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Uspesnost numeriénih simulacij pri optimizaciji
proizvodnje ulitkov

Efficiency of Numerical Simulation in Optimization
of Casting Production

Povzetek

Siva litina se v industriji pogosto uporablja zaradi dobre toplotne prevodnosti, nizke cene
kot tudi ugodnih mehanskih lastnosti. Kemijske lastnosti in pogoji strjevanja pomembno
vplivajo na razvoj mikrostrukture in mehanskih lastnosti. Siva litina se najpogosteje
uporablja v avtomobilski industrijiin grelnih elementih. Uporaba v primeru litja tankostenskih
ulitkov zahteva natanéno pripravo parametrov tehnolodkega procesa litja, in sicer zaradi
nagnjenosti k ukrivijanju in videza pripe€enosti peska. Prednost numeriénih simulacij je v
ug¢inkovitem in hitrem izraunavanju litja in strjevanja ulitkov. Gospodarska prednost je v
hitri zamenjavi razliCic izdelkov v kratkem ¢asu. Eksperimentalni del prispevka obsega veé
razli€¢ic numeriCne simulacije postopka litja. Prva razliica je izvirna geomedrija, ki smo jo
uporabili pri obi¢ajnem postopku litja tankostenskega ogrodja za vrata kamina. Izdelali smo
Se druge razliCice ulitkov z optimizirano geometrijo. lzvedli smo postopek litja vseh razligic
ulitka kakovosti EN GJL-200, litju pa je sledila raziskava medsebojnega vpliva kakovosti
ulitka in procesnih parametrov. Ugotavljali smo vpliv poloZaja vpenjal, velikosti zracnikov
in temperaturnega polja med strjevanjem ulitka na razvoj mikrostrukture, trdoto in natezno
trdnost vzorcev ulitkov iz sive litine EN GJL-200 ter jih primerjali z rezultati, ki smo jih
pridobili z numeriéno simulacijo.

Kljuéne besede: siva litina, numeri¢na simulacija, mikrostruktura, mehanske lastnosti,
optimizacija

Abstract
Grey cast iron is frequently used in industry, due to its good thermal conductivity, low price,
and good mechanical properties. Chemical properties and solidification conditions have
a significant influence on microstructure and mechanical properties development. The
most common use of grey cast iron is in the automotive industry and heating elements.
The application in the casting of thin-walled castings requires careful elaboration of the
technological casting process parameters due to the curving tendency and the appearance
of the burn. The advantage of numerical simulations is ineffective and fast calculation of
pouring and solidification of castings. Economic advantage lies in the fast change of more
different product variations in a short time. The experimental part of this paper has several
versions of the numerical simulation of the casting process. The first one is the original
geometry, which has been used in the regular casting process of thin-walled castings
framework for fireplace doors. Other versions with optimizing the geometry of the castings
have been elaborated. The pouring process of all casting versions of EN GJL-200 quality
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was performed followed by an investigation of casting quality and process parameters

interaction. The influence of clamp position,

ingates size, and temperature distribution

during casting solidification on microstructure development, hardness, and tensile strength
of grey cast iron EN GJL-200 casting samples was determined and compared with the

results obtained by numerical simulation.

Keywords: grey cast iron, numerical simulation, microstructure, mechanical properties,

optimization

1 Uvod

Danes zahteva optimizacija proizvodnje
ulitkov razumevanje strievanja in
medsebojnega delovanja vseh vplivajogih
parametrov  ter  vpliva uporabljene
tehnologije litjia. Tehnologija litjia je mocno
odvisna od znanja strokovnjakov, Ki
tehnoloski postopek pripravljajo.

Siva litina je e vedno najpomembnejsi
livarski material in obsega ve¢ kot 70
% celotne svetovne proizvodnje. Siva
litna ima ob zlomu zaradi grafita v
mikrostrukturi, ki je posledica dodatka
silicija za stabilizacijo ogljika v obliki grafita
v nasprotju z Zelezovim karbidom, temno
sivo barvo. Siva litina ima obi¢ajno sestavo
od 2,5 do 4,0 mas. % ogljika in od 1,0 do
3.0 mas. % silicija [1]. Mikrostruktura sive
litine je odvisna od kemijske sestave in jo
zaznamujejo grafitne lamele, ki so odvisne
od parametrov procesa strjevanja (hitrost
ohlajanja). Velikost in vrsta grafitnih lamel
pomembno vplivata na Zelene lastnosti
[2—4]. Siva litiha je pogosta v Stevilnih
industrijskih in vsakodnevnih potrebah,
predvsem kjer so potrebni visoka togost,
obdelovalnost, duSenje vibracij, visoka
toplotna kapaciteta in visoka toplotna
prevodnost. Zelo razsirjeni so izdelki, kot so
grelni elementi (peci in kamini) v armaturah
za vodovodne sisteme, procesna industrija,
energetika, avtomobilska industrija (cilindri,
bati, zavorni diski, ohigja menjalnikov, bloki
valjev motorjev z notranjim izgorevanjem)
in dekorativni ulitki ter kuhinjska posoda.

1 Introduction

Optimizing the production of castings today
impliesanunderstanding of solidificationand
the interaction of all influential parameters,
as well as the influence of applied casting
technology. Casting technology is highly
dependent on the knowledge of experts
working out the technological process.
Grey cast iron is still the most important
casting material with over 70% of the total
world production. Grey cast iron has a dark
grey colour at fracture due to a graphite
segregation microstructure based on
silicon addition in order to stabilize carbon
in the form of graphite as opposed to iron
carbide. Grey cast iron typically has a
composition of 2.5 wt.% — 4.0 wt.% carbon
and 1.0 wt.% — 3.0 wt.% silicon [1]. The
microstructure of grey cast depends on
chemical composition and is characterized
by graphite lamellae that depend on the
solidification process parameters (cooling
rate). The size and type of graphite lamellae
significantly affect the desired properties
[2-4]. Grey cast iron found its application
in many industrial and everyday purposes
mainly where high stiffness, machinability,
vibration dampening, high heat capacity,
and high thermal conductivity are needed.
Products such as heating elements (stoves
and fireplaces) in fittings for water systems,
the process industry, energy, automotive
industry (cylinders, pistons, brake discs,
gearbox cases, internal combustion engine
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Napake v ulitkin imajo lahko en vzrok
ali ved, ki lahko privedejo do najrazlicnejSih
napak. Vsaka napaka poslab3a
kakovost ulitka v estetskem smislu ali v
pomembnejsem funkcionalnem  smislu;
poslabsajo se lahko mehanske, fizikalne,
kemijske ali druge lastnosti. Napake pri
litiu na splo3no delimo na: erozijo forme, ki
povzrogi vkljucke Zlindre ali peska v ulitku,
vroéa mesta, mikroporoznost ali »pinholesg,
plinske pore, nezalitost, kréilna poroznost,
itd. [5]. Vecino napak je mogoce prepreciti
s pravilno tehnolodko pripravo postopka
litia, ki uposteva razporeditev komponent
litfa ter termodinami¢no in mehansko
interakcijo med zlitino in  materialom
forme. Najpogostej$a napaka pri serijsko
izdelanih tankostenskih ulitkih iz sive litine
sta ukrivljenost in pojav mest pripe€enosti
peska.

Pravilen izradun litja, polnjenja votlin,
velikosti in poloZzaja dovodnega kanala,
napajainika, oddusnikov je potreben,
da lahko v prvo zagotovimo kakovosten
ulitek. Prednost numeriénih simulacij je
v ucinkovitem in hitrem izracunavanju
litta in strievanja ulitkov. Gospodarska
prednost je v hitri zamenjavi razli¢ic
izdelkov v kratkem ¢&asu. Programska
zbirka za numeri¢no simulacijo omogoca
simulacijo celotnega postopka lita od
zactetka polnjenja votline kalupa do
strievanja, vkljuéno z napovedovanjem
napak. Modeliranje procesov strjevanja je
zelo kompleksen niz termi€nih procesov, ki
potekajo v mikro/makro merilu in so opisani
s Stevilnimi parcialnimi diferencialnimi
enacbami (energijske enatbe), ki jih
dopolnjujejo geometrijski, fizikalni, robni
in zaCetni pogoji [6]. V procesu strievanja
na vedenje zlitine vplivajo Stevilni pojavi, ki
temeljijo na Fourier-Kirchhoffovih enacbah,
konvekciji toplote v staljeni kovini in vplivu
konstitucijskega podhlajevanja, ki povzrogi

cylinder blocks), and decorative castings
and cookware are very well-known.

Defects in castings can have a single
or multiple causes that resulted in many
different casting defects. Any mistake
impairs the quality of the casting in the
aesthetic sense or in a more important
functional sense such as mechanical,
physical, chemical, or other properties.
Casting defects are generally divided
into: mold erosion resulting in the slag
or sand inclusion in casting, hot spots,
microporosity or pinholes, blowholes,
misrun, shrinkage cavities, etc. [8]
Most of them are preventable by correct
technological elaboration of the casting
process taking into account the distribution
of casting components and thermodynamic
and mechanic interaction between alloy and
mould material. The most common defect
in serially produced thin-walled casting from
grey cast iron is curvature tendency and the
appearance of the burn.

The correct calculation of pouring, cavity
filling, and the size and position of ingate,
risers, and vents is necessary in order to
obtain the sound casting “for the first time”.
The advantage of numerical simulations is in
the effective and fast calculation of pouring
and solidification of castings. Economic
advantage lays in the fast change of more
different product variations in a short time.
Numerical simulation packages enable
simulation of the entire casting process
from the beginning of filling the mold cavity
to solidification including defects prediction.
The subject matter of solidification
process modeling is a very complex
range of thermal processes proceeding
on a micro/macro scale described by a
number of partial differential equations
(energy equations) supplemented by the
geometrical, physical, boundary, and initial
conditions [6]. In solidification, processes
number of phenomena have an impact on
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lokalne spremembe kemijske sestave
zaradi poteka procesa strigvanja.

Splogni problem prevoda toplote je
v doloéanju temperature na vsaki tocki
togega telesa, za katerega sta znana
zatetna temperatura in  porazdelitev
toplotnega toka z dologenimi omejenimi in
mejnimi pogoji po Fourierjevem zakonu.
Odvisnost geometrijskih in fizikalnih kolicin
v mehaniki kontinuuma je vzpostavijena
na podlagi diferencialnega elementa.
Resitev diferencialnih enacb se z ustrezno
diskretizacijo zmanj$a na resitev sistema
linearnih algebrai¢nih enacb z neznankami
vozli&a. Najpogosteje uporabliene metode
diskretizacije diferencialnih enacb prenosa
toplote in mase so numericne metode
[7]: metoda kon¢nih diferenc (FDM),
metoda konénih elementov (FEM), metoda

kontrolnega volumna, metoda robnih
elementov.
Metoda kon&nih elementov spada

med metode diskretne analize in temelji
na fizitni diskretizaciji obravnavane
domene kontinuuma. Osnova za izraCun
je del domene konénih dimenzij, {j. konéni
element, kontinuum pa je mreza koncnih
elementov. Glede na nalin izpeljave in
oblikovanja enacb, ki opisujejo stanje
elementa, obstajajo Stije osnovni vidiki
metode konénih elementov: neposredne
metode, variacijske metode, metoda uteznih
ostankov in metoda energijske bilance. [8]

Prednost numeriénih simulacij je v
uginkovitem in hitrem izracunavanju litia in
strjevanja ulitkov. Gospodarska prednost je
v hitri zamenjavi razli¢ic izdelkov v kratkem
gasu. Tehnologka priprava cilinega ulitka
obsega vpliv polozaja vpenjal, velikosti
zraénikov in temperaturnega polja med
strjevanjem ulitka na razvoj mikrostrukture,
trdoto in natezno trdnost vzorcev ulitkov iz
EN GJL-200.

alloy behaviour based on Fourier-Kirchhoff
equations, heat convection in molten
metal, and the influence of constitutional
undercooling resulting in local chemical
composition changes due to the progress
of the solidification process.

The general problem of heat
conduction lies down in the determination
of the temperature at each point of a rigid
body, for which the initial temperature and
heat flux distribution is known with defined
limited and boundary conditions according
to the Fourier law. The dependence of
geometric and physical quantities in
continuum mechanics is established on
the differential element. The solution of
differential equations is reduced through
appropriate discretization to the solution
of a system of linear algebraic equations
with nodal unknowns. The most commonly
applied method of discretization of
differential equations of heat and mass
transfer are numerical methods [7]: finite
difference method (FDM), finite element
method (FEM), control volume method, and
edge element method.

The finite element method belongs
to the methods of discrete analysis and is
based on the physical discretization of the
considered continuum domain. The basis
for the calculation is a part of the domain
of finite dimensions, i.e., the finite element,
and the continuum is a network of finite
elements. According to the way of deriving
and formulating equations that describe the
state of an element, there are four basic
aspects of the finite element method: direct
methods, variation methods, the weight
residue method, and the energy balance
method. [8].

The advantage of numerical simulations
is in the effective and fast calculation of
pouring and solidification of castings.
Economic advantage lies in the fast change
of more different product variations in
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2 Materiali in metode

Kakovost sive litine EN-GJL-200 ima
zaradi lamelne oblike grafita nizko natezno
trdnost, trdoto, Zilavost, raztezek in elasticni
modul [9-12]. Ena glavnih pomanjkljivosti
tega materiala je obcCutljivost na debelino
stene (velikost preseka), kar lahko povzrogi
znatne razlike v mehanskih lastnostih
znotraj ulitka. Ciljni tankostenski ulitek s
kompleksno geomeitrijo je prikazan na Sliki
1

Za numeritno simulacijo postopka
litla smo uporabili napredno programsko
opremo ProCAST. Obsega uporabo
tehnik generiranja mrez, modeliranje
prenosa toplote (toplotni tok), sevanja,
toplotna prevodnost materialov, toka taline,
polnjenja forme in napetosti, povezanih
s ftalino (termo-mehanika). Poleg tega
vklju€uje  modeliranje  mikrostrukture,
toplotno obdelavo, modeliranje strukture
zrn in modeliranje poroznosti. Vkljuceni
so posebni modeli, ki upostevajo lastnosti
formarskih materialov in jedro [13]. Koraki,
ki so bili izvedeni med simulacijo litja, so
sledili naslednjemu shematskemu prikazu:
priprava 3D-modela, izbira materiala za litje
in formo, konfiguracija zaéetnih in robnih

Slika 1. Kompleksna geometrija preiskovanega u

a short time. Technological elaboration
of target casting included the clamp
position, ingates size, and temperature
distribution during casting solidification on
microstructure development, hardness, and
tensile strength of EN GJL-200 casting.

2 Materials and Methods

Grey iron quality EN-GJL-200 due to the
flaky structure of graphite, possess low
tensile strength, hardness, toughness,
elongation, and modulus of elasticity [9-
12]. One of the main disadvantages of this
material is the sensitivity to wall thickness
(cross-sectional size), which can result
in significant variations in mechanical
properties within the casting. Target thin-
walled complex geometry casting is shown
in Figure 1.

The advanced software ProCAST
is used for numerical simulation of the
casting process. It involves the use of
mesh generation techniques, modeling
of heat transfer (heat flow), radiation,
thermal conductivity of materials, melt
flow, mold filling, and melt-related stresses
(thermo-mechanics). In addition, it includes
microstructure modeling, heat treatment,

litka (zgornja in spodnja stran)

Figure 1. The complex geometry of investigated casting (top and bottom side)
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pogojev; nastavitev parametrov procesa in
simulacije, numeriéna simulacija, analiza
rezultatov in odlogitev o sprejemljivosti
ali popravku. Glavna naloga programa
ProCAST je zagotoviti celovito industrijsko
reditev za livarne ter realisti¢ne in podrobne
napovedi vsakega segmenta postopka
litia. V tej preiskavi smo simulirali razli¢ne
razlitice izdelave tehnoloskih ulitkov (v
primerjavi z izvirnikom V1), da bi ugotovili
vpliv na kakovost ulitkov. Ciljni opazovani
pojavi so bili deformacija ulitka, lastnosti in
izgorevanje. Spremembe sO se nanasale
predvsem na velikost oddusnikov, velikost
dovodnega kanala, poloZaj vpenjala in
temperaturo litja, kot je prikazano na Sliki 2.

Verzija 1

1
By

Slika 2. Pregled prvotne razii¢ice (V1) izdelave
tehnoloskega ulitka

Figure 2. Overview of the original version (V1)
of casting technological elaboration

3 Rezultati in razprava

Kemijsko analizo vseh razlicnih ulitkov
smo natancéno spremljali z optitnim
spektrometrom Leco GDSS00A. Rezultati
so naslednji: C: 3,58-3,63, Si: 2,02-2,04,
Mn: 0,49-0,55, P: 0,33-0,40, S: 0,103-
0,117, Cu: 0,138-0,180, Cr: 0,082-0,108.
Pri posameznih razliticah ni bistvenih

grain structure modeling, and porosity
modeling. Special models aré included to
account for modeling material and core [13].
Steps performed during casting simulation
followed the next flow chart: creating the 3D
model, casting and mould material selection,
configuration of initial and boundary
conditions; setting up process and simulation
parameters, numerical simulation, analysis
of the results, and making a decision on
acceptance or correction. The main task
of ProCAST is to provide a complete
industrial solution for foundries and realistic
and detailed predictions of each part of
the casting process. In this investigation,
a different version of casting technological
elaboration (when compared to the original
V1) was simulated to determine the impact
on the casting quality. The target observed
phenomena were casting deformation,
properties, and burns out. The changes
were focused on vents size, ingate size,
the position of the casting clamp, and the
pouring temperature as shown in Figure 2.

3 Results and Discussion

Chemical analysis of castings was carefully
followed for all versions at the Leco
GDS500A optical spectrometer. Results are
as follows: C: 3,58-3,63, Si: 2,02-2,04, Mn:
0,49-0,55, P: 0,33-0,40, S: 0,103-0,117,
Cu: 0,138-0,180, Cr: 0,082-0,106. There
is no significant deviation in the chemical
composition of particular versions. The
mean value of carbon equivalent (CE):
4,38-4,42 indicates a slightly hypereutectic
composition.

Technological elaboration of the casting
process differs for all casting versions (V1,
V2, V3, and V4). Deviation can be observed
in the size of ingates in all versions,
different vents for versions V2-V4 when
compared to the original one V1, different
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Bruto masa: 24,9 kg
Vrijeme ulijevana: 8,55

Tem. ulfjevanja: 1385 °C
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Slika 3. Pregled vseh razli¢ic (V1-V4) parametrov tehnologke priprave ulitkov

Figure 3. Overview of all versions (V1-V4) of casting technological elaboration parameters

odstopanj v kemijski sestavi. Srednja
vrednost ogljikovega ekvivalenta (CE):
4,38-4,42 kaze na rahlo nadevtetsko
sestavo.

Tehnoloska priprava postopka litja se
razlikuje med vsemi razliGicami ulitkov (V1,
V2, V3 in V4). Pri vseh razli¢icah je mogoée
opaziti odstopanja v velikosti dovodnih
kanalov, razlitne oddusnike za razlidice
V2-V4 v primerjavi z izvirno razliGico
V1, razlitne polozaje vpenjal in razli¢no
temperaturo litja. Vsi parametri so prikazani
na Sliki 3.

Vidna je razlika v velikosti dovodnih
kanalov, velikosti in postavitvi vpenjal ter
zracnikov. Oddu$niki v razliGicah V2-V4
imajo spremenjeno zasnovo v primerjavi
s prvotnimi pri razliGici V1. Vpenjala, ki
80 namenjena prepre¢evanju deformacij
med strjevanjem, imajo prav tako razlitna
vpenjala, razlicica V3 ima dve vpenjali
lzratun je razkril, da je bruto masa

clamp positions, and different pouring
temperatures. All parameters are shown in
Figure 3.

There is a visible difference in the size of
the ingates, and the size, and positioning of
the clamp and vents. The vents in versions
V2-V4 are changed when compared to the
original ones in V1. Clamps that serve to
predate deformations during solidification
also differ in position and V3 has two of
them. The calculations reveal that the brutto
mass of the original V1 is the largest, while
that of the V2 is the smallest. Times behave
the same way pouring: V1 is the longest,
while for V2 it is the shortest. From the
solidification results obtained, V2 seems
to be the best version from the aspect of
solidification time and brutto casting mass.

Different  technological elaboration
parameters indicate different filing mode
calculations as shown in Figure 4.
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Slika 4. |zradun nagina polnjenja vseh razlicic ulitkov (V1-V4)

Figure 4. Calculation of filling mode of all casting versions (V1-V4)

prvotnega ulitka V1 najvetja, masa ulitka V2
pa najmanj$a. Vedenje ¢asov je podobno:
pri razligici V1 je najdalji, pri razlicici V2 pa
najkraj$i. Na podlagi rezultatov strjevanja
se zdi, da je razlicica V2 z vidika Casa
strievanja in skupne mase ulitka najbolj$a.

Razlitni tehnologki parametri izdelave
kaZejo na razlitne nacine izraduna
polnjenja, kot je prikazano na Sliki 4.

Pretok taline skozi manjsi dovodni
kanal je oznaten z modro, pretok skozi
vetji dovodni kanal pa z rdeco. Hitrejsi
pretok taline, j. polnjenje livne votline, bo
zmanjal pregrevanje posameznih con
in teznjo po zapeCenosti peska. Izkazalo
se je, da so oddu$niki kljutnega pomena
za optimizacijo proizvodnje ulitkov. Poleg
odstranjevanja plinov je njihova naloga
pospesiti odstranjevanje toplotne energije
in s tem neposredno strievanje. Tako se
prepreéi consko pregrevanje litine, Ki bi
lahko povzrocilo zapetenost peska.

The melt flow through the smaller
ingate is marked in blue, while the flow
through the larger ingate is marked in red
color. Faster melt flow i.e., filing of the
casting cavity will reduce the overheating of
individual zones and reduce the tendency to
burn out. The vents proved to be crucial for
optimization the casting production. Their
task is to, besides gases removal, speed
up the removal of thermal energy and thus
direct solidification. This prevents zonal
overheating of the casting which potentially
results in burnouts.

Different pouring temperatures and
casting technological elaboration indicate
deviation in mould temperature during the
casting process as shown in Figure 5.

The cooling curves in Figure 5
follow the solidification sequence with
characteristic  phase  transformations.
The first temperature which indicates the
beginning of solidification is the liquidus
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Slika 5. Krivulja ohlajanja forme (V1-\/4)
Figure 5. Mould cooling curve (V1-V4)

Razli€ne temperature litja in tehnoloske
obdelave litta kaZejo na odstopanje
temperature v formi med postopkom litja,
kot je prikazano na Sliki 5.

Krivulje ohlajanja na Sliki 5 sledijo
zaporedju strjevanja z znacilnimi faznimi
transformacijami. Prva temperatura, ki
ozna&uje zacCetek strievanja, je likvidus
temperatura TL, pri kateri pride do
nukleacije avstenita, ki z nadaljnjim
ohlajanjem in rastjo v dendrtini. Nato pride
do evietskega strjevanja TES. Temperatura
taline S8e naprej pada, v obmo&ju med
TES in TEP, nato pa temperatura naraste
(TER), saj toplota, ki se spro$éa med
strijevanjem, presega toploto, ki jo odvede
forma. Krivulja se zaéne nato spuséati do
TS, ki predstavlja konec strjevanja ulitka.
Iz ohlajevalne krivulje je mogoce sklepati,
da vi§ja temperatura litia ne pomeni vije
temperature v formi, saj na tok taline in potek
strievanja vplivajo tudi masa ftaline, hitrost
pretoka skozi posamezne komponente in
celotna tehnoloska izdelava ulivnega in
napajalnega sistema.

temperature TL at which nucleation occurs
austenite and it grows in dendritic form with
further cooling. Then there is cooling and
of eutectic solidification TES and eutectic
begin to form. The melt temperature
continues to drop, the area between TES
and TEP, and after that the temperature
rises TER because the heat released during
of solidification exceeds the heat dissipated
by the mold. Then the curve begins to fall to
TS i this marks the end of the solidification
of the casting. It can be concluded from
the cooling curves that a higher pouring
temperature does not result in higher
temperature in the mould because the flow
of the melt and the sequence of solidification
will be affected also by the mass of the melt,
flow rate through particular components and
complete casting technological elaboration
of the pouring and feeding system.

The focus of this investigation, besides
lowering the brutto mass of the casting, was
to lower the burnouts at the inner lower side
of the casting. Burnouts can be calculated
on the base of thermal fields at the end
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Poleg zniZanja bruto mase ulitka se je ta
preiskava osredotocala tudi na zmanjsanje
zapetenosti peska na nofranji spodnji
strani ulitka. Zape&enost peska je mogoce
izradunati na podlagi toplotnih polj na koncu
procesa strjevanja, kot je prikazano na Sliki
6.

Masa ulitka V2 je manjSa od mase
razlicice V1, kar lahko povzro¢i nizjo
temperaturo v sami formi. Poleg tega je
temperatura litia pri razlicici V2 visja, ¢as
strjevanja pa je pri razli¢icah V2 in V3 krajsi.
Temperaturno polje oznacuje temperaturo
v spodnjem delu ulitkov V2, V3 in V4.
Izboljsana je geometrija dovodnega kanala
ulitka (V2, V3, V4). Z vetjo intenziteto

of the solidification process as shown in
Figure 6.

The mass of the casting V2 is smaller
than V1 and this can result in a lower
temperature in the mold itself. In addition,
the pouring temperature in V2 is higher and
the solidification time is shorter in V2 and
V3. The temperature field indicates that the
temperature in the lower part of casting V2,
V3, and V4. The geometry of the ingate
on the casting (V2, V3, V4) is improved.
With the increased intensity of heat energy
removal with the help of redesigned air
ingates, there is also material savings,
which is especially important for continuous
production.

Slika 6. Primerjava temperaturnih polj ob koncu procesa strjevanja

Figure 6, Comparison of temperature fields at the end of the solidification process
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odvajanja toplotne energile s pomocjo
precblikovanih zraénih dovodnih kanalov
se prihrani tudi material, kar je $e posebej
pomembno pri neprekinjeni proizvodniji.

Rezultat postopka litja vseh razli¢ic so
bili naslednji izdelki, kot je prikazano na
Sliki 7.

Zvisanje temperature lita poveta
nagnjenost k zapeCenosti peska kljub
optimiziranim oddusnikom in dovodnim

|
|
1

V1
L

Beges

V2

V3
—
Tz

.|

V4

ok 5% i
Slika 7. Primerjava simuliranih izgorevan; in dejanskega litja s prilagojenim parametrom

The casting process of all versions
resulted in the following products as shown
in Figure 7.

The increase of pouring temperature
increases the tendency to burnouts
occurrence despite the optimized vents
and ingates. The poring temperature
should be constantly controlled in order to
avoid extreme deviations that can occur
and lead to degradation of the melt flow,

] e —

Figure 7. Comparison of simulated burnouts and real casting with adjusted parameter
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Slika 9. Primerjava mikrostrukture V1 in V4
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Slika 8. Primerjava razligice V4 z razlicnimi temperaturami ulivanja
Figure 8. Comparison of V4 with different pouring temperatures
VA1
V4

Figure 9. Comparison of the microstructure of V1 and V4

kanalom. Da bi se izognili ekstremnim
odstopanjem, ki lahko  povzrotijo
poslabsanje pretoka taline, temperature
in zahtevanih lastnosti ulitka, je treba

temperature, and required properties of the
casting. A comparison of the same casting
parameters as in V4 but lower pouring
temperature enable a lower amount of
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temperaturo litja neprekinjeno nadzorovati.
Primerjava enakih parametrov litja kot pri
razlicici V4, vendar pri nizji temperaturi
litia, omogoca manjso koli¢ino zapegenega
peska na krit€nem obmogju, kot je
prikazano na Sliki 8.

lzgorevanje  pri  simulirani  niZji
temperaturi 1385 °C je manjSe kot pri
razli¢ici V1, s prihrankom materiala pa smo
dosegli tudi krajsi &as litja.

Mikrostruktura  vseh  optimiziranih
razliGic (V2-V4) je sestavljena iz grafitnih
lamel pretezno tipa | in Il s feritno-perlitno
matrico. lzvirna razli¢ica V1 vsebuje tudi
precejSen delez tipa lll. Primerjava razlicic
V1 in V4 je prikazana na Sliki 9.

Mehanske lastnosti nakazujejo znizanje
trdote (HB) v optimiziranih razli€icah v
primerjavi z izviro (230 HB), vendar 3e
vedno v okviru zahtevanega obmocja
(210-227 HB). Razpon natezne trdnosti
za optimizirane razliCice je V2-V4 je R =
121,57-166,66 MPa. lzvirna razlicica V1 je
zagotovila vrednost R _ = 152,80 MPa.

4 Sklepi

Optimizacija postopka litja je kompleksen
proces, ki ga sestavljajo modeliranje
materialov, tehnoloski razvoj procesa
in termodinamicni parametri. Prednost
uporabe numeri¢nih simulacij pri optimizaciji
je kljuéna za hitro in ucinkovito uvedbo
proizvodnje. Ug€inkovitost numericne
simulacije v optimizaciji v posebni preiskavi
je razkrila ve€ razli¢ic izdelave tehnologkih
ulitkov. Optimizirane razli¢ice imajo razlitne
odprtine, ki omogogajo zmanj$anje skupne
mase ulitka. Modificirani dovodni kanali
omogocajo laminarno in bolj enakomerno
polnjenje  livne votline. Sprememba
stevila, velikosti in poloZaja vpenjal niso
zagotovili izboljanja kakovosti ulitka.
Odstopanje temperature litia kaZe na

burnouts at critical area, as shown in Figure
8.

The burnouts at a simulated lower
temperature of 1385 °C are lower than for
V1, and with the saving of material it is
also lower casting time achieved casting
improvement goal.

The microstructure of all optimized
versions (V2-V4) consists of the graphite
lamellae mostly type | and Il with the
ferrite-perlite matrix. Original version V1
also consists significant ratio of type lll. A
comparison of V1 and V4 is shown in Figure
9.

Mechanical properties indicate
lowering the hardness (HB) in optimized
versions when compared to the original one
(230HB), but still maintaining the requested
range (210-227 HB). The tensile strength
range V2-V4 is R =121,57 - 166,66 MPa
for optimized versions. The original one V1
resulted in R_=152,80 MPa.

4 Conclusions

Optimization of the casting process is a
complex process consisting form modeling
of materials, technological elaboration of
process and thermodynamic parameters.
The advantage of numerical simulation
application in optimization is the imperative
of fast and effective production adoption.
The efficiency of numerical simulation
in optimization in particular investigation
indicated several versions of technological
casting elaboration. Optimized versions
have different vents which comprehend
to the lowering of the total casting mass.
Modified ingates enable laminar and more
evenly distributed filling of the casting
cavity. Changes of clamp number, size,
and position did not enable improvement
in casting quality. Deviation in pouring
temperature indicates matching in the
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ujemanje v izradunu pojava napak pri liju.
Dandanes numeriéna simulacija omogoca
natanénejée napovedovanje pojavov med
postopkom litia v primerjavi z drugimi
simulacijami. Dolo¢ili smo vpliv poloZaja
vpenjal, oddusnikov, dovodnih kanalov in
porazdelitve temperature med strjevanjem
ulitka na razvoj mikrostrukture, trdoto in
natezno trdnost vzorcev ulitka iz sive litine
EN GJL-200 ter jih primerjali z rezultati,
pridobljenimi z numericno simulacijo.

calculation of casting defects occurrence.
Numerical simulation enables nowadays
more accurate prediction of phenomena
during the casting process when
compared. The influence of clamp position,
vents, ingates size, and temperature
distribution during casting solidification on
microstructure  development, hardness,
and tensile strength of grey cast iron EN
GJL-200 casting samples was determined
and compared with the results obtained by
numerical simulation. The calculated event

Izraéunani dogodek je bil potrjen z dejansko

vodnio ulitk was confirmed with real casting production.
proizvodanjo ulitkov.
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