameter changes on an improved 
feeding path in the casting for the selected quality criteria. 

5.2.2 Runner configuration for optimized melt cleanliness

To avoid quality scatter, a main issue in the design of a gating 
system for investment castings is to make sure that all cavities 
are filled and solidify evenly. From the process point of view, 
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Figure 16: Correlation diagram showing the impact of pouring time, shell tempera-
ture and pouring time on the volume of macro- and micro-porosity.

Figure 17: Parametric variation of runner and gate dimensions to improve the feed-
ing path into the casting. a) Variables: runner cross-section (blue), changing down 
sprue position (yellow) widening gates (red). b) Evaluation areas to assess the quality 
criteria during solidification in critical sections of the part.
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the objective is to minimize turbulence and gas entrapment 
during filling and guarantee sufficient feeding during solidifi-
cation. These objectives are often compromised by the need 
to design the tree to stand the manipulation and mechani-
cal loads during coating and sanding. For many steel castings, 
re-oxidation inclusions are a major cause for rework or even 
scrap. The formation of inclusions is closely linked to the tur-
bulence during filling. Using flow turbulence simulation during 
filling, the resulting gas entrainment and the probability and 
size of inclusions can be modelled quantitatively (Figure 19). 
In this case, different gating concepts were investigated with 

respect to their sensitivity creating re-oxidation inclusions in 
the casting. Figure 20 illustrates the predicted distribution and 
amounts of inclusions for casting located at the top and the bot-
tom of the tree. A clear difference in predicted inclusions be-
tween the three different tree designs as well as between top 
and bottom parts can be seen.

5.2.3. Searching for the best way

Many precious metal parts are investment castings. Therefore, 
it is one of the greatest challenges for jewelry manufacturers 
to find a good balance between casting quality and cost effi-

Figure 19: Investigation of re-oxidation inclusions for different gating designs [7].

Figure 18: Evaluation of the impact of design variables on the selected quality criteria using a parallel coordinate diagram. Each 
blue string of lines displays the set of variables and resulting quality of one virtual experiment.
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Figure 20: Impact of the gating design on the number and distribution of re-oxidation inclusions on the surface of a casting [7].
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Design A Design B
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Figure 21: a) Stage 1: Investigation of 4 different gating 
 designs, b) stage 2: Assessment of two runner layouts for the 
optimal gate design, c) evaluation of the results in a corre-
lation matrix [12].
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ciency. Figure 21 illustrates the possibility of providing com-
prehensive solutions on process optimization for investment 
casting in the jewelry industry using the example of a ring. The 
ring should be made of the silver alloy AgCu7. A 2-stage de-
sign selection process was done with the objective to find the 
best gating of the individual ring casting in stage 1 (d1 to d4). 
Stage 2 was used to further optimize the assembly setup (de-
sign A and B) [12].

To measure the outcome, two different quality criteria 
(smooth filling and porosity) were investigated and compared 
to the respective yield. The correlation matrix (Figure 21) reveals 
that design d2 shows the best compromise between smooth 
filling (less turbulence or splashing during filling) while still 
achieving the highest yield among all other designs. In stage 2 
two possible tree designs with different runner diameters were 
chosen using the selected gating design (d2). Subsequently, an-
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Figure 22: Quality chart (here porosity level vs. misrun tendency for different shell preheating temperatures) to establish optimal 
operating conditions and robust part quality [7].

Figure 23: a) Impact of the cooling medium on the cooling time as well as on resulting hardness; b) main effect diagram showing 
the effect of alloying elements (C and Mn) on the microstructure (retained austenite) and resulting material properties (hardness) 
after heat treatment.
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other virtual DoE was conducted for the two tree designs with 
one additional objective to avoid or minimize misrun. The eval-
uation of the two designs for all criteria clearly indicated that 
design B was the better choice, because of lower turbulence 
during filling as well as lower porosity, higher yield and mini-
mal tendency for misruns.

5.3 Linking technology decisions with robust quality  
and optimized cost

Investment casting foundries are always aiming to establish a 
process window that guarantees robust quality according to 
specification and optimized costs over the entire casting pro-
cess. Knowing the impact of technical decisions on resulting 
costs due to repair or even scrap is a key to make reliable deci-
sions. This simplified case study of an air flow housing demon-
strates how changing a process parameter (preheating tem-
perature of the shell mold) affects the casting quality (risk of 
misruns, shrinkage porosity and microstructure (Dendritic Arm 
Spacing)), (Figure 22). The aluminum structural casting (A356) 
has a weight of 64 kg and a height of 90 cm. The simulations 
were performed for three different shell preheating tempera-
tures (200 °C, 400 °C and 600 °C). The main objective was to find 
the best compromise between minimum porosity amounts and 
minimal risk for misrun for an acceptable DAS level. The shell 
preheating temperature has a considerable influence to avoid 
misrun. As the shell temperature is reduced, the risk for mis-
run in the casting obviously increases, whereas the DAS level 
is lowered. On the other hand, the amount of porosity increas-
es as well at low as at high preheating temperatures and has 
a minimum at 400 °C. The systematic evaluation of the given 
process window enables the assessment of casting quality and 
cost impact as well as the robustness or safety margin of the 
nominal operating point at the same time.

5.4 Robust and optimized heat treatment process  
conditions 

A robust industrial process for high quality investment casting 
products requires the consequent reduction of process fluctu-
ations on the part quality after heat treatment as well as robust 
and optimized process conditions. Autonomous Engineering 
allows assessing the influence of heat treatment process vari-
ables on the resulting microstructure and mechanical proper-
ties by performing Design of Experiments virtually. The objec-
tives of the optimization are to realize the best compromise be-
tween the microstructure and material properties as well as to 
use resources efficiently, e. g. energy, treatment time and pro-
duction capacity. All significant process variables such as the 
thermal history and the chemical composition of the alloy on 
resulting part quality can be investigated systematically. 

Figure 23 shows the results of a virtual DoE investigating the 
effect of different cooling media during quenching of a steel 
casting on the cooling time as well as on the resulting hard-
ness. The hardness scatter in the casting is strongly dependent 
on the cooling medium. The figure also shows how the chem-
ical composition, in this example carbon and manganese, af-
fect the microstructure (retained austenite) and the resulting 
material properties (hardness) after heat treatment. The exam-
ple demonstrates how systematic virtual experiments provide 
quantitative insights to establish optimized process conditions. 

6 Conclusions

Having started in the early days mainly to produce artwork, in-
vestment casting has developed over the years into a reliable 
manufacturing process serving various industries with high-in-
tegrity castings. Current challenges the process is facing, such 
as substitution threats by additive manufacturing, globalization 
and related price competition, as well as the inherent process 
and production needs make it vital to use simulation tools to 
support design and process related decisions. The systematic 
use of virtual experimentation and optimization changes the 
simulation methodology from a confirmative tool of already 
taken decisions to a predictive tool allowing the investment 
caster to set up optimal operating points and robust process 
windows for the entire manufacturing route before the first 
casting is made.  

Dr.-Ing. Max Peymandar, Product Manager, B. Eng. Daniel 
Schmidt, Application Engineer, MAGMA Gießereitechnolo-
gie and Dr.-Ing. Jörg C. Sturm, Dr. E. Flender Holding, Aachen
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