"Cast Iron - a predictable material”

25 years of modeling the manufacture, structures an  d properties of cast iron
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Abstract

During the last 25 years, casting process simulati@s developed from predicting hot spots and
solidification paths to an integral assessment apiimization tool for foundries for the entire
manufacturing route of castings. Modeling castsrbas always been a special challenge due to the
strong interdependency between the alloy compwosiipplied metallurgy and metal treatment with
the solidification, phases and structures whicmfand the resulting properties of the material.

Supporting the risering of the casting is still asfethe most important uses of casting process
simulation. Different feeding behaviors and seHdg capabilities of cast irons need to be
considered to provide a defect free casting. Toabke to quantitatively predict these defects,
already in the early 1990’s solidification simudatiwas coupled to so-called micromodeling. This
allowed the consideration of major controlling paeters in the foundry, such as the influence of
alloying elements, melting practice and metallurgy, the special shrinkage and solidification
behavior of cast irons. As an additional benefie prediction of local structures, phases and
ultimately the local mechanical properties of camts was available, to assess casting qualitigen t
foundry but also to make use of this quantitatiferimation during design of the casting.

Today, casting quality means more than soundnessomprehensive list of additional quality
issues such as dross or sand inclusions and tHgrdmalen stresses and distortion in castings and
cores can be modeled. Cracks in castings can lessest as well as the reduction of casting
stresses during heat treatment. Increasing demamdsaterial performance has led to increased
property requirements for cast irons. The demandrdétiable information for new alloys and
materials such as CGI, ADI or high-Si ductile cash has strongly grown and was addressed by
extended modeling capabilities.

All this quantitative information about the maté&sgerformance is most valuable if it can be used
during casting design. The transfer of local prapsrinto the designer’'s world, to predict local
properties such as fatigue strength and durakaktya function of the entire manufacturing route,
will increase the trust in this old but highly inradive material and will open new opportunities for
cast iron in the future.

In each case, the basis for extended modeling mmalagion capabilities has been to first gain a
fundamental understanding of the formation mechmasis This requires smart experimentation
coupled with the skill to turn empirical and expeental knowledge into quantitative physical
models. This paper provides an overview of 25 yeacsast iron modeling, which is strongly linked
to the achievements and the lifetime dedicatioRrof. Ingvar Svensson to cast iron. He has been a
pioneer in gaining quantitative understanding tedpot cast iron using a computer. The paper will
sketch some selected highlights of his work and prbvide an outlook to current and future
demands on integrated cast iron research to cantonmake cast iron a predictable material.

Part | of this paper introduces the challenges diadusses the requirements to model the material
cast iron from process to structures to local meida properties.



Introduction

The metal casting industry has always tried to raboth technical and commercial needs,
maintaining engineering capabilities, ensuring céffit operations and protecting business
profitability. Business at its root has not changbdt the way that business is carried out is
changing. There is a tremendous decentralizatiodemway. Casting clients are outsourcing
responsibilities and increasingly globalizing. Ascls, the technical requirements and breadth of
responsibility placed on cast iron foundries hawedme even more demanding. This places
additional requirements on our engineering resajr@aed challenges us to think about new ways to
shorten lead times, reduce total costs, and tealyiateract with clients more effectively.

With the upcoming capabilities of CAE technologiesluding fast evolving casting process
simulation and new computer based component ddsigis, it is possible for foundrymen and
designers to work together concurrently, to optemizoth component design and casting process
parameters. Through these engineering efforts,digumen can assure the sustainability and growth
of their businesses while maintaining a sizablaneal edge over competition. Quantitative results
provided by casting process simulation help desgt@ understand the impact of the process on
the performance of castings in use.

To meet today’s specifications in making cast irduactile iron, compacted graphite iron or even
austempered ductile iron requires a profound umaleding of the material and the process
robustness. Here, casting process simulation has betremely instrumental. During the recent
more than two decades, the technology of simulathmy casting process and predicting the
resulting material properties has become helpftlvim ways: First, making the mold as a black box
transparent for the foundry specialist, helping hionunderstand the root causes of possible
problems prior to the first casting. Secondly, depimg virtual simulation tools for the casting
process requires a profound and quantitative utatesg of the impacts of physics, metallurgy
and chemistry as such. This has changed the emlpirdriven process substantially into a first
principle based and reliable manufacturing prodess,1.
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Fig. 1. A challenging task: Simulating the casting procesgredict component properties. The
biggest benefit of the casting process is its ghiiti perform many tasks at the same time. However,
it is also its biggest drawback, as many procesanpeters are linked to each other and have to be
considered simultaneously.

For many cast iron foundries, casting process stiaul is used daily as a standard tool to assess
gating and risering and to predict feeding. It lb@some an instrument in quality systems and

process optimization. State-of-the art simulatiooig consider the special material behavior of cast
irons with respect to its alloy composition, maitipractice, and metallurgy [1]-[4].



After designing the gating system and the pattayrout, a first complete simulation of the entire
process can be done. The basis for the simulasidhe calculation of different phases and their
amounts for the entire solidification of the cagtifihis allows the determination of the local sum o
shrinkage as a function of the currently presemttreating (liquid, austenite and cementite) or
expanding (graphite) phases, and its compensdtiongh feeding from a riser.

Once isolated regions are formed which can no lorge fed, the total feeding is a sum of
remaining liquid and austenitic shrinkage, and lgcaphite expansion. Additionally, mold stability
and mold dilatation must be considered to take sihléfeeding effects into account. Only this
micromodelling approach enables the predictionawbgity in cast ironkig. 2.
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Fig. 2. Shrinkage prediction and reality. Exampldsg. 3: Cast iron processes, defects and
displaying the accuracy of shrinkage prediction fproperties addressable by state-of-the art casting
different cast iron castings. process simulation

I

The current development efforts go far beyond theuation of solidification and feeding. One
focus is related to the prediction of complex defeesulting from an interaction of metallurgy and
process. A second development aspect is focusettheomodelling and prediction of the entire
manufacturing route. All this is required to getth@ ultimate goal of casting process simulation:
The prediction of local casting properties to assbe component’s design, the complete casting
and process engineering, and their economic imgrathe profitability of cast iron castingsig. 3.

Requirementsfor benefiting from casting process simulation of cast iron

The melting and metallurgical practice applied &akecisive impact on the casting integrity. This is
especially true for cast iron components, in whioé metallurgical processing is decisive for the
ultimate casting structures and properties. Onlycasting process simulation is capable of
considering the impact of alloying and metallurggn cast structures can be predicted locally.

Supporting the feeding related layout of the casinstill one of the most important uses of cagtin

process simulation. Depending on the alloy poudiffierent feeding behaviors and self-feeding
capabilities need to be considered to provide aaldfee casting. Therefore, it is not enough to
base the prediction of shrinkage defects solelfi@rspots derived from temperature fields, bug it i

also necessary to be able to quantitatively pretliem. Solidification simulation had to be

combined with density and mass transport calculatim order to evaluate the impact of the
solidification morphology on the feeding behavias, well as to consider alloy dependent feeding
ranges. This is accomplished through the descriptibtemperature dependent thermo-physical
properties.



The special feeding behavior of cast irons and steong dependency of solidification behavior on
metallurgy mean that a macroscopic hot spot predids not sufficient to asses the methoding of
cast iron castings. In ductile iron, big hot spotsstly result in a perfect precipitation of the

graphite and hence in a sound casting. On the didwed, small hot spots occurring early during
solidification may lead to strong shrinkage duaudstenite contraction and suppression of graphite.

To be able to predict the soundness of cast ireedan the real local shrinkage and expansion of
the cast material, the program has to be capabt®mdidering the kinetics of the phases being
formed during the entire solidification path indlually. For cast iron, this means taking into
account the effects of all alloying components, additionally the applied inoculation and melting
practice and metallurgy.
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Fig. 4. Simulation of cast iron microstructure under coesidion of input parameters, utilized
models and available results

Every foundry specialist makes use of inoculatiod alloy composition to avoid chill effects or
eutectic cementite. These influences are superietpdy the local cooling conditions. A pure
simulation of macroscopic heat flow cannot take ttoupled interaction into account. Therefore, so
called microstructure models, which predict the amoof new phases based on the above
described interactions for any location within dasting at any time, are appliddg. 4[5, 6].

The different capabilities of both models are bestdluated using “simulated” cooling curves.
Whereas in macroscopic thermal models the matghaimo-physical) properties are fixed for the
used alloy, in a micromodel these properties aterdened at each time step and for every point in
the casting as a function of the current phase dtion. This influences the release of latent heat,
and finally the shape of local cooling curvdsg. 5. Supercooling, recalescense and growth
temperatures, which are dependent on local megathirand thermal conditions, are a result of the
simulations. In the same way that a real coolinyeus used as a measure for the melt quality, the
»Simulated cooling curve" is a proof for the qualdf the used models. Knowing the actual state of
precipitating graphite, austenite and cementitespbat any point, feeding and shrinkage can be
predicted locally.
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Fig. 5: Sensitivity of cast iron micromodels to the apglimetal treatment. The figures show the
differences between macroscopic and microscopialatmn (micromodelling), using simulated
cooling curves. While the use of macroscopic heatsfer equations only modifies the shape of
the cooling curve due to the released latent heattomodelling also considers the impact of
different inoculation conditions (left). Even congitton changes (i. e. change of effective Mg-
content between 0.007% and 0.021%) modify the &atled undercooling, recalescense, and
growth temperature (right).

Simulation predicts microstructuresin cast iron

The simulation of individual phases as a functioometallurgy, melting, and inoculation practice
also allows a prediction of microstructures aftelidsfication (nodule count/number of eutectic
cells, amount of grey/white solidification, and amb of austenite/eutectic graphit&)g. 6 and 7.
Through calculation of the further cooling and lo&egregation down to the solid-state reaction, the
local phase distribution of the matrix (ferrite/déa distribution, coarseness of pearlite) can be
assessed quantitatively (see also [7-11]). Thim@ortant information for the quality systems of
foundries Fig. 8.
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Fig. 6: Simulated cooling curves and respectif@g. 7: Simulating the influence of alloying
nodule count maps for a staircase casting. Télements on the microstructure. The transition
results show the impact of different inoculatioof grey to white solidification in wedge test
conditions and local cooling rates on theamples as a function of alloying elements in
solidification. comparison to the real microstructure.
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Fig. 8: Assessment of microstructures and mechanical piiepefor ductile iron. Due to the
consideration of nucleation, phase distributiomregation of alloying elements, and local cooling
during solid state reactions, the local nodule tdl&it) and ferrite/pearlite distribution (rightan

be predicted quantitatively with good agreemenetd findings [12, 13]

Micromodelling also allows predicting the transitiof different graphite morphologies (e. g. A-
and D-type graphite and transition from ductiletmpacted graphite morphology) as a function of
the applied metallurgy, the alloy composition, d@hd local cooling conditiongzig. 9 shows the
predicted nodularity distribution in an engine Iaest casting.
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Fig. 9: Simulating local nodularity as a function of agllometallurgy, and cooling conditions.
Simulated nodularity values are compared with messsnodularity [14, 15].

Predicting Mechanical Properties

The quantitative knowledge about local phases amdostructure allows the prediction of local
mechanical properties for the entire casting (tenstrength, hardness, yield strength, elongation
and Young’s modulus)ig. 10 [17]-[20]. This prediction is based on the assessment ofoited |
structures or precipitated phases.

Further developments have been made to couple streadture and defect predictions to static and
dynamic properties, which can be used for qualitgpection within the foundry or as input
parameters for safe and lightweight deskgig, 11 and Fig. 12.
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Fig. 10: Comparison of simulated and measured hardnEgg 11: Prediction of material
values for a grey cast iron engine block [16] performance through export of local
stress-strain curves [17, 20]

Fatigue Strength
[Mpa]

Fatigue Strength

Fig. 12: Prediction and experimental validation of locatigae strength as function of local
structure predictions [12].

Simulation supportsthe entire manufacturing route

Aiming for a quantitative prediction of the finatgperties of the cast component when the part is
shipped to the customer, casting process simulatarst be able to address the entire
manufacturing route of castings. In many casesl foomponent properties are determined by
subsequent manufacturing steps, such as heat &ettithis is well known for white iron and
malleable iron castings. In addition, the industaaplication of austempered ductile iron, ADI, has
grown in recent years. The material has a numbenexfhanical properties that makes it attractive
for structural applications in industries such asomotive, heavy trucks, and many others. The
material can be tailored to have properties sudhgis strength, high wear resistance, high fracture
toughness, and high fatigue strength.

ADI is an alloyed ductile iron which has been suotgd to a three-step austempering heat treatment
process. The complex interaction of manufacturiogditions and microstructures is ideally suited
to be assessed by process simulation. Knowingptted As-cast microstructure (nodule count, phase
distribution, and segregation profiles), a coupddtusion and kinetic model allows the simulation



of the local formation of austenite and subsequanbon pick-up as a function of time and heat
treatment conditions;ig. 13.
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Fig. 13: Integration of casting process simulation and hesdtment simulation to predict ADI
structures. The micromodelling of cast iron progidaluable information about structures and
segregation profiles for a subsequent heat tredtrsiemulation. Nodule count and segregation
profiles are used as input values for the simutabb austenitization, subsequent quenching and
austempering stages. The simulation provides ga#éimg information about microstructures at all
stages of heat treatment, and allows determinaifotine required times to reach the respective
structure [21].
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Fig. 14: Simulation of austenitization, quenching and augieation of a planetary carrieBased

on the local as-cast structure, the phase chamges dolid-state phases into austenite, and the
subsequent carbon saturation can be modeled. &suét,rthe carbon levels and the time to reach
full saturation are predicted. Subsequently, nddaaand growth of ferrite and diffusion of
carbon into the austenite is modeled. This leads tquantitative prediction of final phase
distributions and the time to reach a full ausfemation [21].

Today complementary micromodeling applicationsauailable to model heat treatment processes
for cast irons such as pearlitization. Similar medalow prediction of as-cast and heat treated
structures (carbides) for high chrome white irons.

Supporting casting design for performance

Quantitative knowledge about local properties hddpth the foundry specialist and the casting
designer. The foundryman can set up a robust psaygsranteeing the required specifications. The
designer should make use of local properties fer design considerations to fully exploit the

potential of the casting. This has strongly supgbthe development of new and innovative cast
components, such as wind turbine castings.

An optimal use of cast iron properties is only ploissif the designer uses the potential of the
material to its full extent. This regards both weigsavings as well as design for optimal



performance in use. For this purpose, casting dessgare asking for clear design rules and tools to
support the design of the component.

Besides the geometry, cast iron casting properéiess dependent on defects, the graphite
morphology, and the structure of the matrix. Thesgm metallurgy and the process control are
main influencing parameters for the resulting cast@nd its performance. This interdependency
leads to uncertainty regarding the real castingogniies a designer can count on. Therefore
standard values for castings are applied to sabereninimum requirements. Until now, designers
consider varying casting properties more as threat as an opportunity [22].

This makes clear that a close coupling of castioggss simulation with performance simulation is
needed. The full use of the material potential oaly be realized, if the real material properties
resulting from the casting process are introducgdife load calculations of the designiéig. 15.
Casting process simulation must answer questionshwwill be asked by both the foundry
specialist and the designer. Therefore, it is irtgpdrthat simulation is able to predict cast iron
material behavior not only qualitatively but alsoagtitatively.
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Fig. 15: Integrated CAE design-process chain. Only a coupke of casting process simulation
and performance simulation allows the assessmdheakal material performance in a component
with respect to its local mechanical properties aasidual stresses [15] [16].
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The integration of structure, defect, and propeartdelling of castings into the CAE world enables
the designer to assess local mechanical perfornfandmth the static and dynamic local behavior
based on the real performance of the casting, 16. Alternatively, the material potential can be
used for weight savings [23].
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Fig. 16: Process of transferring casting structure and eatgpdistributions to lifetime prediction
analysis [12]
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Fig. 17: Comparison of failure locations in a bearing supgonly with the consideration of local
fatigue strength as a function of the local strregican the correct crack initiation locations be
predicted [24].

From simulation to optimized solutions and robust process lay-out

The evaluation of a robust and efficient manufaoturoute is still one of the main objectives to
use casting process simulation in a foundry. Duiigctight interaction of metallurgy and material
properties, the foundry specialist still has opaaggions with respect to filling and solidificatioh
cast iron castings. This is the case for a repribtkicgeneration of the expected graphite
morphology, the feeding performance and the reguhnicrostructures and properties.

Today’s requirements on the development of a ogséind the corresponding casting process
demand methodologies and tools which allow a maaton of process robustness and

profitability at the earliest possible point in 8mTypically, the freedom to make improvements is
in practice reduced to a small number of realgréhiring the development phase, and is limited by
the effort connected with changing process paramateseries production. A quantitative estimate

of real casting quality based on casting trials amdduction of the required number of experiments
to optimize the casting process remain a challenge.



Up to today, casting process simulation tools Haaen used by foundry engineers to confirm a set
of selected process parameters and evaluate a ¢agting layout. They then make manual changes
to process parameters or geometries, like rungates or feeders, to get closer to achieving the
objectives they have in mind, and repeat this mecmtil they find a satisfying solution, red/y&ilo
curve inFig 19.
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Fig. 18: The virtual design space for autonomous optimirais composed of varying process
parameters, calculated quality criteria, and oation targets defined in the software [25].

In contrast to real-world trials, the new methodgl®f virtual experimentation and autonomous
optimization using simulation tools provide sigo#ntly more flexibility, especially for cast iron
applications. Autonomous optimization enables esgis to vary several parameters, such as
metallurgical conditions, chemical composition, dhd casting process layout simultaneously and
independently from each other. Different qualitytesta can be evaluated individually and
guantitatively, Fig. 18. Combined with established tools from statistidakign of experiments,
casting process simulation can be used to autonsinaptimize casting processes and designs.
The software follows several targets at the same fand finds the best compromise based on first
principles,Fig 19 left. The automated assessment of all simulateditgcriteria can be used to
find the optimal route to achieve the desired dbjes quickly and easily. In addition, the number
of real-world trials can be reduced and the impactous process parameters have on reaching a
robust process window can be assessed in earlyeglascasting, pattern making, and process
developmentFig 19 right [26], [27].

The new methodology of autonomous optimizationasanreplacement for process knowledge and
expertise. Based on the technical and economiaatdary conditions for his process, the foundry
engineer needs to specify the parameters he hadldkibility to change considering the
requirements placed on the casting and the obgxtiv be achieved. These objectives are made
measureable by relating them to corresponding tyuaiiteria. The questions to be addressed to the
software are simple: What characterizes a goodhgatystem(Fig. 20)? How do | accomplish a
robust process window? How do | select process itond that provide the required casting
quality? Quantitative descriptions of the importenfluencing factors, measureable quality and cost
indicators, and the goals to be achieved are redua answer these questioRsy. 21.
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Summary

The beauty of the casting process, realizing a ¢exnpomponent “in one pour” becomes a
challenge, especially for cast iron due to the moore interactions between different quality
determining parameters. A simulation tool has tettkis challenge, especially with respect to the
complexity of cast iron solidification. Only if artual tool considers the degrees of freedom the
foundry specialist has to manufacture sound castican the foundryman benefit from the software
for daily process and production optimization ia faundry.

The main goals of a foundry to use a casting po@siulation tool - reproducible quality,
increased profitability, adequate design for maciuii@@ and entering into new markets - strengthen
the competitiveness of the casting process as sudhis context, “casting quality” means more
than “soundness”, “cost reduction” means more thaaproved yield”, and “casting properties”
mean more than “meeting required standards”. THerrmation provided by state-of-the-art
technology supports both foundryman and casting insachieving a design considering the local
material and process demands for cast iron, asasedupporting the foundry specialist in setting up

optimized and robust manufacturing conditions.
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