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Ocena jeder iz peska v livarski industriji
s 3-to€kovnim upogibnim testom

Foundry sand core property assessment by 3-point
bending test evaluation

Povzetek
IzboljSano razumevanje lastnosti jeder iz peska v livarski industriji je klju¢na zahteva za
razvoj visoko natanénih postopkov ulivanja. Ta ¢lanek opisuje potencial ocene mehanskih
in funkcionalnih lastnosti jeder iz peska z uporabo natanéno pridobljenih krivulj podatkov
iz 3-toCkovnega upogibnega testa ob uposStevanju standardnih geometrij za upogibne
preizkuse.

Preucili smo S§tiri sisteme organskih vezivnih sredstev. Poleg upogibne trdnosti in
modula elasti¢nosti, ki izhajata neposredno iz krivulj obremenitve, je bila za odpravo ucinkov
usedanja vzorca krivulja obremenitve predobdelana za potrebe pravilne analize odklona in
togosti. Porabljeno mehansko delo je razdeljeno na znacilne elasti¢ne in plasticne deleze
dela do zloma, ki so ob upo&tevanju zadevnih pogojev specifi¢ni za razlicna peS€ena jedra.
Na podlagi krivulje in parametrov dela so bili razviti indikatorji brez dimenzij za namene
kvantifikacije krhkosti jeder.

Na splosno je treba z vidika mehanske ocene pescenih jeder z umetnimi vezivi pretehtati
viskoplasti€¢ne ucinke; pri sistemih vezivnih sredstev, ki niso popolnoma striena, se zniza
trdnost, zato so bili odklon in delo zloma opazeni pri niZjih hitrostih obremenitve.

Primerjalna analiza rezultatov je pokazala, da je koncept krivulje obremenitve primerno
orodje za natan¢nejSo analizo lastnosti peS€enih jeder.

Kljuéne besede: ulitek; preizkusanje pescenih jeder; ocena krivulje obremenitve;
delo zloma; deformacija jedra; nadzor kakovosti.

Abstract
Improved understanding of foundry sand core properties is a key requirement for high
precision casting process development. The present work demonstrates the potential to
evaluate mechanical and functional sand core properties using precisely acquired 3-point
bending test load curve data applying standard bending test geometries.

Four organic binder systems have been investigated. Further to bending strength
and the elastic modulus, which can be directly derived from the load curves, a load curve
pre-treatment to eliminate sample settlement effects was applied for a correct deflection
and stiffness analysis. The consumed mechanical work shows characteristic elastic and
plastic work portions until fracture, which are specific for different sand cores, respectively
their condition. Dimensionless indicators to quantify core brittleness have been developed
based on curve and on work parameters.
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In general for mechanical evaluations of resin bonded sand cores, visco-plastic effects
need to be considered, as for not fully hardened binder systems decreased strength,
deflection and work of fracture were observed at lower load speeds.

The benchmark results show that the load curve evaluation concept is a suitable tool
to analyse foundry sand core properties more sensitively.

Keywords: casting; sand core testing; load curve evaluation; work of fracture; core

deformation; quality control

1 Uvod

Izdelava kovinskih ulitkov z uporabo
pescenih jeder omogoca produkcijo velikih
serij kompleksnih komponent z internimi
geometrijami. Primer tak&nih komponent so
glave valjev in bloki motorjev na notranje
izgorevanje. Sliki 1 je prikazan ulitek glave
valja iz aluminija ter potrebna pes¢ena jedra
za izdelavo notranjih povrsin, na Sliki 2 pa
je prikazan sestavljen komplet pescenih
jeder pred ulivanjem.
Vpliv  tehnologije,
procesnih  parametrov

materialov  in
na dimenzijsko

Slika 1: Prikaz ulitka zmerno kompleksne glave
avtomobilskega valja iz aluminija ter potrebnih

pesScenih jeder
(Sobczyk, 2008).
Figure 1: lllustration of a medium complexity car

cylinder head in cast Al and the required sand
cores to shape its cavities (Sobczyk, 2008).

za oblikovanje notranjosti

1 Introduction

Metal casting using sand cores allows to
produce complex components with internal
geometries in high volumes. Examples
therefore are combustion engine cylinder
heads and blocks. Figure 1 shows a
cylinder head cast from Al and the required
sand cores for the internal surfaces, while
in Figure 2 a preassembled sand core
package is shown prior to casting.

The influence of technology, materials
and process parameters on dimensional
accuracy of near-net-shaped castings has
been systematically compiled by (Campbell,
2000). The foundry industry is forced to
steadily improve process capabilities to

Slika 2: Komplet peSc€enih jeder za kompleksno
glavo valja, izdelan s procesom Rotacast (Gosch
in Stika, 2005).

Figure 2: Sand core package for an intricately
shaped cylinder head prepared for casting by
the Rotacast process (Gosch and Stika, 2005).
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natanc¢nost kompleksnih strojnih delov je
sistemati¢no pregledal Cambell (Campbell,
2000). Livarska industrija je prisiliena v
stalne izboljSave postopkov z namenom
proizvajanja lahkih ulitkov s tankimi stenami,
ki morajo prav tako ustrezati vedno strozjim
zahtevam zakonodaje glede izpustov v
okolje (Lellig in sod., 2010). V nadaljevanju
je poudarjen pomen razvoja tehnologije
pescenih jeder.

1.1 Tehnologija pesS€enih jeder v
livarstvu in njen razvoj

Razvoj novih sistemov vezivnih sredstev,
npr. kemi¢no spajanje pesScenih jeder, je
temeljito raziskal Bindernagel (Bindernagel,
1983). Celovita zbirka o jedrih iz peska in
sistemih vezivnih sredstev sta pripravila
Flemming in Tilch (Flemming in Tilch, 1993).
Mehanske lastnosti pescenih jeder so
opisane predvsem s kvalitativhega vidika,
podanih pa ni nobenih zakonov, povezanih
z lastnostmi materialov.

V livarnah za avtomobilsko industrijo
se za proizvodnjo jeder najpogosteje
uporabljajo organski postopki Coldbox,
Warmbox in Hotbox. Opise procesov so
podali Langer, Dunnavant in Brown (Langer
in Dunnavant, 2011) ter (Brown, 2010).
Trenutno poteka postopek zamenjave
organskih vezivnih sredstev z anorganskimi,
pri katerih se tvori manj vonjav. Vendar pa
je treba zaradi drugacnih lastnosti takdnih
novih vezivnih sredstev dodatno pozornost
nameniti kontroli procesov (Weissenbek
in sod., 2011). Nedavno je Czerwinski
s sodelavci (Czerwinski in sod., 2015)
pripravil pregled najnovejSe tehnologije
jeder v livarski industriji v povezavi z
veC najpomembnejSimi  organskimi in
anorganskimi sistemi vezivnih sredstev, kise
uporabljajo v razli¢nih livarskih panogah.

facilitate light-weight, respectively thin-
walled castings, to contribute to ever
tightening emission legislation requirements
(Lellig et al., 2010). The importance of sand
core technology development is highlighted
there.

1.1 Foundry sand core technology
and developments

The development of new binder systems,
such as chemically bond sand cores was
intensively characterized by (Bindernagel,
1983). A comprehensive collection about
sand and binder systems was given by
(Flemming and Tilch, 1993). Mechanical
properties of sand cores are mainly
qualitatively described and no property
related material laws are proposed.

In automotive foundries the most widely
applied core manufacturing processes
are the organic Coldbox, Warmbox,
and Hotbox core production processes.
Process descriptions are given by (Langer
and Dunnavant, 2011) and (Brown,
2010). Currently a substitution process of
organic by inorganic binders having less
odour development is ongoing. However,
because of different properties, process
relationships for such new binder types
require increased attention on the process
control (Weissenbek et al., 2011). Recently
(Czerwinski et al.,, 2015) reviewed the
state of the art of foundry core technology
for several relevant organic and inorganic
binder systems used in various foundry
applications.

Summarized,fundamentalrequirements
into sand core properties are:

« Sufficient strength to allow handling
and manipulation operations;

» High resistance against humidity during
core storage.

* High erosion and penetration resistance
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Spodaj so povzete nujno potrebne glavne

lastnosti peSc€enih jeder:

» zadostna trdnost, ki omogoca rokovanje
in manipulacijo,

» visoka odpornost proti vlagi med
skladiS€enjem jedra,

+ visoka odpornost proti eroziji in
penetraciji ter odsotnost kemicnih

reakcij z lito kovino zagotavlja dobro
kakovost povrsine ulitka,

 nizka stopnja nastajanja plina in
visoka stopnja prehajanja plinov, kar
preprecuje napake,

» visoka upogibna trdnost: upogibanje
je najpomembnejSa vrsta obremenitve
pescenih jeder med ulivanjem. Nastaja
lahko zaradi sil stiskanja, termalne
obremenitve, upora zaradi pretoka in
obremenitev zaradi vzgona.

+ enostavno otresanje po ulivanju, ki
zagotavlja ulitke brez peska,

* primernost uporabljenega
peska za regeneracijo,

* okolju prijazen sistem jeder, pri katerem
ne nastaja veliko vonjav.

livarskega

1.2 Raziskave peséenih jeder pod
toplotnimi obremenitvami

Na sploSno na voljo ni prav veliko literature
0 vedenju pescenih jeder med ulivanjem.
V nadaljevanju je podanih nekaj primerov
raziskav pescenih jeder za livarsko industrijo
pod realisti€cnimi obremenitvami skupaj z
uporabljenimi tipi podatkov za modeliranje.

Deformacijo  jedra za  ulivanje
kompleksne glave valja je preucil Dong
s sodelavci (Dong in sod., 2010). Pri tem
so uporabili podatke iz upogibnih testov in
validacije z uporabo CaSastega jedra za
poskusno ulivanje. Predvideti je mogoce
kriti€ne regije ulitka kot posledico upogibanja
jedra. Motoyama s sodelavci (Motoyama in
sod., 2013) je raziskal zaostalo napetost

and no chemical interaction with the
cast metal to deliver a good casting
surface quality.

« Low gas evolution and high gas
permeability to avoid casting defects.

* High bending strength: bending is the
most critical load type for sand cores
under casting conditions. It can be
imposed by clamping forces, thermal
load, flow drag and buoyancy loads.

« Easy shake-out after casting to obtain
sand-free cast parts.

* Agood recycling ability of used foundry
sand.

e Environmentally friendly core systems
with low odour development.

1.2 Research on sand cores
under thermal load

Generally only little research on sand core
behaviour under casting conditions can
be found in literature. Some examples of
foundry sand core investigations under
realistic loading conditions and the applied
types of modelling data are given here.

Deformation of a complex cylinder
head water-jacket core has been studied
by (Dong et al., 2010). Their used material
data were based upon bending tests and
upon validations using a cup type core for
casting trials. Critical regions in the casting
due to core bending could be predicted.
(Motoyama et al.,, 2013) investigated
residual stresses of castings influenced by
counter forces from furanic moulds applying
specifically developed in-situ measurement
of the transmitted loads. The material
properties for modelling were obtained by
compressive tests.

(Stachowicz et al., 2011) have
described cohesive and adhesive fracture
mechanisms of inorganically bonded cores.
Even sand grain cracking was observed,
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ulitkov, na katere v nasprotni smeri delujejo
sile furanskih kalupov, posebej razvitih za
meritve prenesenih obremenitev in situ.
Lastnosti materialov za modeliranje so
pridobili iz tlacnih testov.

Stachowicz s sodelavci (Stachowicz
in sod., 2011) je opisal kohezivne in
adhezivne mehanizme lomov za jedra,
izdelana z uporabo anorganskih vezivnih
sredstev. Opazili so celo lomljenje peS¢enih
zrn, vendar ne pri termalnih obremenitvah
pod 1100 °C. Z upogibnimi testi pri visokih
temperaturah je lastnosti novih Skrobnih
vezivnih sredstev za livarsko industrijo
opisal Zhou (Zhouin sod., 2009). Poroc¢ali so
o poskodbah peS¢€enih jeder zaradi pokanja
in razslojevanja vezivnega sredstva.

1.3 Preizkusanje pesc¢enih jeder
in drugih zrnatih materialov
z vezivnimi sredstvi

Sledi diskusija o preizkusnih metodah
za peSCena jedra v livarski industriji in
druge relevantne vrste materialov, za
katere je znacilna nizka stopnja plasti¢ne
deformacije.

V livarski industrii so bili standardi
preizkuSanja pesScenih jeder uvedeni
sredi prejSnjega stoletja, kot potrjujejo tudi
zapisi Drustva livarjev ZdruZenih drzav
Amerike (American Foundrymen’s Society
— AFS) - (Dietert, 1950). Upogibni testi so
najpogosteje uporabliena metoda nadzora
kakovostizapes$Cenajedravlivarskiindustriji,
opisuje pa jih standard AFS (AFS, 1962)
ter podobno tudi nems$ki standard (VDG,
1999). Noben ne predvideva pridobitve
krivulje obremenitve, odklon snopa pa je
mogoce dolociti roéno. Hitrost obremenitve
ni kvantificirana, vendar mora biti kljub temu
konstantna ter delovati postopno. Upogibna
trdnost se iz maksimalne obremenitve

but not below a thermal load of 1100 °C.
High temperature bending tests to describe
the properties of a novel starch binder for
foundries were performed by (Zhou et al.,
2009). They observed sand core damage
through binder cracking and delamination.

1.3 Testing of sand cores and
other bonded granular materials

Testing methods for foundry sand cores
and other relevant material types with low
plastic deformation will be discussed in the
following.

Within the foundry industry the
standards of sand core testing have been
established in the middle of the last century,
as documented by American Foundrymen’s
Society — AFS - (Dietert, 1950). Bending
tests are the most widely applied quality
control for foundry sand cores, described
by AFS (AFS, 1962) and similarly by the
German standard (VDG, 1999). In both, no
load curve acquisition is required and the
beam deflection can be manually driven.
The loading velocity is not quantified, but
should be constant and smoothly applied.
The bending strength is calculated from the
maximum load based upon linear elastic
continuum mechanical relations.

To enable sand core deformation
studies additional information from load-
deflection curves is required. (Kerber et al.,
2014) reviewed the conventional testing
methods and standards for foundry sand
cores. They demonstrated the improvement
potentials by applying modern testing
technology with precise load-displacement
acquisition. A load velocity of 5 mm/min has
been determined to achieve comparable
conditions to existing bending test practice.

(Ratke and Briick, 2006) analysed
load displacement curves from bending
and compression tests to investigate the
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izraCuna na podlagi mehanskih razmerij
linearnega elasti¢nega kontinuuma.

Za nadaljnje Studije na podrocju
deformacije peScenih jeder so potrebne
dodatne informacije iz krivulj obremenitve in
odklona. Kerber s sodelavci (Kerber in sod.,
2014) je pripravil pregled preizkusnih metod
in standardov za pe&Cena jedra v livarski
industriji. Dokazali so potencial izboljSav
skozi uporabo moderne tehnologije
preizkuSanja s pridobitvijo  natancne
krivulje obremenitve in raztezka. Hitrost
obremenitve 5 mm/min je bila dolo¢ena za
doseganje primerljivih pogojev z obstojeco
prakso na podroc¢ju upogibnih testov.

Ratke in Briick (Ratke in Briick, 2006)
sta analizirala krivulje obremenitve in
raztezka z upogibnimi ter tlacnimi testi z
namenom raziskave vpliva zrnavosti in
vsebnosti vezivnih sredstev na kompozite
iz kremenCevega peska, spojene z
aerogelom. Thole in Beckermann (Thole
in Beckermann, 2009) sta na podlagi
standardov za tritoCkovne upogibne teste,
znacilne za preizku8anje kovin, raziskala
deformacijo fenolno-uretanskih jeder, ki se
strjujejo sama in jih ni treba zgati. Izmerila
sta module elasti¢nosti blizu vrednosti4 Gpa
pri proizvedenih vzorcih ter priblizno 1 Gpa
po izpostavljenosti termiCnemu sevanju.

Schacht in Hayes (Schacht, 2004, pogl.
Schacht in Hayes, Lastnosti materialov
silika-opek) sta opisala krivuljo obremenitve
za tlaéne teste ognjevarnih silika-opek.
Razmerje med maksimalnih smernim
koeficientom tangente in sekante od
nicle do tocke maksimalne obremenitve
je predstavljeno kot primerno merilo za
opisovanje plasti¢nosti. Bradt (Schacht,
2004, pogl. Bradt, Fracture of Refractories)
je opozoril na omejitve uporabe linearne
mehanike kontinuuma za zrnaste materiale
z vezivnimi sredstvi, ki imajo plasti¢ne
lastnosti. I1zboljSave je prikazal Wolf (Wolff
in sod., 2013), in sicer na podlagi modela

influence of granulometry and binder
content on silica-Aerogel bond composites.
(Thole and Beckermann, 2009) researched
the deformation of phenolic-urethane no-
bake self-setting cores applying three-point
bending test standards from metal testing.
Elastic moduli close to 4 GPa in the as-
produced samples and about 1 GPa after
thermal exposure were determined.

(Schacht, 2004, chap. Schacht&Hayes,
Silica brick material properties) described
the load-displacement curve evaluation
for compression tests on refractory silica
bricks. The relation between the maximum
slope tangent and the secant from zero to
the maximum load point was presented
as a suitable criteria to describe plasticity.
(Schacht, 2004, chap. Bradt, Fracture of
Refractories) pointed out the limitation
of using linear continuum mechanics for
bonded granular materials when having
plasticity. Improvements were shown by
(Wolff et al., 2013), applying “Discrete
Element Method (DEM)” — simulations for
a ceramic-polymer composite material
under different bending test conditions. For
small loads they have shown that visco-
elastic effects could be neglected for the
used acrylic binder. Moreover, initial settling
against the load points are important
and must be considered. They illustrated
the performance of DEM simulations to
investigate bonded particle compounds. A
three-point bending DEM-setup is shown in
Figure 3.

Tarokh and Fakhimi, 2014) compared
measured and simulated bending test
curves of siltstones. A satisfyingly good
agreement was given identifying the initial
deformation of the physical specimen. That
early portion of the curve was influenced by
closure of the space between the specimen
and the loading platen and furthermore a
postulated closure of micro-cracks in the
specimen.
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zgornji nosilec /
upper support

N\

spornji nosilec 1/
lower support 1

Tlaéne sile, ki delujejo na delce /
compressive force on partice [mN]

spornji nosilec 1/

lower support 1 -15

Slika 3: Natezne in tlacne sile, ki delujejo na delce med 3-to¢kovnim upogibnim testom (Wolff in sod.,

2013).

Figure 3: Tensile and compressive forces on particles during 3-point bending (Wolff et al., 2013).

diskretnih elementov »Discrete Element
Method (DEM)” — simulacije za kerami¢no-
polimerne  kompozite pod razli¢nimi
pogoji upogibnih testov. Dokazali so, da
je mogocCe v primeru uporabljenih akrilnih
vezivnih sredstev viskoelasticne ucinke
zanemariti. Prav tako je treba upoStevati
zaCetno usedanje na toCke obremenitve.
Dokazali so u€inkovitost simulacij DEM za
preucevanje spojin iz delcev. Na Sliki 3 je
prikazan tritoCkovni test DEM.

Tarokh in Fakhimi (Tarokh in Fakhimi,
2014) sta primerjala izmerjene in simulirane
rezultate krivulj upogibnih testov za skril. Pri
identifikaciji zaCetne deformacije fizicnega
vzorca sta zabelezila izredno veliko
stopnjo ujemanja. Na zacetni del krivulje
vpliva zapora prostora med vzorcem ter
bremenom ter dodatno $Se predvidene
zapore mikrorazpok v vzorcu.

Na podlagi krivulj obremenitve je
mogoc&e analizirati tudi delo, dovedeno v
vzorec. Rice (Rice, 1968) je za opisovanje
plasti¢nosti vrha razpoke predstavil metodo
»d-integral«. To nacelo je v tem Cclanku
upostevano. Namen je kvantificirati delo,
ki ga dovede preizkusni stroj, ter oceniti
elasti¢no in plastiéno komponento dela.

Further to load curves, the introduced
work into the sample can be analysed also.
(Rice, 1968) presented the “J-integral’-
method to describe crack tip plasticity. An
adoption of that principle will be used in this
work. The goal is to quantify the introduced
work from the testing machine and evaluate
the elastic and plastic work portions.

2 Experimental methods
2.1 Used Materials

The sand usedforall samples was silicasand
“H32” according to the technical datasheet
(Quarzwerke, 2009), being a widely used
reference for binder testing purposes.
Figure 4 shows its grain morphology and
the grain size distribution.

Experiments are based upon one
sand type and four different organic binder
additions ranging from 1.2 — 1.9 wt.%. Table
1 defines the used binder systems and the
hardening parameters, which are similar
to typical serial applications used for Al-
castings.
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skupni delez sejanja [%] /
cumulative sieve fraction [%]
wn
(=]

63 90 125 180 250 355 500 710 1000

0 63 90 125 180 250 355 500 710
delez zrn min-maks (um) /
grain fraction min-max [um]

Slika 4: Morfologija peS¢enih zrn uporabljenega kremencevega peska H32 in izhajajoce

sejalne analize

Figure 4: Sand grain morphology of the used H32 silica sand and the according sieve analysis

2. Preizkusne metode
2.1 Uporabljeni materiali

Za izdelavo vzorcev je bil uporabljen pesek
»H32« glede na podatke na podatkovnem
listu (Quarzwerke, 2009), ki se kot referenca
pogosto uporablja za namene preizkuSanja
vezivnih sredstev. Slika 4 prikazuje
morfologijo peS&enih zrn ter porazdelitev
velikosti zrn.

Preizkusi so osnovani na eni vrsti peska
in &tirih razlicnih vezivnih sredstev v razli¢nih
koli¢inah med 1,2 in 1,9 % teze jedra. V
Preglednici 1 so opredeljeni uporabljeni
sistemi vezivnih sredstev ter parametri
strjevanja, ki so podobni tipi¢nim uporabam
v serijski proizvodnji ulitkov iz aluminija.

2.2 Proizvodnja vzorcev
MesSanica peska in vezivnega sredstva je

bila pripravljena v 5-kilogramskih serijah z
laboratorijskim me&alnikom, nato pa je bila

2.2 Sample production

The sand-binder mixtures were prepared
in 5 kg batches using a laboratory stir
mixer and then immediately used for core
production. A conventional 5 | core blowing
machine (Roeper H5) and a core box for
three test bars per shot according to (VDG,
1974) were used. The effectively obtained
test bar dimensions were 22,7 x 22,7 x 180
mm?3. The samples were stored and tested
in standard room conditions with 30 — 50 %
relative humidity.

Bending tests were conducted after
storage times of 0, 1h, 4h and 24 h. The
storage times were chosen as they are
representative for high volume engine
casting production. The “0 h”-condition
describes the handling strength of the
sand cores, which is important for their
first manipulation after the core production.
Testing was performed 5 min after core
production. The results after 1h and 24
h represent the core properties at the
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Preglednica 1: Uporabljena vezivna sredstva za poskuse ter glavne parametre strjevanja.

Table 1: Used binder systems for the experiments and main hardening parameters.

. - Parametri
Sistem vezivnih strievania /
sredstev / MeSalna razmerja / Mixture ratios ! U

. Hardening
Binder System

parameters
Raztopina fenolne smole in izocianata v razmerju 1:1. r':llzplilgilrl]ljzis/
Cold-box (CB) | Dimetiletilamin (DMEA) / Phenolic resin and isocyanate solution in DMpEA vaour
1:1 ratio. Di-Methyl-Ethyl-Amine (DMEA) . P
gassing 15 s
Fenol formaldehidna smola in vodna raztopina amonijevega Segreto orodje /
Hot-box (HB) nitrata v razmerju 5:1. / Phenol formaldehyde resin and aqueous Heated tool:
ammonium nitrate solution in 5:1 ratio. 220°C/30s

Warm-box type
1(WB1)
and sulphuric acid in 5.5:1 ratio.

Furanska smola in vodna raztopina fenolne-sulfonske kisline,
njenih aluminijevih soli in Zveplene kisline v razmerju 5,5:1. /
Furanic resin and aqueous phenol-sulfonic acid solution, its Al-salts

Segreto orodje /
Heated tool:
220°C/30s

Warm-box type
2 (WB2)

Modificirana sec¢nina in furanska smola ter vodna raztopina
fenolne-sulfonske kisline in njenih aluminijevih soli v razmerju 4:1. /
Modified urea-furanic resin and aqueous phenol-sulfonic acid
solution and its Al-salts in 4:1 ratio.

Segreto orodje /
Heated tool:
220°C/30s

nemudoma uporabljena za izdelavo jeder.
Uporabljen je bil obi¢ajen stroj za vpihovanje
jeder s prostornino 51 (Roeper H5) ter jedrnik
za tri preizkusne plos¢e na vpih skladno z
VDG (VDG, 1974). Dimenzije proizvedene
preizkusne ploS€e so merile 22,7 x 22,7
x 180 mm?3. Vzorci so bili skladiS€eni in
preizkuseni pri obi¢ajnih sobnih pogojih ter
30-50 % relativne vlaznosti.

Upogibni testi so bili izvedeni po 0, 1, 4
in 24 urah. TakSni Casi skladiS€enja so bili
izbrani, ker so reprezentativni za serijsko
proizvodnjo ulitkov motorjev. Pogoj »0 ur«
opisuje trdnost med rokovanjem peS¢enih
jeder, ki je kljuéna z vidika prve manipulacije
z jedrom po njegovi izdelavi. Testiranje je
bilo izvedeno 5 minut po proizvodniji jedra.
Rezultati po 1 uriin po 24 urah predstavljajo
lastnosti jeder ob zacetku ter ob koncu
obiajnega zakljuka uporabe jedra, kot je
v praksi v livarstvu.

PovpreCne vrednosti in standardni
odkloni so dolo¢eni z vsaj tremi vzorci.

beginning and end of a typical core usage in
foundry practice.

Mean values and standard deviations
were determined for a minimum of three
samples.

2.3 Three-Point-Bending-Tests

The bending tests were performed on a 5
kN universal testing machine (Zwick_Roell,
2015) with a precise load-displacement
measurement. A load velocity of 5 mm/min
and a data acquisition rate of 10 Hz were
set for the benchmarking.

The lower support distance / is 150
mm and the cross section side length a is
22.7 mm. The bending stress calculation
from the measured load F [N] according to
continuum mechanics is shown by Equation
1.

(1)
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2.3 Tritoc¢kovni upogibni testi

Upogibni testi so bili izvedeni na univerzalni
napravi za preizkuSanje 5 kN (Zwick in
Roell, 2015), ki omogoc€a natanéno merjenje
obremenitve in raztezka. Za primerjalno
analizo sta uporabila hitrost obremenitve 5
mm/min in frekvenco pridobivanja podatkov
10 Hz.

Razdalja med spodnjima nosilcema /
meri 150 mm, prerez nosilca pa a 22,7 mm.
IzraCun upogibne napetosti iz izmerjene
obremenitve F [N] skladno z mehaniko
kontinuuma prikazuje Enacbo 1.

3/
0=F—W (1)

TritoCkovni  upogibni test vzorcev
na nosilcih naprave skladno s standardi
testiranja VDG je prikazan na Sliki 5.

3 Reazultati

Razdelek z rezultati je strukturiran tako,
da prikazuje novo pridobliene podatke
ter izhajajo€o metodo za ocenjevanje, Ki
se uporabi za ocenitev krhkosti vzorca.

A three-point bending test sample put
on the machine supports according to the
VDG-testing standard is shown in Figure 5.

3 Results

The result section is structured to show the
novel data acquisition and the subsequent
evaluation method leading to evaluation of
the sample brittleness. A final sequence will
show the influence of load velocity on the
properties.

3.1 Data acquisition and bending
strength evaluation

Atypical example of acquired load curves is
shown in Figure 6 (WB1 binder system after
4h storage time). The acquired bending
strength results are visualized for all tested
conditions in Figure 7.

The different curve onsets in Figure 6
are caused by settlement effects at the start
of loading. However, the inclining curve
shape is similar for all tested samples,
and highly linear. Some irregularities due
to the granular nature of the sand cores

Slika 5: Vzorec peSCena jedra za livarsko industrijo med upogibnim testom. Premer
zgornjega nosilnega dela treh nosilcev meri 3 mm skladno s standardi Drustva livarjev
Nemcije.

Figure 5: Foundry sand core sample at bending test. The three supports are line supports with a top
radius of 3mm according to the German Foundrymen’s Standards
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Slika 6: Neobdelana obremenitev v visoki
lo€ljivosti — krivulje odklonov. Jedro z vezivnim
sredstvom WB1 preizkuseno po 4 urah
skladis¢enja
Figure 6: Untreated high resolution stress —
deflection curves. Core binder WB1 tested after
4 h storage time

Kon¢no zaporedje prikazuje vpliv hitrosti
obremenitve na lastnosti.

3.1 Pridobivanje podatkov in ocena
upogibne trdnosti

TipiCen  primeru  pridobljene  krivulje
obremenitve je prikazan na Sliki 6
(sistem vezivnih sredstev WB1 po 4 urah
skladi$€enja). Pridobljeni rezultati upogibne
trdnosti za vse preizkuSene pogoje so
prikazani na Sliki 7.

Razlicni zacetni deli krivulj s Slike 6
so posledica ucinkov usedanja ob zacetku
obremenitve. Vendar pa je nagnjena in
visoko linearna krivulja znalilna za vse
preizkuSene vzorce. Opaziti je mogoce
nekaj nepravilnosti, ki so posledica
zrnavosti peS€enih jeder. Do zloma vzorca
pride spontano, ko je dosezena maksimalna
trdnost.
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Slika 7: Rezultati upogibne trdnosti za vsa
preizkusena jedra v odvisnosti od Casa
skladis¢enja

Figure 7: Bending strength results for all tested
cores over storage time

can be observed. Sample fracture occurs
spontaneously after reaching the maximum
strength.

From Figure 7 it can be seen, that HB-
and WB-cores reach their maximum bending
strength at 1 to 4 h. After 24 h of storage,
the bending strength of WB1- and HB-cores
is decreased by about 3 %, and for WB2-
cores more significant, by 12 %. The effect
is generally associated to humidity take-up
after the samples are cooled down, leading
to softened bonds.

In contrast to that, CB cores show much
lower bending strength but a continuous
increase over time due to ongoing
polymerisation. However, after 24 h the
strength of CB cores is only similar to that
of WB2. A summary of the bending strength
results is presented by Table 2, including
absolute and relative standard deviations.

The typical standard deviation is 6 % of
the bending strength. Testing 10 samples
for CB and HB-cores at the 24 h storage
condition could confirm this typical scatter.
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Preglednica 2: Povpre¢ne vrednosti upogibne trdnosti in standardni odklon
Table 2: Bending strength average values and standard deviation
¢ CB HB WB1 WB2
Gy | s s/oy Gy | s slo, Gy | s sloy Gy | s slo,
[h] [0,01 MPa] | [%] | [0,001MPa] | [%] | [0,01 MPa] | [%] | [0,01MPa] | [%]
0 182 18,9 10 275 16,5 6 532 | 32,6 6 326 | 22,3 7
1 265 9,7 4 434 | 41,6 10 703 | 27,7 4 435 | 30,6 7
4 278 | 24,2 9 462 | 27,6 732 | 254 3 421 12,0 3
24 372 22,6 6 446 21,7 705 421 6 385 17,9 5
S Slike 7 je razvidno, dajedraHBin WB 3.2 Load curve stiffness
dosezejo svojo najvisjo upogibno trdnost pri and deformation
1 do 4 urah. Po 24 urah skladiS¢enja se je
upogibna trdnost WB1-jeder in HB-jeder To permit further evaluations, a load
zmanjSala za pribl. 3 %, upogibna trdnost  curve pre-treatment to eliminate the

WB-2 jeder pa se je zmanjSala bolj znatno,
in sicer za 12 %. UCinek se v glavnem
povezuje z povecanjem vlage po ohladitvi
vzorcev, posledica C¢esar so manj trdne
vezi.

Nasprotno pa so CB-jedra izkazala
mnogo niZjo upogibno trdnost, ki pa se je
zaradi potekajoCe polimerizacije vecala v
odvisnosti od ¢asa. Kljub temu je bila trdnost
CB-jeder po 24 urah podobna zgolj trdnosti
WB2-jeder. Povzetek rezultatov upogibnih
trdnosti je predstavljen v Preglednici
2, vkljuéno z absolutnimi in relativnimi
standardnimi odkloni.

Tipicen standardni odklon znasa
6 % upogibne trdnosti. Preizkusanje 10
vzorcev CB-jeder in HB-jeder po 24-urnem
skladiS€enju bi lahko potrdil taksen tipic¢en
raztros.

3.2 Krivulja obremenitve, togost
in deformacije

Zaradi nadaljnje ocene je treba predobdelati
krivulje obremenitve inizloc€iti zacetne ucinke
usedanja. Znacilne tocke na krivulji so tocka
najvecje togosti (P_), toCka najvecje trdnosti
(P,) ter koncna tocka krivulje obremenitve

observed initial settling effects is required.
Characteristic curve points are the point
of maximum stiffness (P_), the point of
maximum strength (P_) and the load curve
end point (P__). P, meets the condition
(d?s)/(ds?)=0. At P_ the first derivative of
the load curve is zero: (do)/(ds)=0. The
load curve correction is conducted by
shifting the curve with the intersection of
the maximum stiffness tangent through P,

- Po(se, Fo)

z

> Z
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e o Prnax (Smaxs Frnax)

g2

35

© ® F-s Curve

5 £ = B =max. stiffness
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Py (0, 0)
odkloni snopa s [mm] / beam deflection s [mm]

Slika 8: Prikaz metode popravka oz.

predobdelave krivulje obremenitve na podlagi
tangente na tocko najvecje togosti. Dodatno je
oznacena sekanta na tocko maksimalno trdnost

Figure 8: lllustration of the load curve settlement
correction pre-treatment method based upon
the maximum stiffness tangent. Additionally the
secant to the maximum strength is indicated
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(P,.,)- P. ustreza pogojem (d?s)/(ds?)=0.
Pri P, znaSa prva izpeljanka iz krivulje
obremenitve ni¢: (do)/(ds)=0. Korekcija
krivulje obremenitve se izvede s premikom
krivulje pri preseCis€u tangente na tocCko
najvecje togosti skozi P, ter vodoravno os
skozi izhodisce (Slika 8).

Tipi¢ne predobdelane krivulje obremenitve
in deformacije za vse sisteme vezivnih
sredstev s po enim znacilnim primerov
za vsak Cas skladisCenja (0/1/4/24 ur) so
prikazane na Sliki 9 (a, b, c, d).

VglavnhemsejepriCB-sistemihpokazala
izrazita krivulja z niZjo togostjo v primerjavi z
drugimi sistemi za vroCe strjevanje. Krivulje
CB-jeder dokazujejo tudi znacilno odvisnost
oblike krivulj obremenitve in odklona vse do
24 ur skladis¢enja. Za vse sisteme vroCega
strjevanja so znacilne predvsem linearne
lastnosti obremenitve. Njihova togost je vse
od 1 ure skladiS€enja naprej primerljiva in
nespremenjena kljub razli€énim upogibnim
silam.

Kvantitativna parametra krivulje sta
odklon pri maksimalni obremenitve ter
skladnost (primerjava na Sliki 8). V zacetni
fazi obremenitve se dodano delo elasti¢no
shrani v notranjosti vzorca. Predpostavlja
se, da se, dokler ni dosezena vrednost P,
energija preloma ne porabi. Na podlagi
mehanskih razmerij linearnega elasti¢nega
kontinuuma je mogoCe oceniti modul
elasti¢nosti ob upostevanju maksimalne
togosti C__ =F_/s_ skladno z Enacbo 2:

g, P
E = _Eb_ = 4a4 Cmax (2)

Slika 10 prikazuje rezultate odklona
snopa pri maksimalnih stopnjah
obremenitve (s,) in Slika 11 rezultate
modula elasti¢nosti.

Odklon snopa iz predobdelanih
krivulj obremenitve je lahko prvi indikator
preoblikovalnosti jeder. V primeru sistemov
z vro¢im strjevanjem so rezultati odklona

and the horizontal axis through the origin
(Fig. 8).

Typical pre-treated load-deformation
curves for all binder systems with one
representative example for each storage
time (0/1/4/24 hours) are shown in Figure
9(a, b, c,d).

Generally, the CB-system shows a
pronounced curvature and a lower stiffness
compared to all other hot hardening
systems. The curves for CB also show
a distinct time dependency of the load-
deflection curve shape up to 24 h storage
time. All hot setting systems show a rather
linear loading characteristic. Their stiffness
is comparable and unchanged from 1 h
storage time onward, despite their different
bending strength levels.

Quantitative curve parameters are
deflection at maximum load and the
compliance (compare Figure 8). In the initial
load phase the introduced work is elastically
stored in the sample volume. It is postulated
that until P, is reached no fracture energy
is consumed. Based upon linear elastic
continuum mechanical relations the elastic
modulus can be evaluated using the
maximum stiffness C__ =F_/s, according
to Equation 2:

o, P
E = £ = 4a4 Cmax (2)

Figure 10 shows beam deflection
results at the maximum load level (s,) and
Figure 11 the elastic modulus results.

Beam deflection from pre-treated load-
curves canbe used as afirstindicator for core
deformability. For hot hardening systems
the deflection results are significantly below
that of CB-cores, except for WB1-cores,
developing the highest strength.

Interestingly, the elastic moduli of the
different HB- and WB-systems are very
similar to each other. After 1 hour storage
time E is about 2.7 GPa. The CB-cores
exhibit about 30 — 50 % lower elastic moduli.
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Slika 9: Krivulje upogibne napetosti kot funkcije odklona snopa po O h, 1 h, 4 hin 24 h
skladisc¢enja. Sistemi vezivnih sredstev: a) Coldbox CB, b) Hotbox - HB; ¢) Warmbox-1 —

WB1, d) Warmbox-2 — WB2

Figure 9: Bending stress curves as function of beam deflection after 0 h, 1 h, 4 h and 24 h storage
time. The binder systems are: a) Cold-box - CB; b) Hotbox - HB; ¢) Warmbox-1— WB1; d) Warmbox-2

- wB2
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Slika 10: Skupni rezultati odklona snopa za
vsa preizkuSena jedra v odvisnosti od Casa
skladis¢enja

Figure 10: Total beam deflection results for all
tested cores over storage time

bistveno nizji kot v primeru CB-jeder, razen
pri WB1-jedrih, za katere je znacilna najvisja
trdnost.

Zanimivo je, da so moduli elasti¢nosti
precej razlicnih HB-sistemov in WB-
sistemov med seboj izredno podobni. Po
1 uri skladi§€enja znasa vrednost E pribl.
2,7 GPa. Pri CB-jedrih je bil izmerjen pribl.
30-50 % nizji modul elasti¢nosti. Po 24
urah je razen CB-vzorcev znaSala 1,7 GPa.
Vrednosti vseh sistemov so bile pri 0 h 20 %
nizje v primerjavi z rezultati po 1h. To skupaj
z vecjo zaCetno preoblikovalnostjo dokazuje
pomembnost ustreznega rokovanja in
pogojev skladiS€enja za novo proizvedena
pescCena jedra.
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Slika 11: Rezultati modula elasti¢nosti za

vsa preizkusena jedra v odvisnosti od Casa
skladis¢enja

Figure 11: Elastic modulus results for all tested
cores over storage time

After 24 hours the CB-samples obtained a
level of 1.7 GPa. All systems exhibited 20 %
lower values at the 0 h condition compared
to the 1 h results. This, combined with
initially higher deformability underlines the
importance of proper handling and storage
conditions for newly produced sand cores.

3.3 Mechanical Work Evaluations

The totally introduced work W,, into the
testing setup is displayed by the area below
the untreated load-displacement curve. In
Figure 12 an exemplary pre-treated load
curve is shown. The characteristic points
and the distinguishable elastic and plastic
work areas |, Il, lll and IV are illustrated.
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Slika 12: Grafi¢na opredelitev regij I-1V, ki se uporabljajo za oceno mehanskega dela na podlagi
primera krivulje obremenitve in odklona iz upogibnega testa

Figure 12: Graphical definition of the regions I-IV used for the mechanical work evaluation upon an

exemplary bending test stress-deflection curve

3.3 Ocena mehanskega dela

Skupno dovedeno delo W, v postopku
preizkuSanja  prikazuje povrSina pod
neobdelano krivuljo obremenitve in odklona.
Na Sliki 12 je prikazan primer predobdelane
krivulje obremenitve. Prikazani so znacilne
tocke ter polja elastiCnega in plastiCnega
dela I, II, Nlin IV.

Povrsinadelal (W' : zacetno plasti¢no
delo) opredeljuje povrsino nad tangento na
toCko maksimalne togosti (P, do P,) ter
krivuljo obremenitve. Ta povrSina oznacuje
ucinke usedanja vzorca proti nosilcem. Ta
delez dela ne vpliva na zlom vzorca.

Povrsina dela Il (W”p,: plasti¢no delo
do maks. obremenitve) opredeljuje povrsino
med korigirano krivuljo obremenitve ter
linearni nagib do P_ pri krivulji maksimalne
togosti. Predstavlja deleZ plasti¢nega dela
do maksimalne obremenitve.

Work area | (W"p,: initial plastic work)
defines the area above the maximum
stiffness tangent (P, to P,) and the load
curve. This area is dedicated to settlement
effects of the sample towards the supports.
This work portion is not contributing to the
sample fracture.

Work area Il (W’ plastic work until
max. stress) defines the area between the
corrected load curve and the linear incline
to P_ with the maximum stiffness slope. It
represents the plastic work portion until the
maximum load.

Work area Ill (W7, elastic work until
max. stress) defines the area below the
maximum stiffness incline to P and thus
describes the elastic work stored in the
sample volume at the maximum stress. It
depends on the geometric relations and
the mechanical properties. At fracture W7
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Povrsina dela Il (We_: elasticno delo
do maks. obremenitve) opredeljuje povrsino
pod nagibom maksimalne togosti do P_ in
tako opisuje elasti¢no delo, ki se shrani v
notranjosti vzorca pri maksimalni napetosti.
Odvisna je od geometrijskih razmerij ter od
mehanskih lastnosti. Pri zlomu se sprosti
We . Pretvori se v povrSinsko energijo
preloma ter v neizmerjeno energijo elasti¢ne
povracljivosti ob trenutku zloma vzorca.

Povrsina dela IV (Wfp,: plasti¢no delo
do kon¢nega zloma) opredeljuje povrsino
pod krivuljo obremenitve od P do zloma
vzorca. Ta delez dela, kadar je sploh
izmerljiv, odraza delo v povezavi s Sirjenjem
razpoke. Obi¢ajno je mogoce pri tritockovnih
upogibnih testih razmeroma krhkih pescenih
jeder opaziti Sirjenje nadkritiCnih razpok,
posledica Cesar so izredno nizke vrednosti
wr

p’V Preglednici 3 so podani pogoji v
povezavi z regijami dela I-IV, ki so bile

is released. It is transformed to fracture
surface energy and into non-measured
kinetic spring back energy at the moment of
sample fracture.

Work area IV(Wfp,: plastic work until final
breakage) defines the area below the load
curve from P_ until sample breakage. This
work portion, if measurable at all, reflects the
crack propagation work. Typically for three
point bending tests of rather brittle sand
cores an overcritical crack propagation can
be observed, resulting in very low values of
we,.

Table 3 gives the terms for the work-
regions |-V applied to evaluate the
acquired load-displacement curves. The
whole irreversible energy input is defined
by the regions Il and IV: W = W7 + W' .
The irreversible, or plastic, work acts on the
highest stressed regions. Having discrete
load-displacement data points from a testing

Preglednica 3: Matemati¢ne opredelitve regij mehanskega dela |-V

Table 3: Mathematical definition of the mechanical work regions I|-IV

Skupno dovedeno delo
preizkusnega stroja (WM) /
Totally introduced work by the
testing machine (W, )

Smaks.
WM:f0 F(s)ds~ ), FAs

Smaks.

s=0

Regija /
Region

Il 1 \Y,

Vrednost /
Denomination pl

we we w'

pl el pl

Delez energije krivulje /
Curve energy portion

Smaks.
f F(s)ds
S

a

f z"F(s) ds ]

Dodani (+) oz. odstranjeni (-)
pogoji za elasti¢no energijo /
Added (+) or subtracted (-) )
elastic energy terms

maks.

*t2c

maks.
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uporabljene za oceno pridobljenih krivulj
obremenitve in odklona.

Nereverzibilni vnos energije v celoti
opredeljujeta regiji Il in IV: W = We + W' .
Nereverzibilno ali plasticno delo deluje na
najbolj obremenjene regije. Po pridobitvi
diskretnih podatkov o obremenitviin odklonu
iz preizkusne naprave je treba oceniti W
skladno z Enacbo 3:

i
W= WM - Wpl =
F - S Smaks.
p c °c
=Wo+W, =—5—+ ), FAs  (3)
Ss= SC
Enacba 3 prikazuje pomembnost

natanCne opredelitev toCke maksimalne
togosti za pridobitev F in S, na pravilen
nacin.

Ce povzamemo, je mogo&e celotno
dovedeno energijo zloma oceniti na
podlagi neprekinjeno pridobljenih krivulj
obremenitev, dokler ne pride do zloma
Se zadnje sticne toCke. Pri standardnem
upogibnem testu peS&enih jeder za livarsko
industrijo tega ni bilo mogoce izvesti zaradi
nestabilnih zlomov.

Slika 13 prikazuje rezultate mehanskega
dela W na preizkuSenem sistemu vezivnih
sredstev za jedra, razdeljene na razlicne
deleze dela.

Razvidnoje, daje za CB-vzorce znacilen
najvedji delez plastiChega dela. Zanje je
znacilen upad plastiCne preoblikovalnosti
v odvisnosti od €asa. Za jedra z vezivnimi
sredstvi HB in WB se vecina dela elasti¢no
shrani v vzorcu. Prav tako ni oc€itnega
kon€nega deleza plastitnega dela. Za CB-
jedra je v primerjavi s HB-jedri in WB2-jedri
znacilna nizja upogibna trdnost, vendar
potrebujejo ve¢ dela zaradi znatno vecjega
deleza plastitnega dela. To je lahko
prednost, ki pomaga pri prepreCevanju

machine, W, has to be evaluated according
to Equation 3:

i
We=w _-Ww,
F . -s Smaks.
a
=Wi+W, =—5—+ ), FAs  (3)
S=S

Equation 3 shows the importance of a
precise maximum stiffness point definition
in order to obtain F_ and S properly.

Summarized, the whole introduced
fracture energy could be only evaluated
from continuously acquired load curves
until the last contact point broke. For the
given standard foundry sand core bending
test setup this was not achievable due to
the observed non-stable fracturing.

It can be seen, that the CB-samples
consume the highest plastic work portions.
They show a plastic deformability with a
decreasing trend over time. For HB and
WB-bond cores the majority of work is
elastically stored in the sample. Moreover,
a distinct final plastic work portion is not
visible. Compared to HB- and WB2-cores,
CB-cores present lower bending strength
but exhibit higher work consumption due
to significantly higher plastic work portions.
This can be an advantage to avoid core
breakage but also implies a higher plastic
deformation risk.

The absolute numbers reflect, that the
WB1 samples take up the highest total work.
The second highest work consumption is
given by CB-cores, with their higher plastic
work portions. HB and WB2-samples show
lower consumed work than CB-cores.
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Slika 13: Mehansko delo za vzorce v upogibnem testu. Zacetno in kon¢no plasti¢no delo (W°
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Figure 13: Mechanical work of bending test samples. Initial and final plastic work (W¢ , W' ) and
elastic work (W¢_) are separately indicated for each binder type over the storage time t

zloma jeder, vendar pa hkrati predstavlja
tudi vecje tveganje plasti¢ne deformacije.

Iz absolutnih vrednosti je jasno, da
potrebujejo vzorci WB1 najve¢ skupnega
dela. Sledijo CB-jedra, za katera je znacilen
velik delez plastiCnega dela. HB-jedra in
WB2-jedra potrebujejo manj dela od CB-
jeder.

3.4 Ocena krhkosti vzorca

Predstavljena sta dva pristopa za
opisovanje krhkosti ped€enih jeder, prvi na
podlagi oblike krivulje obremenitve in drugi
na podlagi ocene dela.

3.4 Sample brittleness evaluation

Two approaches, one based on load curve
shape and the other on the work evaluation,
to describe sand core brittleness are
presented.

For the load curve approach, stiffness
and deformability are correlated. As
illustrated in Figure 8, the relation between
the secant stiffness C__ = F_/s_and the
maximum stiffness C__ leads to the modulus
based brittleness index B,, (Equation 4):

BM = Csec/ Cmax (4)
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V primeru pristopa na podlagi oblike krivulje
obremenitve sta togost in preoblikovalnost
soodnosni. Kot je prikazano na Sliki 8
pripelie razmerje med togostjo sekante
C... = F,/ s, ter maksimalno togostjo C__
do indeksa krhkosti, osnovanega na modulu
B,, (Enacba 4):

BM = Csec / Cmax (4)

Za oceno na podlagi dela opredeljuje
elasticno delo (Regija Il na Sliki 12) v
povezavi s celotnim delom na delu osnovan
indeks elasti¢nosti B, (Enacba 5):

B, =We°_ /W (5)

Tako vrednost B,, kot B, sta brez
dimenzij ter sta neodvisni od absolutne ravni
trdnosti. Rezultate je mogocCe primerjati z
drugimi podobnimi upogibnimi testi, saj so
vklju€eni tudi od velikosti odvisni parametri.
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Slika 14: Rezultati na modulu osnovanega
indeksa krhkosti za vsa preizkuSena jedra v
odvisnosti od ¢asa skladid¢enja

Figure 14: Modulus based brittleness index
results for all tested cores over storage time

For the work based evaluation, the
elastic work (Region Il in Figure 12) related
to the total work defines the work-based
elasticity index B,, (Equation 5):

B, =We°_ /W (5)

Both, B,, and B,, are dimensionless
and independent from the absolute strength
level. Results may be compared among
similar bending test setups, because size
dependent parameters are incorporated.

Generally, the more a load curve is
bowed, the lower is the brittleness index.
For a completely linear load curve it would
reach unity. Results for B,, are shown in
Figure 14 and for B, in Figure 15.
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Slika 15: Rezultati na energiji osnovanega
indeksa krhkosti za vsa preizkuSena jedra v
odvisnosti od ¢asa skladi¢enja

Figure 15: Energy based brittleness index
results for all tested cores over storage time
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Na splo$no velja, da bolj, kot je krivulja
izboCena, niZji je indeks krhkosti. Pri
popolnoma linearni krivulji obremenitve bi
bili krivulji enaki. Rezultati za B,, so prikazani
na Sliki 14 in za B,, na Sliki 15.

Indeksi krhkosti na podlagi dela so
malce nizji od tistih, osnovanih na modulu.
Za Gb-jedra in WB-jedra so podani
visoki indeksi krhkosti nad 0,85. V obeh
ocenjevanjih se je za najbolj krhek sistem
izkazal WB2. Izbo&ena oblika krivulje in visji
delez plasti¢nega dela vodijo v niZje indekse
krhkosti CB-sistema. Se posebej ob &asu
0 ur in vrednostih pod 0,5, ki so zanesljiv
dokaz visoke stopnje preoblikovalnosti
taksnih jeder. 1z teh ocen pa je ocitna tudi
potreba po previdni manipulaciji z jedri, da
bi se izognili deformacijam.

V primeru CB-jeder konéni delez
plasténega dela W’  (Slika 13) znatno vpliva
na vrednost W, Rezultati za B, so prav tako
nizji kot za B,,. Razlika za krhkejSe sisteme
jeder z vro€im strjevanjem ni bila opazena.
Pri raziskavi materialov z doloeno mero
plasti¢nosti se je treba odlociti za delovni
pristop, ki v oceni uposteva tudi koncni del
krivulje. Na modulu osnovana ocena odraza
razmerja izkljuéno do ravni maksimalne
trdnosti.

3.5 Vpliv hitrosti obremenitve

Zaradi njihove visoke plasti¢nostiin asovne
odvisnosti rezultatov so bila za preu¢evanje
vpliva hitrosti obremenitve uporabljena CB-
jedra. Nanje so delovale sile med 0,5-5 in
50 mm/min. V Preglednici 4 so prikazani
rezultati v povezavi s hitrostjo obremenitve
0,5 mm/min, ki je bila pri prikazanih rezultatih
konstantna.

Pri nizki hitrosti obremenitve 0,5 mm/
min in posledi€nem ¢asu upogibnega testa
1 min se trdnost in skupno delo zmanj$ata
za 20-25 % v povezavi z nazivno
hitrostjo obremenitve 5 mm/min. Odklon

The work based brittleness indices
are slightly lower than the modulus based
ones. High brittleness indices of above
0.85 are given for HB- and WB-cores. The
most brittle system from both evaluations
is the WB2-system. The bent curve shape
and the higher plastic work fraction lead to
lower brittleness indices for the CB-system.
Especially at the 0 hour-condition the values
are below 0.5, giving evidence for a high
deformability of those cores. Practically the
need of a careful core manipulation to avoid
deformations is obvious also from these
evaluations.

For CB-cores the final plastic work
portion W’ (Figure 13) contributes
significantly to Wy The results for B, are
also lower than for B,. Such a difference
has not been observed as distinct for the
more brittle hot hardened core systems.
Investigating materials with some plasticity,
the work based approach should be chosen,
to include the final curve part also into the
evaluation. The modulus based evaluation
is reflecting the relations only until the
maximum strength level.

3.5 Influence of load velocity

Due to their high plasticity and time
dependency of the results, CB cores have
been chosen to study the influence of load
velocity. Load rates of 0.5 — 5 and 50 mm/
min have been applied. In Table 4 the
results are shown in relation to 0.5 mm/min
load velocity, which was constant for the
previously shown results.

For the low load velocity of 0.5 mm/min,
resulting in about 1 min, bending test time,
strength and total work are significantly
decreased by 20 — 25 % related to the
nominalload velocity of 5mm/min. Deflection
is decreased by about 10 %. However, the
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Preglednica 4: Odvisnost lastnosti CB-jeder od hitrosti obremenitve (nizka: 0,5 mm/min, in visoka:
50 mm/min). Vrednosti so podane kot odstotki hitrosti 5 mm/min — referencni rezultati. Vrednosti za 0

h, 1 h in 24 h so bile ocenjene za najmanj 5 vzorcev na podatek.

Table 4: Dependence of CB properties on the load velocity (low: 0.5 mm/min and high: 50 mm/min).
Values are given as percentage of the 5 mm/min reference results. Values for 0, 1 and 24 h storage
time were evaluated for a minimum of 5 samples per data point.

rezultati v [%] . na modulu na delu
} upogibna modul skupno delu ob : ;
za vrednosti e . osnovan indeks | osnovan indeks
. trdnost / odklon / elasti¢nosti / zlomu / ) )
0,5 mm/min / : - : krhkosti / krhkosti /
S bending deflection elastic total work at
results in [%] of mod. based work based
. strength modulus fracture . .

0.5 mm/min values br. index br. index
hitrost < < = < < <
; =) =) =) =) =) =)
obremenitve / E 2 E 2 E 2 E 2 E 2 E 2
Load vel. ~ - ~ - ~ - ~ - ~ - ~ -
cas L g L g L g L g 2 g L g
R N o N ] N ] N ] N ] N o
skladiscenja / S o g o g @ g ] g 2 S 2
storage time > > > > > >
Oh 78 114 93 109 97 116 77 113 99 112 102 115
1h 80 112 90 90 95 110 75 108 94 11 92 109
24 h 83 100 87 91 100 107 76 99 97 106 97 96

se zmanjSa za pribl. 10 %. Vendar pa so
moduli elasti¢nosti ter indeksi krhkosti blizu
referencnih vrednosti.

Pri visoki hitrosti obremenitve 50 mm/
min in posledi¢nemu €asu upogibnega testa
pod 1 s so povprecne vrednosti upogibne
trdnosti, modul elasti¢nosti, delo preloma in
krhkost merili nad 100 %, povprec¢ni odklon
pa se je malce zmanjsal.

Na kratko to pomeni, da nizke
hitrosti obremenitve omogoc&ajo plasti¢no
deformacijo vezi vezivnih sredstev skozi
Cas ter so posledi¢no krivec za dolo¢eno
mero plasti¢nosti peS¢enih jeder. To vodi v
zmanjSano trdnost in delo zloma.

Pricakuje se, da bodo imeli taksni
viskozni ucinki manjsi vpliv na bolj krhka
pescena jedra s popolnoma strjenimi sistemi
vezivnih sredstev Hotbox in Warmbox.

4 Sklepi

V tem ¢lanku predstavijena Studija je
dokazala potencial za znatno izboljSanje
ocenjevanje standardnih upogibnih testov

elastic modulus and the brittleness indices
are close to the reference values.

For the high load velocity of 50 mm/
min, resulting in a testing time below 1 s,
mean values of bending strength, elastic
modulus, work of fracture and the brittleness
are above 100 % and average deflection is
slightly decreased.

Summarized, very low load velocities
permit plastic deformation over time of
binder bridges and thereby permits a degree
of plasticity in sand cores. This leads to
decreased strength and work of fracture.

Such viscous effects are expected to
have less effect for more brittle sand cores
with fully hardened Hotbox and Warm-box
binder systems.

4 Conclusions

The here presented study has demonstrated
the potential to significantly enhance the
evaluation of standard foundry sand core
bending tests. Benchmarking of Cold-box-,
Hot-box- and Warm-box bonded sand cores
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za pesSCena jedra v livarstvu. Primerjalna

analiza spojenih peScenih jeder Coldbox,

Hotbox in Warmbox je potrdila uspeSno

aplikacijo koncepta.

» Poleg obstojecih standardov v livarstvu
je potrebno pridobiti tudi natan¢no
krivulje obremenitve in odklona.

* Upogibno trdnostin modul elasti¢nostije
mogoce oceniti neposredno na podlagi
neobdelanih krivulj obremenitev.

* Predobdelava krivulje obremenitve je
kljuéna za odpravo zacetnih ucinkov
usedanja vzorcev v smeri proti testnim
nosilcem pred nadaljnjimi analizami,
Se posebej v primeru mehkih zrnatih
materialov z vezivnimi sredstvi, kot so
pescena jedra.

« Na podlagi predobdelanih  krivulj
obremenitve je mogoce oceniti odklon in
mehansko delo, razdeljeno na elasti¢no
in plastiéno komponento.

* Krhkost je izrazena s konceptom,
osnovanim na podlagi modula oz.
dela. Razmerja obeh konceptov so
primerljiva.

* V primeru materialov z vedjo
plasti¢nostjo je bolje uporabiti na delu
osnovan pristop.

*  Prinizkih stopnjah obremenitve se lahko
zaradi viskoplasti¢nih u€inkov trdnost in
preoblikovalnost zmanjSata.

Omejitve koncepta predstavljajo
nadkriticni  zlom vzorcev, podvrzenih
upogibnim testom skladno s standardi
v livarski industriji, kar vodi v nestabilno
Sirjenje razpok. Zato se priporoCa raziskava
specificnega dela preloma, npr. preizkus
cepljenja s klinom, ki sta ga razvila Harmuth
in Tschegg (Harmuth in Tschegg, 1997). Ta
se je izkazal za primeren koncept, s katerim
je mogoce opredeliti heterogene materiale,
kot so ognjevarne opeke ali betonski vzorci,
kar je posledica izboljSanega razmerja med
povrsino preloma v primerjavi s prostornino
vzorca.

proved the successful application of this

concept.

* In addition to existing foundry standards
the acquisition of a precise load-
deflection curve is required.

* Bending strength and elastic modulus
can be directly evaluated from non-
treated load curves.

* Aload curve pre-treatment is essential
to eliminate initial settling effects of the
samples towards the testing supports
prior to further analyses in particular
for soft bonded granular materials like
sand cores.

«  From pre-treated load curves deflection
and mechanical work, divided into
elastic and plastic portions can be
evaluated.

* DBrittleness has been expressed by
a modulus based and a work based
concept. Both deliver comparable
relationships.

« For materials with higher plasticity
the work based approach should be
preferably applied.

At Ilow load rates strength and
deformability may be reduced due to
visco-plastic effects.

Limitations of the concept are given
by the overcritical sample fracture of
samples at bending test setups according
to foundry standards, promoting instable
crack propagation. Therefore it is proposed
to investigate the specific work of fracture,
e.g. by wedge split tests as developed
by (Harmuth and Tschegg, 1997). This
has been proven as a suitable concept to
characterize heterogeneous materials like
refractory bricks or concrete samples, due
to an improved ratio of fracture surface to
sample volume.

Future research should address
sand core properties during the casting
process, investigating the impact of thermal
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Prihodnje raziskave bi se morale
osredotociti na vpraSanje lastnosti pe$€enih
jeder v postopku ulivanja ter na preucevanje
uCinka termalne izpostavljenosti ter na
izhajajoCe visokotemperaturne lastnosti.
Prav tako bi se bilo treba osredotociti na

exposure and the resulting high temperature
properties. Moreover, focus should also be
put on inorganically bonded cores. These
require a more complex process control
while giving environmental and work hazard
benefits.

jedra z anorganskimi vezivnimi sredstvi.
TakSna jedra predvidevajo kompleksnejSi
nadzor procesov, vendar nudijo prednosti
na podrocCju okoljevarstva in varnosti pri
delu.
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